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Lower back pain is the leading cause of disability worldwide. Discogenic pain secondary to intervertebral disc degeneration
is a signi	cant cause of low back pain. Disc degeneration is a complex multifactorial process. Animal models are essential to
furthering understanding of the degenerative process and testing potential therapies. �e adult human lumbar intervertebral disc
is characterized by the loss of notochordal cells, relatively large size, essentially avascular nature, and exposure to biomechanical
stresses in
uenced by bipedalism. Animal models are compared with regard to the above characteristics. Numerous methods
of inducing disc degeneration are reported. Broadly these can be considered under the categories of spontaneous degeneration,
mechanical and structural models. �e purpose of such animal models is to further our understanding and, ultimately, improve
treatment of disc degeneration. �e role of animal models of disc degeneration in translational research leading to clinical trials of
novel cellular therapies is explored.

1. Introduction

Lower back pain causes more global disability than any other
condition worldwide [1] and is an enormous 	nancial burden
due to costs related to loss in working hours as well as for its
medical treatment.Up to 80%of peoplemay experience lower
back pain at some stage in their life, with prevalence ranging
from 15 to 45%. Chronic lower back pain can be caused by
degenerative lumbar disc disease which produces discogenic
pain [2]. �is needs to be distinguished from radicular pain,
which is pain resulting from nerve root compression, o
en
due to a disc prolapse. Lumbar disc degeneration is a complex
process manifested by changes in cellular, matrix, endplate,
and the neurovascular components of the intervertebral disc.
Given the signi	cant contribution of disc degeneration to
the enormous disease burden of lower back pain numerous
animal models have been developed in an e�ort to further
understanding and treatment of this condition. In order to

compare and contrast the merits of di�erent models a basic
appreciation of the structure of the intervertebral disc and
underlying pathophysiology is a prerequisite.

2. The Intervertebral Disc

�e intervertebral disc is a complex multicomponent struc-
tural tissue consisting of an outer 	brous ring, the annulus
	brosus (AF), and an inner hydrated gel-like substance,
the nucleus pulposus (NP) [3]. It is the largest avascular
structure in the body. Nutrition of the intervertebral disc
is provided by di�usion through the cartilaginous endplates
(CEP). �e CEP are specialized interfaces that connect the
intervertebral disc with the adjacent vertebral bodies.�e AF
is a 	brocartilaginous tissue rich in type I and II collagen and
assembled as lamellae 	bres oriented at varying degrees to
adjacent lamella in di�erent locations and species. �e AF
connects the caudal and cranial vertebral bodies of the spinal
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column [4]. �e main cell types of the AF are 	broblasts that
synthesize not only the lamellar collagen, but also proteo-
glycan (PGs), elastin, and other noncollagenous proteins [5].
�e tough 	brous composite structure of the AF encapsulates
the gelatinous NP and provides the necessary mechanical
strength and resilience to allow the disc to recover fromdefor-
mation arising from axial, rotational, and bending loading.
In healthy discs the NP consists of a hydrated gel composed
of predominantly type II collagen and large amounts of PGs.
Aggrecan is the most abundant PG type in the NP. Due to its
high anionic charge aggrecan attracts and retains high levels
of water molecules within the NP thereby maintaining a high
hydrostatic swelling pressure that confers resistance to disc
deformation and maintenance of disc height [3, 6].

Cells of the disc NP are derived from the notochord. In
man these cells are retained throughout childhood but with
maturity disappear and are replaced by chondrocyte-like cells
[5]. �e loss of notochordal cells from the NP represents
an important early step along the path to degenerative disc
disease and in this regard it should be noted that apart from
a limited number of animal species (chondrodystrophoid
dogs, old sheep, and cattle) NP notochord cells are retained
throughout their life.

3. Intervertebral Disc Degeneration

Human intervertebral disc degeneration is a complex and
incompletely understood multifactorial process with contri-
butions from genes, mechanical stresses, cellular senescence,
and alterations in nutrition via the limited vascular supply [7].
With respect to mechanically loading the intervertebral disc
there is a delicate balance between “normal”mechanical load-
ing, which is required for maintenance of an optimal disc cel-
lular phenotype [8, 9], and excessive mechanical loading that
causes damage. Excessive loading can result from excessive
bodyweight [10] or trauma and producesmany of the features
of degeneration that can be visualized by histological and
radiological methods.

Studies comparing degenerate discs with nondegenerate
controls have demonstrated increased evidence of senescent
cells in degenerate intervertebral discs [11]. Such cells lose
the ability to divide, thus potentially contributing to the
decreased cellularity of the diseased degenerate intervertebral
discs. Moreover, the senescent cells have a reduced ability
to function. �us they produce less matrix which, in turn,
further compromises the structure of the intervertebral discs.

Intervertebral discs comprise the largest essentially avas-
cular tissue in the human body. Only the outermost layers
of the AF contain blood vessels. �e cells of NP are depen-
dent on di�usion of nutrients from capillary buds in the
cartilaginous endplate to meet their metabolic needs [12].
�e cells in the NP are therefore metabolically compro-
mised by this limited vascular and nutritional supply and
may promulgate intervertebral disc degeneration. Causes of
impaired nutrition to the intervertebral disc include endplate
calci	cation,microvascular disease, and smoking andhave all
been associated with early disc degeneration.

Ultimately there is an imbalance between the rates of
production andbreakdownof thematrix components leading
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Figure 1: Schematic of the process of disc degeneration demonstrat-
ing multifactorial pathophysiology and interplay of cellular, matrix,
and biomechanical factors. Modi	cation of 	gure from Vergroesen
et al. [17].

to a cascade of events (see Figure 1) consisting of alterations in
matrix synthesis, reduced aggrecan synthesis, and a transition
from type II to type I collagen production [13], reduction in
cellular viability and activity, and alterations in cytokine pro-
	le upregulating the breakdown of proteoglycans, all leading
to dehydration and loss of mechanical integrity of the inter-
vertebral disc [6, 12]. �e dehydration of the intervertebral
disc reduces themechanical support provided by the swelling
pressure of the previously hydrated NP. �is alters the
mechanical load to which the AF is exposed and thus the
tension in the AF collagen 	bres. �is leads to subsequent
progressivemicrotrauma of these 	bres [6].�e degeneration
of the AF and subsequent tears in this structure predispose
patients to disc herniation, wherein fragments of disc tissue
herniate through this annular defect causing neural compres-
sion and radicular pain [14]. As themechanical and structural
integrity of the disc progressively deteriorates neurovascular
invasionmay occur via annular tears. Neurovascular invasion
extending to the NP via annular 	ssures has been demon-
strated in painful discs in clinical studies [15]. In contrast,
control (nonpainful) discs demonstrated restriction of vascu-
lar and neural supply to the outer annulus [15]. �is process
of neoinnervation of the degenerate intervertebral discs is
hypothesized to be a signi	cant contributor to the develop-
ment of back pain [16].

3.1. Animal Models of Disc Degeneration. �e development
of appropriate animal models of intervertebral disc disease
is necessary to gain insight into the pathophysiology and to
develop and test potential therapies. In vitro and in silico
(computer based) systems can be helpful to investigate spe-
ci	c components of intervertebral disc degeneration. How-
ever, given the complexity inherent in the intervertebral disc
with biochemical, biomechanical, nutritional, and metabolic
factors acting simultaneously, in vivo animals are able to
more faithfully replicate this environment. A range of ani-
mal models and mechanisms of replicating the process of
degeneration have been investigated and utilized in e�orts to
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develop appropriate models of intervertebral disc degenera-
tion. However, given the extreme complexity of this system
no perfect model currently exists.

Initial discussion will focus on the merits and inadequa-
cies of particular species as models for human intervertebral
disc degeneration.�is will be followed by a discussion of the
comparative merits of the various methods of inducing disc
degeneration.

3.1.1. Comparison of Various Animal Models. Animal models
range from small rodents such as mice knockout models [18]
to rats [19], rabbits [20], dogs [21], goats [22], sheep [23], and
primates [24, 25]. Various mechanisms of inducing degener-
ation have been described for these animal models which are
summarized in Table 1. When considering the potential suit-
ability of an animal model several important characteristics
must be taken into account and these are discussed in Table 1.

3.1.2. Persistence of Notochordal Cells. �e vertebral column
and thus intervertebral discs of all mammals arise from
aggregation of the mesenchyme around the notochord and
subsequent segmentation during development [26]. Noto-
chordal cells persist in the NP of the majority of species (e.g.,
mice, rats, rabbits, and pigs) into adulthood. However, the
number of these cells decreases rapidly following birth in
humans and notochordal cells are completely absent from the
NP by early adulthood [26]. Sheep and goats are among the
few animals to also lose the notochordal cells rapidly from
the NP following birth. Dogs are divided into two popula-
tions with regard to notochordal persistence into adulthood.
Chondrodystrophoid (CD) dogs rapidly lose the notochordal
cells following birth and as such are predisposed to interver-
tebral disc degeneration in later life. Nonchondrodystrophoid
(NCD) dogs have persistent notochordal cells and are far less
inclined to disc degeneration.�e persistence of notochordal
cells is an important consideration as these cells have a
signi	cant in
uence on the intervertebral disc by in
uencing
proteoglycan metabolism [27, 28], hyaluronan production
[29], and possible progenitor cell function [26].

Loss of intervertebral disc notochordal cells may be
observed in animal models with otherwise persistent noto-
chordal cells following adequate stimulus [30, 31]. Apoptotic
processes have been demonstrated to play a signi	cant role
in this process of notochordal cells loss [31, 32] and are also
observed in human aged and degenerate discs [33].�us such
animal models may have greater relevance following the loss
of notochordal cells than otherwise.

However, given the use of animal models to investigate
cellular regenerative therapies for the treatment of disc
degeneration the potential presence of a preexisting pre-
cursor cell population may complicate investigation of the
regenerative potential of such therapies. For instance, in cell
transplantation therapies, one cannot be sure that it is not
the resident notochordal cells which are responsible for the
regenerative e�ects, instead of, or in combination with, the
transplanted cells.

3.1.3. Disc Size andGeometry. Intervertebral discs varymark-
edly across species and according to locationwithin the spine.

�e discs of most animal models are smaller than human
intervertebral discs. Disc size a�ects solute di�usion in the
intervertebral disc. Given the largely avascular nature of the
intervertebral disc and dependence on di�usion to meet
nutritional requirements this is of particular signi	cance
to the clinical relevance of animal models. Given the size
discrepancies between common animal models and humans
investigators have analyzed disc geometry hoping to better
determine the relevance of particular models to the human
intervertebral disc. In a study by O’Connell et al. [34] the
geometries of intervertebral discs of commonly used animal
models were analyzed with regard to their similarity to the
human intervertebral discs as measured by relative propor-
tions (e.g., disc height, width, and NP size). Interestingly,
the authors ranked mouse lumbar intervertebral disc as the
animal model most geometrically analogous to the human
intervertebral disc.

3.1.4. Disc Mechanical Forces. �e vast majority of animal
models of intervertebral disc disease are quadrupedal. �e
only bipedal models available, certain primates to varying
extents (e.g., rhesus monkey [35]) and the bipedal mouse
and rat [36], present ethical dilemmas that preclude their
usage inmost institutions. Given that the mechanical loading
to which human intervertebral lumbar discs are exposed is
signi	cantly in
uenced by the upright posture it may be
thought that this precludes usage of quadrupedal animal
models. However, muscle contraction and ligament tension
is a signi	cant contributor to the load to which intervertebral
discs are exposed [37]. It has been hypothesized that the load
exerted on the lumbar intervertebral discs of large animals
by these structures may be even greater than that observed in
humans resulting from the bipedal stance due to the increased
complexity of stabilizing a horizontally aligned spine versus a
vertically balanced spine [26].

3.2. Animal Models. Taking the above general considerations
into account the following models are those most commonly
described for use as in vivo models of intervertebral disc
degeneration.

3.2.1. Rodent Models. Mice and rat models, despite the
obvious di�erence in intervertebral disc size, have signi	cant
advantages with regard to ease of use and application of
technology. Genetic knockout and mutation mice models
have enabled the investigation of the e�ects of the elimination
of particular proteins, for example, collagen II [18], on disc
function. Bipedalmouse and ratmodelswere created through
bilateral mid-humeral surgical and tail amputations [36].
Bipedal mice were observed to demonstrate accelerated NP
degeneration with frequent NP herniation [40]. However,
more recent studies have indicated that bipedal rats do not
assume a more erect posture than their quadrupedal peers
[69] calling into question the cause of the observed increased
disc degeneration.

�e mouse and rat tail provide a readily accessible
model for intervertebral disc degeneration through mechan-
ical injury, asymmetrical compression, or administration of
digestive enzymes [39, 70].
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However signi	cant limitations exist for such models:

(1) Persistent notochordal cells: limiting the potential
relevance of such models to the clinical environment
particularly with regard to testing potential therapeu-
tics.

(2) Di�ering mechanical loading: rodent tail models:
the tail may have signi	cantly di�erent mechanical
loading to the human lumbar spine although this has
been disputed by some authors.

(3) Signi	cantly smaller disc size reducing the nutritional
challenge.

(4) Ethical concerns regarding the bipedal mouse.

3.2.2. Rabbit Models. �e rabbit model of intervertebral disc
degeneration has been utilized by several authors for inves-
tigation of disc degeneration and of potential therapeutic
agents [20, 71]. Major advantages of this model are the
higher degree of homology to the human intervertebral disc
with the presence of facet joints and paravertebral muscles
and ligaments in comparison to the rodent tail models [51],
the larger size of the animal and intervertebral discs, and
the cost-e�ectiveness as a model relative to large animals.
Limitations relate to the persistence of notochordal cells and
the signi	cant variation from human geometry [72].

3.2.3. Canine Models. As discussed previously CD dogs
demonstrate a decrease of notochordal cells from birth
onwards with complete loss by early adulthood predisposing
the animal to intervertebral disc degeneration. �e CD
dogs, among which beagles and dachshunds number, are
well-characterized models of spontaneous intervertebral disc
degeneration [57]. �e larger size of the disc space relative
to rodents makes administration of intradiscal therapeutic
agents technically less challenging [58]. Similarities exist with
regard to the gross pathology, histopathology, and glycosami-
noglycan content among humans and canines in interver-
tebral disc disease [21]. Di�erences exist with regard to the
thicker cartilaginous endplates in humans, the presence of
growth plates within the vertebrae of the canine [21], and
intervertebral disc size. Additional ethical concerns exist with
regard to the use of dogs for experimental research in many
parts of the world.

3.2.4. GoatModels. Goats have previously been used asmod-
els for intervertebral disc degeneration [22, 60]. Advantages
of the use of this species include anatomical similarities with
regard to size and shape with respect to the human inter-
vertebral disc, comparable mechanical load [73], absence of
notochordal cells in the adult [74], and the pragmatic bene	ts
of a hardy, economical animal model that tolerates surgery
well [22].

3.2.5. Sheep Models. �e sheep model has proven to have
particular merit for several major reasons. Firstly, the sheep,
similar to humans, su�ers from a loss of notochordal cells in
early adulthood, predisposing the sheep intervertebral discs
to degeneration [75]. �e sheep is of a roughly similar size

to humans and, despite its quadrupedal stature, is exposed to
very similar mechanical stresses to the human intervertebral
disc [76]. �e ovine spine has previously been used to model
disc degeneration [62–64] and test implant devices and in
the preclinical investigation of cellular therapies [23, 77–
79]. Similar to the goat the sheep is a hardy animal with
demonstrated ability to tolerate surgical intervention.

3.2.6. Porcine Models. Porcine models have been utilized in
models of intervertebral disc degeneration and in the preclin-
ical assessment of biological therapies such as mesenchymal
stem cells [61, 80]. Major advantages attributed to the porcine
model include the similarity in size of the disc to the human
intervertebral disc and overall size of the animal. However,
this advantage is signi	cantly o�set by the persistence of
notochordal cells into adult life in the porcine model [80],
potentially confounding interpretation of investigations of
disc degeneration and regenerative therapies.

3.2.7. Primate Models. Spontaneous disc degeneration has
been demonstrated in baboon and macaque models [24,
25, 66]. Both species are quadrupedal for locomotion but
spend large amounts of time in semierect and erect positions.
Rhesusmonkeys have also been used asmodels of disc degen-
eration following annulotomy ± intradiscal administration of
collagenase [67] and subchondral administration of bleomycin
[68]. �e advantages of such nonhuman primate animal
models include intervertebral disc size closer to humans,
comparable anatomy, spontaneous disc degeneration, and
exposure to mechanical stresses compatible with erect pos-
ture. However major ethical and practical considerations
(e.g., expense and housing) are associated with the use of
nonhuman primate animal models signi	cantly restricting
their use for such studies in many institutions.

3.3. Comparison of Mechanisms. Given the complexity of
human disc degeneration no animal model can perfectly
mimic the entire pathophysiological process. Disc degener-
ation in animal models is typically initiated by various chem-
ical (e.g., chondroitinase ABC injection [81]) or mechanical
(e.g., surgical incision [63], nucleotomy-NP aspiration [82],
and drill bit injury [22]) stimuli though it can develop
spontaneously in some animals [83].

3.3.1. Spontaneous Models. Spontaneous disc degeneration
occurs in a limited number of species, with inconsistent onset
and development over a long time frame. �e most well-
studied species with regard to spontaneous disc degeneration
are the sand rat and the chondrodystrophoid dog species. As
described above spontaneous disc degeneration has also been
observed in nonhuman primates.

Sand Rat.�e sand rat is native to east Mediterranean deserts
[84] and was 	rst described to undergo spontaneous disc
degeneration by Silberberg et al. [48]. When fed a standard
laboratory diet the sand rat develops diabetes andwidespread
disc degeneration [85]. �e degenerative changes consist of
loss of notochordal cells, annular disorganization, cellular
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metaplasia, endplate sclerosis, and the formation of periph-
eral osteophytes [50]. In a longitudinal study conducted by
Gruber et al. [49] radiographic evidence of degeneration was
evident by two months with older animals demonstrating
disc space wedging, narrowing, irregular disc margins, and
endplate calci	cation. �e degenerative process commenced
in the NP with subsequent degeneration of the facets and
endplates occurring only a
er disc herniation had developed
[48]. Additionally the sand rat has been successfully used in
studies of cellular therapy of disc degeneration despite the
signi	cant technical challenges this entailed [86].

Genetically Modi
edMice.Genetically modi	edmice models
have been developed to investigate the contribution of spe-
ci	c proteins to disc degeneration. Geneticallymodi	edmice
with collagen IX mutations demonstrated increased cervical
degeneration [38]. Similarly mice with collagen II mutations
underwent premature endplate calci	cation and subsequent
disc degeneration [18].

Canines. As detailed previously CD dogs demonstrate loss
of notochordal cells from birth onwards and progress to
demonstrate gross pathology and histopathological and
glycosaminoglycan content changes similar to humans in
intervertebral disc degeneration [21]. �ere are also marked
similarities between magnetic resonance images of interver-
tebral disc degeneration in di�erent stages of progression
in canines and humans [87, 88]. Canines (both CD and
NCD) also undergo routine clinical treatment for degener-
ative disc disease including decompressive surgery [21]. �e
chondrodystrophoid dog has long served as an animal model
of intervertebral disc degeneration and will continue to do so
into the future.

Primates. Baboons and macaques have both been demon-
strated to undergo spontaneous disc degeneration [25, 66].
As nonhuman primates that spend a signi	cant proportion
of time in erect and semierect postures such animal models
demonstrate signi	cant potential for modeling human disc
degeneration. However, ethical and pragmatic consideration
will likely limit their usage.

Spontaneous models of disc disease can be particularly
useful in providing models of disc degeneration. However,
the long and at times unpredictable course of spontaneous
degeneration o
en limits their utilization in studies of poten-
tial therapies.

3.3.2. Mechanical Animal Models of Disc Degeneration.
Mechanical models a�ord the advantage of initiating the
degenerative cascade at a de	ned time point in a replicable
fashion. Epidemiological studies have suggested the associa-
tion between exposure of the spine to force and disc degen-
eration [89]. Mechanical models of disc degeneration can be
broadly divided into two groups: compression and instability,
although there is overlap between the two groups [83].

Compression.Compression involves the application of altered
mechanical stresses to the intervertebral disc through

mechanism such as bending [43], postural change [90] (i.e.,
the bipedal rat), or cyclical compression [45].

(1) Bending. Bending of the rat tail is one of the earliest
reported methods of inducing disc degeneration [43]. In
pioneering studies by Lindblom [43] rat tails 	xed into bent
shapes demonstrated annulus degeneration on the concave
side with connective tissue injury and reduced cellularity. In
amore recent study Court et al. [39] were able to demonstrate
increased cell death and decreased aggrecan gene expression
in the concave side of a disc compressed by forceful 	xed
mouse tail bending. Such di�erences were not observed in
mice tails exposed to only slight bending.

(2) Postural Change. �e bipedal rat and mouse models, as
described above, are based on the hypothesis that surgically
modi	ed animals will spend more time in an erect posture
thus exposing the intervertebral discs to increased mechani-
cals stress. Given the more recent 	ndings indicating bipedal
rats do not spend an increased time in an erect posture and, in
fact, possibly less time than their quadrupedal counterparts
[69] it is interesting to re
ect as to the aetiology of the under-
lying degenerative changes observed in the primary studies.

(3) Chronic andCyclical Compression.Researchers have inves-
tigated the application of static and cyclical compression to
the intervertebral disc. Iatridis et al. [44] described a rat
tail compression model to apply chronic compression. �is
consisted of an Ilizarov-type apparatus (an external 	xation
device enabling application of mechanical force across the
intervertebral disc) applied to the tail of rats. Rats were
assigned to sham, immobilization, or compression groups.
�e immobilization and compression groups demonstrated
decreased disc thickness, axial compliance, and angular laxity
with the compression group demonstrating these changes
more quickly and with greater magnitude. Interestingly the
discs demonstrated increased proteoglycan content in con-
trast to human disc degeneration, in which reduced proteo-
glycan content is observed during the degenerative process.

Kroeber et al. [51] developed a novel model that enabled
the application of compressive force to the intervertebral discs
of rabbits via attachment of an external loading device. Rabbit
intervertebral discs were exposed to up to 28 days of loading
of a disc compressive force equivalent to 	ve times body-
weight. A
er 14 and 28 days of loading discs demonstrated
signi	cantly reduced disc space with annulus disorganiza-
tion observed histologically. Increased dead cells were
observed in the annulus and endplate.�ese changeswere not
reversible a
er an equivalent period of unloading.

Cyclical compression has also been investigated. In a rat
tail model Ching et al. [45] investigated the e�ects of static
and cyclical loading at 0.5, 1.5, or 2.5Hz. Pins were inserted
into the caudal 4th and 5th vertebrae. A compression device
was applied to these pins.�egreatest loss of interpin distance
(a measure of intervertebral disc height and thus disc degen-
eration) was observed in rat tails subjected to static compres-
sion with the least loss of interpin distance, other than the
sham control, observed in the 1.5Hz group, suggesting disc
response varies with the frequency of loading.
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Instability. Various animal models of disc disease exist
in which the intervertebral disc is exposed to increased
instability at the motion segment promoting intervertebral
disc degeneration. Approaches to produce instability include
surgical resection of posterior elements such as facet joint
and spinous processes [41] and the fusion of an adjacent level
[52]. Miyamoto et al. [41] demonstrated that resection of
spinous processes, supraspinous and interspinous ligament,
with paravertebral muscle detachment accelerated cervical
disc degeneration in a mouse model. At 12 months following
surgical intervention the experimental group demonstrated
advanced disc degeneration with intervertebral disc material
herniation, AF disorganization, metaplasia of 	broblastic
cells in the AF into chondrocytes, loss of disc height, and
osteophyte formation.

Phillips et al. [52] reported a novel method of modeling
intervertebral disc degeneration in the rabbit by performing
simulated surgical spinal fusion at the lumbar L5–L7 level in
rabbits. Spinal fusion eliminates movement at the index level
but induces altered stresses at the adjacent mobile segments

[91, 92]. �e adjacent level intervertebral discs L4-L5 and
L7-S1 demonstrated progressive disc degeneration. Annular
disorganization with loss of normal collagen bundle arrange-
ment was observed at three months. �is was increased at
six months and by nine months the normal structure of the
disc had been replaced by disorganized 	brous tissue, annular
tears, and loss of chondrocytes and notochordal cells in the
NP were observed as was decreased monomeric size of the
proteoglycans. Furthermore disc space narrowing, endplate
sclerosis, and osteophyte formation were also observed in
keeping with the clinical condition.

Instability studies allow an inducible method of progres-
sive disc degeneration with many of the features observed
in the clinical condition. �e time course of progression of
these models, requiring 9–12 months for the establishment of
severe disc degeneration, may preclude their usage in studies
of regenerative therapies given cost concerns.

3.3.3. Structural Models. An alternate mechanism of induc-
ing disc degeneration is directly compromising the structural
integrity of the intervertebral disc. �is task can be accom-
plished by chemical or direct physical methods.

Chemonucleolysis. Various chemical agents have been inves-
tigated as potential stimuli to induce the pathophysiological
process of disc degeneration. �e best described such agent,
chymopapain, was 	rst reported in clinical use in 1964 for the
treatment of sciatica secondary to presumed disc protrusion
[93]. Chymopapain is a proteolytic enzyme derived from the
papaya latex [94] that produces disc degeneration by induc-
ing proteolytic digestion or removal of glycosaminoglycan
chains. Proteoglycan loss leads to disc height loss and altered
biomechanical stability [26].�e enzyme selectively degrades
intervertebral disc proteoglycan in a dose dependent fashion

[59]. Inadequate doses may be followed by NP proteoglycan
restoration [95]. High doses have also been demonstrated to
directly produce annulus destruction in animal models [53].

Chondroitinase ABC is another enzyme demonstrated
to produce disc degeneration in animal models [96]. Chon-
droitinase causes its e�ect by producing degradation of
the polysaccharide side chains of the proteoglycans of the
intervertebral disc [97]. Chondroitinase ABC injection was
demonstrated to produce dose dependent intervertebral disc
degeneration in a caprine model by Hoogendoorn et al. [98].
Chondroitinase ABC injection has also been used in an ovine
model to induce intervertebral disc degeneration to enable
assessment of regenerative therapies [65].

As described above injection of enzymes leads to proteo-
glycan loss, an essential component of the pathophysiological
process of disc degeneration observed clinically. A criticism
of the chondroitinase ABC for inducing disc degeneration
is that the viability of native disc cells is largely preserved,
enabling regeneration of the extracellular matrix [99].

Physical Methods. Surgical injury to the intervertebral disc
is a well-established method of inducing disc degeneration.
Injury can be performed to the endplate, the annulus, or the
annulus and nucleus.

Endplate injury has been demonstrated in a porcine
model to produce changes consistent with disc degeneration.
Following lumbar endplate injury with a drill bit porcine
intervertebral discs were observed over a 3-month period
to demonstrate annular delamination, with reduction in
nucleus proteoglycan content, cellularity and loss of gel-like
structure [100]. Evidence of degeneration of varying degrees
of magnitude was observed seven months following injury
in a similar porcine model of endplate injury induced disc
degeneration [101].

Annular injurymodels were 	rst described in the 1930s by
Keyes and Compere [55]. Keyes and Compere demonstrated
that annular injury with subsequent NP expulsion leads to
loss of disc height and degenerative changes at the index level.
Following these pioneering studies multiple intervertebral
disc injurymethods have been investigated for their potential
to induce disc degeneration. Broadly such methods can be
considered under the categories of partial thickness annular
injury and full thickness annular injury with nucleus involve-
ment (see Figure 2). Full thickness annular injuries have the
advantage of producing nuclear avulsion with relatively rapid
degeneration. Partial thickness injuries produce a slower
degenerative process.

Stab injuries and annulotomies have been performed in
a variety of animal models including rats [46], rabbits [20],
sheep [62], and pigs [61]. Osti et al. [62] demonstrated in an
ovine model that partial thickness annular injury, consisting
of a 5mm depth incision that le
 the inner annulus and NP
intact at the time of injury, would lead to progressive failure
of the inner annulus with progressive disc degeneration over
several months. Oehme et al. [63, 102] demonstrated in an
ovine model that a
er three months a larger (20mm ×
6mm) partial thickness annular injury resulted in signi	-
cant increased disc height loss, increased MRI P	rrmann
degeneration scores, increased histological injury scores, and
decreased NP glycosaminoglycans in the injured discs.
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Figure 2: (a) Partial thickness annular injury. (b) Full thickness annular injury with NP involvement. AF indicates annulus 	brosus; NP
indicates nucleus pulposus.
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Figure 3: (a) Ovine drill bit injured intervertebral disc demonstrating injury penetrating through the annulus into the nucleus. (b) 9.4 T
axial MRI T2 sequence demonstrating drill bit injury tract extending through AF to NP. AF indicates annulus 	brosus; NP indicates nucleus
pulposus.

Full thickness intervertebral disc injury is demonstrated
in the approach of Oehme et al. [23]. In this injury model
a simulated partial lumbar microdiscectomy was performed
by creating a 3 × 5mm annular incision in ovine discs
followed by removal of 0.2 g of intervertebral disc tissue,
including NP. 24 weeks following performance of the partial-
microdiscectomy injured and otherwise untreated interverte-
bral discs demonstrated increased disc height loss, increased
MRI P	rrmann degeneration scores, and reducedNP proteo-
glycan content relative to controls.

A novel full thickness intervertebral disc injury caprine
model utilizing a drill bit has recently been described by
Zhang et al. [22]. �e authors compared scalpel blade annu-
lotomy with insertion of a 4.5mm drill bit to a depth of
15mm. At two months the drill bit injured intervertebral
discs demonstrated signi	cantly increased histological injury
scores relative to controls.�is injurymodel has served as the
stimulus for investigation in our laboratory utilizing an ovine
model. �e drill bit injury model has the advantage of pro-
ducing a highly replicable injury demonstrated in the goat to
produce disc degeneration over a two-month period. Drill bit
injury was performed by insertion of a 3.5mmdrill bit 12mm
in depth in two adjacent ovine lumbar intervertebral discs.
Sheep underwent necropsy at two months. Gross morphol-
ogy and 9.4-tesla MRI demonstrated signi	cantly increased
injury scores in injured versus control discs (see Figure 3).

4. Involvement in Preclinical Trials

Despite the limitations of the animal models described above
suchmodels play an integral role in increasing our knowledge
and understanding of the process of disc degeneration and
in the development of novel therapies for clinical applica-
tion. Given the complex pathophysiological process of disc
degeneration with the interplay of cellular, biomechanical,
and matrix components cellular therapy is considered by
many to demonstrate the greatest potential in the treatment
of this condition.

A recent review by Oehme et al. [103] comprehensively
details the variety of preclinical and clinical trials of novel
cell-based therapies for the treatment of lumbar interverte-
bral disc degeneration. Animal models used in preclinical
trials of novel therapies include rat [47], rabbit [54], canine
[56], porcine [61], ovine [23, 78, 79], and rhesus monkeys
[104]. �e vast majority of animal models described utilized
full thickness annular injury with nuclear involvement to
induce disc degeneration. As detailed above, the advantage of
this injury model is the ability to consistently induce degen-
eration at a speci	ed time point. Cell types investigated for
regenerative potential include NP chondrocytes [56], bone
marrow derivedmesenchymal stem cells [54], and bonemar-
row derived mesenchymal precursor cells [23]. �e three cell
types detailed are notable for having demonstrated the ability
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to promote intervertebral disc regeneration in preclinical
trials with subsequent progression to clinical trials/series.

4.1. Clinical Translation. �e EuroDISC clinical trial [105]
investigated the transplantation of expanded autologous disc
chondrocytes in patients undergoing single level discectomy.
Interim analysis of 28 patients at 24 months revealed those
patients who received chondrocyte transplantation reported
greater pain reduction and demonstrated increased disc

uid content on MRI compared to controls. Percutaneous
injection of expanded autologous mesenchymal stem cells in
two small noncontrolled clinical trials leads to improvedMRI
T2 signal and clinical improvement [106, 107].

Autologous bone marrowmesenchymal stem cell admin-
istration has been investigated in two small series of patients
[106, 107]. �e trial of Orozco et al. [106] reported clinical
improvement in 9 of 10 patientswho received expanded autol-
ogousMSCs for treatment of low back pain with degenerative
disc disease and failure of conservative treatment. �e series
of Yoshikawa et al. [107] consisted of two patients who at two
years both reported signi	cant improvement with improved
disc hydration on MRI.

�e administration of allogeneic mesenchymal precursor
cells for the treatment of back pain has been investigated in
a Phase II study [108]. A signi	cantly greater proportion of
MPC treated patients achieved minimal residual back pain
and at least a 50% reduction in back pain. Phase III trials are
now underway.

4.2. Pain. �e discussion of clinical translation raises one of
the most important considerations regarding the translation
of 	ndings from animal models of disc degeneration, that of
pain. Disc degeneration causes the majority of its morbidity
and disability through back pain—a subjective phenomenon.
Pain is a symptom experienced by patients and is multi-
factorial in nature. �e clinical observation of signi	cant
radiological disc degeneration in the absence of signi	cant
back pain inmany patients is suggestive of the notion that the
two are not necessarily well correlated at all times. �us the
measures of disc degeneration employed in animal models of
disc disease such as histology and radiological degeneration
scores and macroscopic and biochemical analysis can serve
as useful markers of underlying disc degeneration but can
inform the observer to only a limited degree of the likely
disability associated with such 	ndings.

�e assessment of intervertebral disc degeneration related
pain in animalmodels is still in its relative infancy.�emajor-
ity of such research has been conducted in rodent models
[109, 110]. Pain in rodents can be assessed in three ways
[110]: observation of pain-related behaviours (e.g., increased
grooming and “wet-dog shakes” [111]), measuring functional
performance (e.g., locomotor ability assessment in mice
[109]), or determining response to mechanical or thermal
stimuli (e.g., grip strength in response to axial stretch, a possi-
blemeasure of axial low back pain). A recent study comparing
sensitivities of di�erent pain assessment methods in a rat
model suggested hind paw mechanical sensitivity and dura-
tion of grooming as the most sensitive measures of degen-
eration induced pain [110]. Hind paw mechanical sensitivity

o�ers the advantage of enabling analysis of threshold changes
whereas spontaneous behavioural change may better relate
to the presence of pain and general condition of an animal
[111, 112]. Performance on functional assessments, such as
the rotarod test, also declines following lumbar intervertebral
disc injury [46].

�e assessment of pain in small animal models is imper-
fect but greatly increases our power to investigate the under-
lying pathophysiology of intervertebral disc degeneration
related pain.

5. Conclusions

�e complexity of the human intervertebral disc bares repe-
tition. Given this inherent complexity no animal model will
perfectly replicate the clinical condition. �e best that can be
hoped for is to mimic as closely as possible the clinical con-
dition of degenerative disc disease. Important considerations
in choosing an appropriate animal model are the absence of
notochordal cells, animal and intervertebral disc size relative
to humans, biomechanical forces acting upon the interverte-
bral disc,mechanistic concerns (i.e.,mechanical injury versus
chemical injury), and ethical considerations. Nonhuman
primates closely match the clinical condition with regard to
many of the physical and mechanistic criteria, particularly
given the demonstration of spontaneous intervertebral disc
degeneration in baboons and macaques. However, ethical
considerations should preclude their widespread utilization.

�e ovine model of disc disease possesses many desirable
characteristics when considering the ideal intervertebral
discs model: absence of notochordal cells, similar body mass
to humans, and similar biomechanical forces acting upon the
intervertebral disc. A major potential criticism of this model
is the quadrupedal rather than bipedal nature of sheep.As dis-
cussed previously biomechanical studies have indicated that
the ovine and human lumbar spines have good comparability
in many biomechanical properties [113] in spite of the quad-
rupedal/bipedal dichotomy.

Certain questions will remain unanswerable in large
animalmodels without signi	cant advances in technology. As
such, a role for small animal models will continue, particu-
larly in the investigation of the action of speci	c gene products
in disc degeneration through the use of genetically modi	ed/
knockout mice.

�e variety of methods of inducing disc degeneration is
even broader than the variation in animal models. Sponta-
neous models of disc degeneration, such as the chondrodys-
trophic dog and primate, aremost likely to parallel the clinical
condition in terms of underlyingmechanism and time frame.
However, the variability of onset and prolonged time course
of the degenerative process renders such models di�cult to
utilize in many contexts. Investigation of regenerative thera-
pies, for example, would be rendered exceptionally di�cult
if an investigator were to wait for all animals scheduled for
investigation to spontaneously develop an appropriate degree
of degeneration. For investigations of regenerative therapies
it is thus likely that methods of inducing structural injury will
be themost utilized as these enable instantaneous production
of a replicable injury at a de	ned time point.
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In conclusion no animal model will mimic the clini-
cal condition of disc degeneration with complete 	delity.
�is is due to the complexity of clinical intervertebral disc
degeneration and the immense in
uence of the subjective
phenomena of pain in determining patient outcomes. Animal
models will continue to play an essential role in re	ning our
understanding of the pathophysiology of disc degeneration,
developing novel therapies for this condition, and ultimately
translating such therapies to the clinic.
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[2] K. Luoma,H. Riihimäki, R. Luukkonen, R. Raininko, E. Viikari-
Juntura, and A. Lamminen, “Low back pain in relation to
lumbar disc degeneration,” Spine, vol. 25, no. 4, pp. 487–492,
2000.

[3] M. D. Humzah and R. W. Soames, “Human intervertebral disc:
structure and function,” Anatomical Record, vol. 220, no. 4, pp.
337–356, 1988.

[4] F. Marchand and A. M. Ahmed, “Investigation of the laminate
structure of lumbar disc anulus 	brosus,” Spine, vol. 15, no. 5,
pp. 402–410, 1990.

[5] P. Colombier, J. Clouet, O. Hamel, L. Lescaudron, and J.
Guicheux, “�e lumbar intervertebral disc: from embryonic
development to degeneration,” Joint Bone Spine, vol. 81, no. 2,
pp. 125–129, 2014.

[6] A. J. Freemont, “�e cellular pathobiology of the degenerate
intervertebral disc and discogenic back pain,” Rheumatology,
vol. 48, no. 1, pp. 5–10, 2009.

[7] M. A. Adams and P. J. Roughley, “What is intervertebral disc
degeneration, andwhat causes it?” Spine, vol. 31, no. 18, pp. 2151–
2161, 2006.

[8] L. A. Setton and J. Chen, “Mechanobiology of the intervertebral
disc and relevance to disc degeneration,”�e Journal of Bone &
Joint Surgery—American Volume, vol. 88, supplement 2, pp. 52–
57, 2006.

[9] W. Johannessen, E. J. Vresilovic, A. C. Wright, and D. M.
Elliott, “Intervertebral disc mechanics are restored following
cyclic loading and unloaded recovery,” Annals of Biomedical
Engineering, vol. 32, no. 1, pp. 70–76, 2004.

[10] S. R. Pye, D.M. Reid, J. E. Adams, A. J. Silman, andT.W.O’Neill,
“In
uence of weight, body mass index and lifestyle factors on
radiographic features of lumbar disc degeneration,” Annals of
the Rheumatic Diseases, vol. 66, no. 3, pp. 426–427, 2007.

[11] C. L. Le Maitre, A. J. Freemont, and J. A. Hoyland, “Accelerated
cellular senescence in degenerate intervertebral discs: a possible

role in the pathogenesis of intervertebral disc degeneration,”
Arthritis Research and�erapy, vol. 9, no. 3, article R45, 2007.

[12] J. P. G. Urban and S. Roberts, “Degeneration of the interverte-
bral disc,” Arthritis Research and �erapy, vol. 5, no. 3, pp. 120–
130, 2003.

[13] C. L. LeMaitre, A. Pockert, D. J. Buttle, A. J. Freemont, and J. A.
Hoyland, “Matrix synthesis and degradation in human interver-
tebral disc degeneration,” Biochemical Society Transactions, vol.
35, part 4, pp. 652–655, 2007.

[14] R. J. Moore, B. Vernon-Roberts, R. D. Fraser, O. L. Osti,
and M. Schembri, “�e origin and fate of herniated lumbar
intervertebral disc tissue,” Spine, vol. 21, no. 18, pp. 2149–2155,
1996.

[15] B. Peng, W. Wu, S. Hou, P. Li, C. Zhang, and Y. Yang, “�e
pathogenesis of discogenic low back pain,”�e Journal of Bone
& Joint Surgery—British Volume, vol. 87, no. 1, pp. 62–67, 2005.

[16] C. Liang, H. Li, Y. Tao et al., “New hypothesis of chronic
back pain: low pH promotes nerve ingrowth into damaged
intervertebral disks,” Acta Anaesthesiologica Scandinavica, vol.
57, no. 3, pp. 271–277, 2013.

[17] P.-P. A. Vergroesen, I. Kingma, K. S. Emanuel et al., “Mechanics
and biology in intervertebral disc degeneration: a vicious circle,”
Osteoarthritis and Cartilage, vol. 23, no. 7, pp. 1057–1070, 2015.

[18] J. Sahlman, R. Inkinen, T. Hirvonen et al., “Premature vertebral
endplate ossi	cation and mild disc degeneration in mice a
er
inactivation of one allele belonging to the Col2a1 gene for type
II collagen,” Spine, vol. 26, no. 23, pp. 2558–2565, 2001.

[19] J. H. Jeong, J. H. Lee, E. S. Jin, J. K. Min, S. R. Jeon, and
K. H. Choi, “Regeneration of intervertebral discs in a rat
disc degeneration model by implanted adipose-tissue-derived
stromal cells,” Acta Neurochirurgica, vol. 152, no. 10, pp. 1771–
1777, 2010.

[20] K. Masuda, Y. Aota, C. Muehleman et al., “A novel rabbit model
of mild, reproducible disc degeneration by an anulus needle
puncture: Correlation between the degree of disc injury and
radiological and histological appearances of disc degeneration,”
Spine, vol. 30, no. 1, pp. 5–14, 2005.

[21] N. Bergknut, J. P. H. J. Rutges, H.-J. C. Kranenburg et al., “�e
dog as an animal model for intervertebral disc degeneration?”
Spine, vol. 37, no. 5, pp. 351–358, 2012.

[22] Y. Zhang, S. Drapeau, H. S. An, D. Markova, B. A. Lenart,
and D. G. Anderson, “Histological features of the degenerating
intervertebral disc in a goat disc-injury model,” Spine, vol. 36,
no. 19, pp. 1519–1527, 2011.

[23] D. Oehme, P. Ghosh, S. Shimmon et al., “Mesenchymal progen-
itor cells combined with pentosan polysulfate mediating disc
regeneration at the time of microdiscectomy: a preliminary
study in an ovine model,” Journal of Neurosurgery Spine, vol. 20,
no. 6, pp. 657–669, 2014.

[24] W. C. Lauerman, R. C. Platenberg, J. E. Cain, and V. F. X.
Deeney, “Age-related disk degeneration: preliminary report of a
naturally occurring baboon model,” Journal of Spinal Disorders,
vol. 5, no. 2, pp. 170–174, 1992.

[25] R. C. Platenberg, G. B. Hubbard, W. J. Ehler, and C. J. Hixson,
“Spontaneous disc degeneration in the baboonmodel:magnetic
resonance imaging and histopathologic correlation,” Journal of
Medical Primatology, vol. 30, no. 5, pp. 268–272, 2001.

[26] M.Alini, S.M. Eisenstein, K. Ito et al., “Are animalmodels useful
for studying human disc disorders/degeneration?,” European
Spine Journal, vol. 17, no. 1, pp. 2–19, 2008.



12 BioMed Research International

[27] D. J. Aguiar, S. L. Johnson, and T. R. Oegema Jr., “Notochordal
cells interact with nucleus pulposus cells: Regulation of proteo-
glycan synthesis,” Experimental Cell Research, vol. 246, no. 1, pp.
129–137, 1999.

[28] T. R. Oegema, S. L. Johnson, D. J. Aguiar, and J. W. Ogilvie,
“Fibronectin and its fragments increase with degeneration in
the human intervertebral disc,” Spine, vol. 25, no. 21, pp. 2742–
2747, 2000.

[29] J. W. Stevens, G. L. Kurriger, A. S. Carter, and J. A. Maynard,
“CD44 expression in the developing and growing rat interverte-
bral disc,”Developmental Dynamics, vol. 219, no. 3, pp. 381–390,
2000.

[30] S. Sobajima, J. F. Kompel, J. S. Kim et al., “A slowly progressive
and reproducible animal model of intervertebral disc degenera-
tion characterized by MRI, X-ray, and histology,” Spine, vol. 30,
no. 1, pp. 15–24, 2005.

[31] J. C. Lotz and J. R. Chin, “Intervertebral disc cell death is
dependent on the magnitude and duration of spinal loading,”
Spine, vol. 25, no. 12, pp. 1477–1483, 2000.

[32] T. Yurube, H. Hirata, K. Kakutani et al., “Notochordal cell
disappearance and modes of apoptotic cell death in a rat tail
static compression-induced disc degeneration model,” Arthritis
Research and�erapy, vol. 16, article R31, 2014.

[33] H. E. Gruber and E. N. Hanley, “Analysis of aging and degener-
ation of the human intervertebral disc. Comparison of surgical
specimens with normal controls,” Spine, vol. 23, no. 7, pp. 751–
757, 1998.

[34] G. D. O’Connell, E. J. Vresilovic, andD.M. Elliott, “Comparison
of animals used in disc research to human lumbar disc geome-
try,” Spine, vol. 32, no. 3, pp. 328–333, 2007.

[35] K. D. K. Luk, D. K. Ruan, D. H. K. Chow, and J. C. Y. Leong,
“Intervertebral disc autogra
ing in a bipedal animal model,”
Clinical Orthopaedics and Related Research, no. 337, pp. 13–26,
1997.

[36] C. W. Go� and W. Landmesser, “Bipedal rats and mice,” �e
Journal of Bone & Joint Surgery—American Volume, vol. 39, no.
3, pp. 616–622, 1957.

[37] H.-J. Wilke, A. Rohlmann, S. Neller, F. Graichen, L. Claes,
and G. Bergmannt, “ISSLS prize winner: a novel approach to
determine trunk muscle forces during 
exion and extension:
a comparison of data from an in vitro experiment and in vivo
measurements,” Spine, vol. 28, no. 23, pp. 2585–2593, 2003.

[38] T. Kimura, K. Nakata, N. Tsumaki et al., “Progressive degener-
ation of articular cartilage and intervertebral discs: an exper-
imental study in transgenic mice bearing a type IX collagen
mutation,” International Orthopaedics, vol. 20, no. 3, pp. 177–181,
1996.

[39] C.Court,O.K.Colliou, J. R. Chin, E. Liebenberg,D. S. Bradford,
and J. C. Lotz, “�e e�ect of static in vivo bending on themurine
intervertebral disc,” Spine Journal, vol. 1, no. 4, pp. 239–245,
2001.

[40] M. Higuchi, K. abe, and K. Kaneda, “Changes in the nucleus
pulposus of the intervertebral disc in bipedal mice: a light and
electron microscopic study,” Clinical Orthopaedics and Related
Research, vol. 175, article 251, 1983.

[41] S.Miyamoto, K. Yonenobu, and K. Ono, “Experimental cervical
spondylosis in the mouse,” Spine, vol. 16, pp. S495–S500, 1991.

[42] R. E. Hammer, S. D. Maika, J. A. Richardson, J.-P. Tang, and
J. D. Taurog, “Spontaneous in
ammatory disease in transgenic
rats expressing HLA-B27 and human �2m: an animal model of
HLA-B27-associated human disorders,” Cell, vol. 63, no. 5, pp.
1099–1112, 1990.

[43] K. Lindblom, “Intervertebral-disc degeneration considered as
a pressure atrophy,” �e Journal of Bone and Joint Surgery.
American, vol. 39, no. 4, pp. 933–945, 1957.

[44] J. C. Iatridis, P. L. Mente, I. A. F. Stokes, D. D. Aronsson, and
M. Alini, “Compression-induced changes in intervertebral disc
properties in a rat tail model,” Spine, vol. 24, no. 10, pp. 996–
1002, 1999.

[45] C. T. S. Ching, D. H. K. Chow, F. Y. D. Yao, and A. D. Holmes,
“�e e�ect of cyclic compression on the mechanical properties
of the inter-vertebral disc: an in vivo study in a rat tail model,”
Clinical Biomechanics, vol. 18, no. 3, pp. 182–189, 2003.

[46] M.-A. A. Rousseau, J. A. Ulrich, E. C. Bass, A. G. Rodriguez, J.
J. Liu, and J. C. Lotz, “Stab incision for inducing intervertebral
disc degeneration in the rat,” Spine, vol. 32, no. 1, pp. 17–24, 2007.

[47] J. H. Jeong, E. S. Jin, J. K. Min et al., “Human mesenchymal
stem cells implantation into the degenerated coccygeal disc of
the rat,” Cytotechnology, vol. 59, no. 1, pp. 55–64, 2009.

[48] R. Silberberg, M. Aufdermaur, and J. H. Adler, “Degeneration
of the intervertebral disks and spondylosis in aging sand rats,”
Archives of Pathology and Laboratory Medicine, vol. 103, no. 5,
pp. 231–235, 1979.

[49] H. E. Gruber, T. Johnson, H. J. Norton, and E. N. Hanley
Jr., “�e sand rat model for disc degeneration: radiologic
characterization of age-related changes: cross-sectional and
prospective analyses,” Spine, vol. 27, no. 3, pp. 230–234, 2002.

[50] R.W.Moskowitz, I. Ziv, C.W. Denko, B. Boja, P. K. Jones, and J.
H. Adler, “Spondylosis in sand rats: a model of intervertebral
disc degeneration and hyperostosis,” Journal of Orthopaedic
Research, vol. 8, no. 3, pp. 401–411, 1990.

[51] M. W. Kroeber, F. Unglaub, H. Wang et al., “New in vivo
animal model to create intervertebral disc degeneration and to
investigate the e�ects of therapeutic strategies to stimulate disc
regeneration,” Spine, vol. 27, no. 23, pp. 2684–2690, 2002.

[52] F. M. Phillips, J. Reuben, and F. T. Wetzel, “Intervertebral disc
degeneration adjacent to a lumbar fusion,” Journal of Bone and
Joint Surgery B, vol. 84, no. 2, pp. 289–294, 2002.

[53] D. P. Kiester, J. M. Williams, G. B. J. Andersson, E. J. M.
A. �onar, and T. W. McNeill, “�e dose-related e�ect of
intradiscal chymopapain on rabbit intervertebral discs,” Spine,
vol. 19, no. 7, pp. 747–751, 1994.

[54] D. Sakai, J. Mochida, T. Iwashina et al., “Di�erentiation of
mesenchymal stem cells transplanted to a rabbit degenerative
disc model: potential and limitations for stem cell therapy in
disc regeneration,” Spine, vol. 30, no. 21, pp. 2379–2387, 2005.

[55] D. C. Keyes and E. L. Compere, “�e normal and pathological
physiology of the nucleus pulposus of the intervertebral disc,”
�e Journal of Bone & Joint Surgery—American Volume, vol. 14,
no. 4, pp. 897–938, 1932.

[56] C. Hohaus, T. M. Ganey, Y. Minkus, and H. J. Meisel, “Cell
transplantation in lumbar spine disc degeneration disease,”
European Spine Journal, vol. 17, supplement 4, pp. 492–503,
2008.

[57] N. A. Gillett, R. Gerlach, J. J. Cassidy, and S. A. Brown, “Age-
related changes in the beagle spine,” Acta Orthopaedica, vol. 59,
no. 5, pp. 503–507, 1988.

[58] K. Serigano, D. Sakai, A. Hiyama, F. Tamura, M. Tanaka, and
J. Mochida, “E�ect of cell number on mesenchymal stem cell
transplantation in a canine disc degenerationmodel,” Journal of
Orthopaedic Research, vol. 28, no. 10, pp. 1267–1275, 2010.

[59] J. Melrose, T. K. F. Taylor, P. Ghosh, C. Holbert, C. Macpherson,
and C. R. Bellenger, “Intervertebral disc reconstitution a
er



BioMed Research International 13

chemonucleolysis with chymopapain is dependent on dosage:
an experimental study in beagle dogs,” Spine, vol. 21, no. 1, pp.
9–17, 1996.

[60] R. J.W. Hoogendoorn, M. N. Helder, R. J. Kroeze, R. A. Bank, T.
H. Smit, and P. I. J. M. Wuisman, “Reproducible long-term disc
degeneration in a large animal model,” Spine, vol. 33, no. 9, pp.
949–954, 2008.

[61] F. L. Acosta Jr., L. Metz, H. D. Adkisson et al., “Porcine
intervertebral disc repair using allogeneic juvenile articular
chondrocytes or mesenchymal stem cells,” Tissue Engineering—
Part A, vol. 17, no. 23-24, pp. 3045–3055, 2011.

[62] O. L. Osti, B. Vernon-Roberts, and R. D. Fraser, “Anulus tears
and intervertebral disc degeneration: an experimental study
using an animal model,” Spine, vol. 15, no. 8, pp. 762–767, 1990.

[63] D.Oehme, T.Goldschlager, S. Shimon, and J.Wu, “Radiological,
morphological, histological and biochemical changes of lumbar
discs in an animal model of disc degeneration suitable for
evaluating the potential regenerative capacity of novel biological
agents,” Journal of Tissue Science & Engineering, vol. 6, article
153, 2015.

[64] J. Melrose, C. Shu, C. Young et al., “Mechanical destabilization
induced by controlled annular incision of the intervertebral
disc dysregulatesmetalloproteinase expression and induces disc
degeneration,” Spine, vol. 37, no. 1, pp. 18–25, 2012.

[65] P. Ghosh, R.Moore, B. Vernon-Roberts et al., “Immunoselected
STRO-3+ mesenchymal precursor cells and restoration of the
extracellular matrix of degenerate intervertebral discs: labora-
tory investigation,” Journal of Neurosurgery: Spine, vol. 16, no. 5,
pp. 479–488, 2012.

[66] D. J. Nuckley, P. A. Kramer, A. Del Rosario, N. Fabro, S. Baran,
and R. P. Ching, “Intervertebral disc degeneration in a naturally
occurring primate model: radiographic and biomechanical
evidence,” Journal of Orthopaedic Research, vol. 26, no. 9, pp.
1283–1288, 2008.

[67] W. E. Stern and W. F. Coulson, “E�ects of collagenase upon the
intervertebral disc inmonkeys,” Journal ofNeurosurgery, vol. 44,
no. 1, pp. 32–44, 1976.

[68] F. Wei, R. Zhong, Z. Zhou et al., “In vivo experimental
intervertebral disc degeneration induced by bleomycin in the
rhesus monkey,” BMCMusculoskeletal Disorders, vol. 15, article
340, 2014.

[69] A. S. Bailey, F. Adler, S.Min Lai, andM.A.Asher, “A comparison
between bipedal and quadrupedal rats: do bipedal rats actually
assume an upright posture?” Spine, vol. 26, no. 14, pp. E308–
E313, 2001.

[70] J. P. Norcross, G. E. Lester, P. Weinhold, and L. E. Dahners,
“An in vivo model of degenerative disc disease,” Journal of
Orthopaedic Research, vol. 21, no. 1, pp. 183–188, 2003.

[71] T. Miyamoto, T. Muneta, T. Tabuchi et al., “Intradiscal trans-
plantation of synovial mesenchymal stem cells prevents inter-
vertebral disc degeneration through suppression of matrix
metalloproteinase-related genes in nucleus pulposus cells in
rabbits,” Arthritis Research and �erapy, vol. 12, no. 6, article
R206, 2010.

[72] H.-J. Wilke, A. Kettler, K. H.Wenger, and L. E. Claes, “Anatomy
of the sheep spine and its comparison to the human spine,”
Anatomical Record, vol. 247, no. 4, pp. 542–555, 1997.

[73] T. H. Smit, “�e use of a quadruped as an in vivo model for the
study of the spine—biomechanical considerations,” European
Spine Journal, vol. 11, no. 2, pp. 137–144, 2002.

[74] R. J. W. Hoogendoorn, M. N. Helder, T. H. Smit, and P. I. J. M.
Wuisman, “Notochordal cells in mature caprine intervertebral
discs,” European Cells and Materials, vol. 10, no. 3, p. 59, 2005.

[75] C. J. Hunter, J. R. Matyas, and N. A. Duncan, “Cytomorphology
of notochordal and chondrocytic cells from the nucleus pulpo-
sus: a species comparison,” Journal of Anatomy, vol. 205, no. 5,
pp. 357–362, 2004.

[76] H. J. Wilke, A. Kettler, and L. E. Claes, “Are sheep spines a valid
biomechanical model for human spines?” Spine, vol. 22, no. 20,
pp. 2365–2374, 1997.

[77] T. Goldschlager, J. V. Rosenfeld, P. Ghosh et al., “Cervical inter-
body fusion is enhanced by allogeneic mesenchymal precursor
cells in an ovine model,” Spine, vol. 36, no. 8, pp. 615–623, 2011.

[78] T. Goldschlager, P. Ghosh, A. Zannettino et al., “A comparison
of mesenchymal precursor cells and amnion epithelial cells
for enhancing cervical interbody fusion in an ovine model,”
Neurosurgery, vol. 68, no. 4, pp. 1025–1035, 2011.

[79] T. Goldschlager, P. Ghosh, A. Zannettino et al., “Cervical
motion preservation using mesenchymal progenitor cells and
pentosan polysulfate, a novel chondrogenic agent: preliminary
study in an ovine model,” Neurosurgical Focus, vol. 28, no. 6,
article E4, 2010.

[80] G. W. Omlor, A. G. Nerlich, H.-J. Wilke et al., “A new porcine
in vivo animal model of disc degeneration: response of anulus
	brosus cells, chondrocyte-like nucleus pulposus cells, and
notochordal nucleus pulposus cells to partial nucleotomy,”
Spine, vol. 34, no. 25, pp. 2730–2739, 2009.

[81] P. Ghosh, R.Moore, B. Vernon-Roberts et al., “Immunoselected
STRO-3+ mesenchymal precursor cells and restoration of the
extracellular matrix of degenerate intervertebral discs,” Journal
of Neurosurgery: Spine, vol. 16, no. 5, pp. 479–488, 2012.

[82] D. Sakai, J. Mochida, T. Iwashina et al., “Regenerative e�ects of
transplanting mesenchymal stem cells embedded in atelocolla-
gen to the degenerated intervertebral disc,” Biomaterials, vol. 27,
no. 3, pp. 335–345, 2006.

[83] J. C. Lotz, “Animal models of intervertebral disc degeneration:
lessons learned,” Spine, vol. 29, no. 23, pp. 2742–2750, 2004.

[84] K. Singh, K. Masuda, and H. S. An, “Animal models for human
disc degeneration,”�e Spine Journal, vol. 5, no. 6, 2005.

[85] R. Silberberg, “Histologic and morphometric observations on
vertebral bone of aging sand rats,” Spine, vol. 13, no. 2, pp. 202–
208, 1988.

[86] H. E. Gruber, T. L. Johnson, K. Leslie et al., “Autologous
intervertebral disc cell implantation: amodel usingPsammomys
obesus, the sand rat,” Spine, vol. 27, no. 15, pp. 1626–1633, 2002.

[87] C. W. A. P	rrmann, A. Metzdorf, M. Zanetti, J. Hodler, and
N. Boos, “Magnetic resonance classi	cation of lumbar inter-
vertebral disc degeneration,” Spine, vol. 26, no. 17, pp. 1873–1878,
2001.

[88] N. Bergknut, E. Auriemma, S. Wijsman et al., “Evaluation
of intervertebral disk degeneration in chondrodystrophic and
nonchondrodystrophic dogs by use of P	rrmann grading of
images obtained with low-	eld magnetic resonance imaging,”
American Journal of Veterinary Research, vol. 72, no. 7, pp. 893–
898, 2011.

[89] J. L. Kelsey, P. B. Githens, T. O’Conner et al., “Acute prolapsed
lumbar intervertebral disc. An epidemiologic study with special
reference to driving automobiles and cigarette smoking,” Spine,
vol. 9, no. 6, pp. 608–613, 1984.

[90] K. Yamada, “�e dynamics of experimental posture. Exper-
imental study of intervertebral disk herniation in bipedal
animals,” Clinical Orthopaedics, vol. 25, pp. 20–31, 1962.



14 BioMed Research International

[91] C. K. Lee and N. A. Langrana, “Lumbosacral spinal fusion a
biomechanical study,” Spine, vol. 9, no. 6, pp. 574–581, 1984.

[92] R. C. Quinnell and H. R. Stockdale, “Some experimental
observations of the in
uence of a single lumbar 
oating fusion
on the remaining lumbar spine,” Spine, vol. 6, no. 3, pp. 263–267,
1981.

[93] L. Smith, “Enzyme dissolution of the nucleus pulposus in
humans,”�e Journal of the American Medical Association, vol.
187, no. 2, pp. 137–140, 1964.

[94] L. Smith and J. E. Brown, “Treatment of lumbar intervertebral
disc lesions by direct injection of chymopapain,”�e Journal of
Bone& Joint Surgery—BritishVolume, vol. 49, no. 3, pp. 502–519,
1967.

[95] D. S. Bradford, T. R. Oegema Jr., K. M. Cooper, K. Wakano, and
E. Y. Chao, “Chymopapain, chemonucleolysis, and nucleus pul-
posus regeneration. A biochemical and biomechanical study,”
Spine, vol. 9, no. 2, pp. 135–147, 1984.

[96] M. Sakuma, N. Fujii, T. Takahashi, J. Hoshino, S. Miyauchi, and
H. Iwata, “E�ect of chondroitinase ABC on matrix metallopro-
teinases and in
ammatory mediators produced by interverte-
bral disc of rabbit in vitro,” Spine, vol. 27, no. 6, pp. 576–580,
2002.

[97] NC-IUBMB, Enzyme Nomenclature 1992: Recommendations
of the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology on the Nomenclature and
Classi
cation of Enzymes, Academic Press, San Diego, Calif,
USA, 1992.

[98] R. J. Hoogendoorn, P. I. Wuisman, T. H. Smit, V. E. Everts, and
M. N. Helder, “Experimental intervertebral disc degeneration
induced by chondroitinase ABC in the goat,” Spine, vol. 32, no.
17, pp. 1816–1825, 2007.

[99] D. Oehme, P. Ghosh, T. Goldschlager et al., “Reconstitution of
degenerated ovine lumbar discs by STRO-3–positive allogeneic
mesenchymal precursor cells combined with pentosan polysul-
fate,” Journal of Neurosurgery: Spine, vol. 24, no. 5, pp. 715–726,
2016.

[100] S. Holm, A. K. Holm, L. Ekström, A. Karladani, and T.
Hansson, “Experimental disc degeneration due to endplate
injury,” Journal of Spinal Disorders and Techniques, vol. 17, no.
1, pp. 64–71, 2004.

[101] G. Cinotti, C. D. Rocca, S. Romeo, F. Vittur, R. To�anin, and G.
Trasimeni, “Degenerative changes of porcine intervertebral disc
induced by vertebral endplate injuries,” Spine, vol. 30, no. 2, pp.
174–180, 2005.

[102] D. Oehme, T. Goldschlager, J. Rosenfeld et al., “Lateral surgical
approach to lumbar intervertebral discs in an ovine model,”
Scienti
cWorldJournal, vol. 2012, Article ID 873726, 8 pages,
2012.

[103] D. Oehme, T. Goldschlager, P. Ghosh, J. V. Rosenfeld, and G.
Jenkin, “Cell-based therapies used to treat lumbar degenerative
disc disease: a systematic review of animal studies and human
clinical trials,” Stem Cells International, vol. 2015, no. 2, pp.
946031–946016, 2015.

[104] K. D. K. Luk, D. K. Ruan, D. S. Lu, and Z. Q. Fei, “Fresh frozen
intervertebral disc allogra
ing in a bipedal animal model,”
Spine, vol. 28, no. 9, pp. 864–870, 2003.

[105] H. J. Meisel, V. Siodla, T. Ganey, Y. Minkus, W. C. Hutton, and
O. J. Alasevic, “Clinical experience in cell-based therapeutics:
disc chondrocyte transplantation: a treatment for degenerated
or damaged intervertebral disc,” Biomolecular Engineering, vol.
24, no. 1, pp. 5–21, 2007.

[106] L. Orozco, R. Soler, C. Morera, M. Alberca, A. Sánchez, and
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