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Abstract

The disc nucleus is generally thought of as being an amorphous, gelatinous, semi-

fluid substance which has little or no structural cohesion with its surroundings.

However, a very simple experiment in which it was seen that the isolated nucleus

could in fact support a substantial tensile load raised the question: is this really

the case? Therefore, the general aim of this thesis was to investigate whether there

is in fact any substantial structural organisation within the disc nucleus, and what,

if any relationship exists between the nucleus and its surroundings, that is, the

cartilaginous endplate and the inner annulus.

The first study, which investigated axial connectivity in vertebra-nucleus-vertebra

samples revealed that even with the annular fibres severed, and thus rendering

them non load-bearing, there was a sufficient degree of structural cohesion within

the body of the nucleus to transmit some load (on average 20 N) while undergoing

tensile extension 2-5 times greater than that of the intact height of the disc.

Microscopic examination revealed fibres inserting into the endplates and extending

continuously from endplate to endplate in the central nuclear region. These nucleus

fibres integrate with the fibres of the cartilaginous endplate via characteristic nodal

insertions which were present throughout the nucleus region. The mechanism of

connectivity at these nodes was investigated at the fibril level in the second part of

this thesis. This revealed that the fibrils of the nucleus interweave with the fibrils

of the cartilaginous endplate at the node tips.

The effect of age on the axial mechanical properties and structure of the nucleus

was also investigated in three additional age groups: newborn lambs, 3 month

old lambs, and 12 month old lambs. The general morphology and mechanical

properties of the disc were similar across all age groups. However, when the linear

density of the nodes was examined it was found that there were considerably fewer
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nodes in the newborn lambs, suggesting that mechanical loading may play a role

in the development of the nodal insertion network.

Lastly, annulus-nucleus-annulus samples were prepared and subjected to mechanical

testing and microstructural examination to investigate the transverse structural

properties of the nucleus. Again, a characteristic failure pattern which consists

of a smooth initial response of the sample, followed by progressive failure was

observed. Examination of the structure of the samples shows that the normally

highly convoluted nucleus fibres were drawn into alignment with the direction of

loading. The annular lamellae direction was also reversed and drawn into the

direction of loading, with the nucleus bundles drawing perpendicularly away from

them. At higher magnification, the horizontally aligned nucleus fibres were seen

to turn through approximately 90◦ in the transition region between annulus and

nucleus, spreading out into the surrounding annular layers at a series of discrete

attachment points.

These results clearly show that the nucleus contains a convoluted but highly struc-

tured network of fibres of varying lengths which appear to integrate with the

endplate and inner annulus and confer substantial axial and transverse intercon-

nectivity which can be demonstrated mechanically. This new evidence makes it

clear that the nucleus cannot be considered as a separate entity. At this time, it

seems likely that this structural integration provides the nucleus with a form of

tethered mobility that supports physiological functions distinct from the primary

strength requirements of the motion segment.
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Chapter 1

Background

1.1 Introduction:

The spinal column consists of vertebrae, separated by intervertebral discs. It can

be divided into four distinct anatomical regions: the cervical, thoracic, lumbar

spine and sacrum as illustrated in Figure 1.1. In humans these regions have 7, 12, 5

and 5 vertebrae respectively1. The vertebrae are numbered sequentially depending

on what section of the spine they are found in. The discs are named according to

their adjacent vertebrae, for example L1-2 is the first disc of the lumbar spine, and

is located between the first and second lumbar vertebrae2. The studies reported

in this thesis focused on aspects of the microstructure and micromechanics of the

lumbar intervertebral discs.

The spinal column can be considered to be built up from sequential motion seg-

ments3, which are also commonly referred to as functional spinal units4. These

segments are comprised of two vertebrae, the disc that is located between them

and their associated ligaments. This structure can be divided into anterior and

posterior elements for reference purposes, usually at a coronal plane passing through

the pedicles. Using this terminology, the anterior elements include the disc, the

vertebral bodies themselves, and the anterior and posterior longitudinal ligaments.

The posterior elements include the zygapophyseal joints which are also referred

to as the facet joints, and the remaining bony processes covering the spinal cord,

and their associated ligaments5. These features can be seen in the model shown in

Figure 1.2 although the ligaments are not included in the interest of clarity.
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Background

Figure 1.1: A model of the human spinal column showing how it is generally divided into
cervical, thoracic, lumbar and sacral sections. The nerve roots can be seen in yellow,
exiting from the posterior elements adjacent to the discs. (Figure source: Author’s own)
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1.1 Introduction:

Figure 1.2: A lumbar motion segment. The important components are highlighted and
the general division of the motion segment into anterior and posterior elements is shown.
The nerve roots are clearly visible and their close proximity to the disc is obvious. (Figure
source: Author’s own)

Figure 1.3: Schematic representation of an intervertebral disc showing its characteristic
“kidney bean” shape and main structural regions. The cross-ply structure of the annular
lamellae can be seen in the cutaway region. The boundary between annulus and nucleus
is in reality a gradual transition; it has been shown as an abrupt transition here for
simplicity. (Figure source: Author’s own)
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Background

The disc, shown schematically in Figure 1.3 consists of three main components:

the nucleus, the annulus, and the cartilaginous endplates. It provides a strong

but flexible linkage between the vertebrae. The nucleus is surrounded by the

concentric layers of the annulus, with each layer or lamella consisting of parallel

arrays of collagen fibres crossing obliquely at alternating angles between adjacent

layers. The annulus and nucleus are contained superiorly and inferiorly between the

cartilaginous endplates, which are in turn structurally joined to the vertebral bodies

via the vertebral endplates. Under compression the nucleus is loaded hydrostatically

and its lateral bulging is resisted or ‘contained’ by the annulus, thus integrating

them mechanically and transferring the axial compressive load into the walls of the

annulus6–13.

Most people only pay attention to their spinal columns when they are unfortunate

enough to suffer from back pain. This usually arises when the disc is compromised

in some way, which usually results in disc material, either nucleus or annulus

bulging out abnormally or extruding, impinging on nerves adjacent to the disc,

resulting in pain. This also often affects the nerves in the spinal cord, which can

cause sciatica. The joints in the spinal column can also degenerate and become

painful. Unfortunately, the exact causes of back pain remain unclear, though the

disc is widely accepted as playing a significant role in its production14.

It has been estimated that between 54% and 80% of the population will suffer

from spinal pain at some point during their lives15,16. Episodes of back pain are

very unpleasant and debilitating, and often prevent the affected person from being

able to participate in their usual everyday activities, which places a considerable

burden upon society. The greatest costs are associated with chronic low back pain,

which is usually defined as pain that lasts for greater than 3 months17. More

specifically, a study of private workers compensation claims from the USA showed

that 4.6-8.8% of cases lasted for more than 1 year, but that these accounted for

64.9-84.7% of the costs18. A similar study from the UK found that only 3% were

absent from work for more than 6 months but that these accounted for 33% of

the benefits paid during the study19. A study of the cost of illness among workers

of a major US corporation found that the annual per capita costs were similar

for patients with low back pain, heart disease, diabetes, and depression20. There

are a wide range of studies on the actual cost of back pain to society, with one

estimate being that the cost of lost time to employers in a fairly recent study in
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1.2 Biochemistry

the US is 19.8 billion dollars21. Another earlier study estimated this loss to be

around 28 billion dollars22. Thus, it is of great importance to gain a more complete

understanding of the structure of the disc and its pathology. The remainder of

this chapter will summarise the current state of knowledge about the disc, starting

with biochemistry and then progressing to the larger scale structures that form the

disc and their influence on disc behaviour.

1.2 Biochemistry

1.2.1 Collagen

Molecular collagen is generally defined as a structural macromolecule of the extra-

cellular matrix that includes regions composed of three polypeptide chains which

are folded into a characteristic triple helix structure23–25. These polypeptide (α)

chains consist of repeating Gly-X-Y- sequences, in which glycine is critical, as a

larger amino acid will not fit in the middle of the centre of the triple helix when the

chains are folded together24. The X position is usually filled by proline, and the

Y-position is usually filled by 4-hydroxyproline. The rotation of the polypeptide

chains is limited by these amino acids.

The primary structure (that is, the amino acid sequence) of these α chains varies

between the different types of collagen25. Additionally the molecules can consist of

several different types of α chain. For example, collagen I can be represented as

[α1(I)]2 α2(I), meaning that its triple helix is made up of two α1 chains and one

α2 chain. Additionally, the structure of the triple helix results in the side chains of

the amino acids of the α chains being located on the outer surface of the molecule.

Because these side chains are hydrophobic and charged, many collagen molecules

can readily polymerise into finely ordered structures via hydrogen bonding26.

Interruptions and alterations to this triple helix structure alter its properties

and thus collagens are divided into several families based on their structures and

properties23–25. In the interests of brevity and relevance, the rest of this review will

concentrate on the types of collagen present in the intervertebral disc.

Within the intervertebral disc, at least 9 types of collagen are known to be present27.

By dry mass, it consists of about 70% collagen28 and this is mostly types I and
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II. Type VI collagen also has an important structural role in the disc29. The

distributions of these will be discussed later in Sections 1.4, 1.5 and 1.6. Collagens

III, V, VI, IX, XI, XII and XIV are also present in the matrix of the disc30. Type I

and II collagens are fibril forming collagens and are similar in size and structure, as

are the other fibril forming collagens (II, V and XI). The domains that make up their

α-chains are about 1000 amino acid pairs long (about 300nm)24 and assemble into

striated fibrils with a characteristic 67nm repeat31 as shown in Figure 1.4B. This

distinctive structure is a consequence of their assembly from procollagens which

are produced within the cells. These procollagens consist of the triple helix with

an amino and carboxyl group at its respective ends31 as seen in Figure 1.4A. These

groups are removed by procollagens metalloproteinases to produce tropocollagen32.

When they assemble into fibrils, they are arranged laterally in groups of 5, with

each molecule staggered by 67nm from the molecule adjacent to it31–33 as seen in

Figure 1.4B. These molecules are then covalently linked to each other with lysyl

oxidase, resulting in long, thin collagen fibrils which form the structural elements

of the disc.

Figure 1.4: A: A procollagen molecule being cleaved by metalloproteinases to produce a
collagen molecule. Note the α1 and α2 chains that form the triple helix, shown in cross
section. Also note the Gly-X-Y sequence that defines the helical structure of the fibrils. B:
A fibril which has been assembled from collagen molecules. Note the 67 nm stagger of the
molecules. (Figure source: Author’s own, adapted from a range of sources23–26,31,33,34)
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1.2 Biochemistry

The fibril-forming collagens are the major structural, force resisting components

of biological tissues such as bones, tendons, articular cartilage and intervertebral

discs23,35. For a biomaterial, they are very stiff-the Youngs modulus of the collagen

fibril is approximately 0.1-0.5 GPa36. The Youngs modulus of the individual

molecules is much higher, being on the order of several GPa and this is thought

to be due to the effect of the hierarchically combined molecules making up the

fibril37. This value was obtained from studies conducted on tendons (which are

mostly type I collagen) because tendons contain largely unidirectional fibres which

greatly eased the calculation of the properties of the fibres within the tendon34–40.

Because of the aforementioned staggered arrangement of the molecules within the

collagen fibril, the arrays of fibrils can be seen to have a characteristic crimped,

wavy structure when they are in their relaxed state35,39, presumably generated by

a repeating pattern of internal stresses along the axis of the fibril. When load is

applied parallel to the fibrils, this crimped structure is stretched out, causing a

gradual stiffening of the structure followed by linear stress-strain behaviour once the

crimped structure has been straightened out and the collagen molecules are being

directly loaded. This response has been termed the “J-curve” and is a relatively

common mechanical characteristic of many soft biological tissues34,35,39,41,42. It

should be noted that the lamellae of the annulus of the disc have been observed to

possess this characteristic crimped structure43. Thus, it seems logical to infer that

their fibrils will be very similar to those of the tendon, although their structural

arrangement is organised differently in order to accommodate the loading patterns

experienced by the disc. This aspect will be explained later in this section.

1.2.2 Elastic fibres

Elastic fibres consist of a core of amorphous elastin fibrils surrounded by a meshwork

of microfibrils44–46 as seen in Figure 1.5A. They are responsible for the resilience

of many biological tissues such as heart valves and skin where soft, reversible

elasticity is required. They are often associated with collagen in connective tissue

and the balance and arrangement of these two distinct classes of fibres is responsible

for the properties of the tissue. Mechanically, elastin fibres have a low stiffness

(around 0.9 MPa)47 and a high extensibility (100 to 200%)41,48. They also have

an extremely long fatigue life-it has been estimated that they undergo more than
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a billion stretch/relaxation cycles during a life time48 with a predicted potential

lifetime of around 300 years in vivo 49.

It has been shown that the mechanical properties of elastin depend on the amorphous

core, with the external microfibrillar meshwork not considered to have any significant

effect on their properties47. It has been proposed that the large strain elasticity of

elastic fibres to recoil is due to the loss of entropy of the structure of the amorphous

core when the fibre is stretched or compressed. There are three main theories

that address the nature of the structure and its response to being stretched. The

first, proposed by Hoeve and Flory50,51 is that the structure of elastin is simply a

network of random chains, as would be the case for a typical rubber50,51.

The second, proposed by Weis-Fogh and Anderson52, is a solvent mechanism

which is shown schematically in Figure 1.5B. As the chains are stretched, more

hydrophobic side chains are exposed on the sides of the stretched fibre as shown

in Figure 1.5B. Thus, when the force is released, this stored energy (from the

decreased entropy) acts as the driving force for the fibre to return to its relaxed

state, that is, its state of maximum disorder34,53,54.

The third mechanism which is known as librational elasticity, proposed by Urry46, is

that although the large-strain behaviour of elastin is due to changes in the entropy

of the structure (as is the case for rubber), the elastin molecule has an ordered

structure. Specifically, the molecules have been shown to consist of β-spirals (which

are similar to an α-helix) consisting of repeated flexible β-turns (which act as

spacers between the windings of the spiral) which are stabilised by hydrogen bonds.

A large number of water molecules can be contained within this spiral and in fact

due to the hydrophobic and hydrophilic nature of the different sections of the spiral,

aid in maintaining the shape of the elastin molecule. These β-turns are linked by

valine-glycine-valine segments, which are surrounded by water on three sides but

which have a loose hydrophobic contact on the 4th side.

Since the side-group on the glycine amino acid is very small, the peptide bonds

in the segment are free to oscillate (librate) between a large number of equal low

energy levels due to the flexibility inherent in the β turns and the link structure.

When the helix is extended, the number of possible energy levels is reduced, which

reduces the entropy of the structure. This therefore creates a driving force to return

the structure to its relaxed state of greater entropy46,54. More recently the ratio of
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1.2 Biochemistry

Figure 1.5: A: An elastin fibre, showing how it consists of a meshwork of microfibrils
surrounding an amorphous core. B: When these fibres are stretched more hydrophobic
side chains are exposed. C: Tropoelastin being cross-linked to form aggregates, which
are deposited onto the microfibrillar scaffold where they undergo further cross-linking.
(Figure source: Author’s own, adapted from a range of sources34,53,55,56)
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β-turns to peptide segments has been investigated and has been shown to be lower

than originally assumed48.

These elastin fibres are produced in a process termed elastogenesis, in which a

scaffold of fibrillin is produced45,55,57 as seen in Figure 1.5C. Then, tropoelastin,

the precursor molecule for elastin, is synthesised and cross-linked with lysyl oxidase

to form aggregates of elastin. These aggregates are then deposited onto the

microfibrillar scaffold, and further cross-linked to form the complete elastin fibre55,57.

This process results in a highly cross-linked, hydrophobic polymer network which

contains a large number of amino acids, with relatively high levels of glycine, valine,

alanine and proline56.

1.2.3 Proteoglycans

Proteoglycans are composed of a protein core with glycosaminoglycan (GAG)

molecules covalently bonded to it58–60. There are many diverse types of proteo-

glycans with an equally diverse range of functions found in connective tissue.59,60.

Structurally, there are a wide range of different core lengths and varying numbers

of glycosaminoglycans attached to these cores59,61. The proteoglycans are usually

classified as one of two types (aggregating or non-aggregating) based on whether or

not they can aggregate with hyaluronic acid62,63. For the purposes of this review

the main varieties found in the disc will be considered. Within the disc, at least

half of the dry weight of the nucleus consists of proteoglycans, however this drops

towards the outer annulus, which contains about 10% proteoglycan (in terms of

dry weight). Only collagen is more abundant within the disc28.

In the intervertebral disc, the main types of GAG are keratan sulphate, chondroitin

sulphate and hyaluronic acid58,63,64. Hyaluronic acid consists of repeating disaccha-

ride units, and is a very long molecule relative to the other GAGs with a chain

length of up to 10000 repeating disaccharide units. Keratan and chondroitin sul-

phate have relatively short chains, consisting of (on average) 15 and 50 disaccharide

units respectively, with sulphate groups bound to the disaccharides at irregular

intervals along the chains63.
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1.2 Biochemistry

Figure 1.6: An aggrecan molecule, consisting of chondroitin and keratan sulfate bound
to a link protein. B: These aggrecan molecules can bind to hyaluronic acid to form a
molecule with a characteristic bottlebrush shape. (Figure source: Author’s own, adapted
from a range of sources60,61,63–65)

The main types of aggregating proteoglycans that are usually found in the interver-

tebral disc are aggrecan and versican63,66,67. The core protein of aggrecan is 2297

amino acid units long and can bind over 100 chondroitin sulphate GAG chains and

20-30 keratan sulphate GAG chains63,68 as shown schematically in Figure 1.6A.

Versican has a core protein of a similar size (2389 amino acid units long)69 but it

can bind to far fewer GAG chains, usually 12 to 15 chondroitin sulphate chains59.

These proteoglycans bond to the hyaluronic acid via a globular amino terminal at

one end of the molecule, forming relatively large aggregates which consist of up to

100 proteoglycans61,63,65. This results in a characteristic “bottlebrush” structure as

shown in Figure 1.6B.

Functionally, aggrecan plays an extremely important role in the disc because it is

responsible for maintaning the water content (hence the hydrostatic properties of

the nucleus which enable the disc to resist compressive loads) as it contains a large

number of hydrophilic GAG chains60,67. Versican has been suggested to contribute

to the mechanical properties of the disc, as immunolocalisation has shown it to be

located in the interlamellar spaces in the annulus near elastin fibrils, and has been
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shown to be a component of the translamellar bridging network (see section 1.5 for

details)29,67.

The main non-aggregating proteoglycans present in the disc are decorin, bigly-

can, fibromodulin and lumican67,70which are members of the leucine rich repeat

family71. They lack the globular amino terminal and thus are not able to bond

with hyaluronic acid63. Furthermore they are also much smaller than the large

aggregating proteoglycans, being between around 320-360 amino acid units long.

Additionally, they can bind far fewer GAGs, usually between one and four depend-

ing on the molecule63,70. Decorin and biglycan contain dermatan sulfate chains,

while fibromodulin and lumican contain keratan sulfate chains. It has been shown

that fibromodulin and decorin interact with specific regions on the surface of type

I and II collagen fibrils, while biglycan is more commonly associated with Type VI

collagen71. These proteoglycans are thought to play an important role in controlling

collagen fibrillogenesis because of this association66,67,71, and also because studies

using knockout mouse models have shown that the absence of SLRP’s negatively

affects collagen formation72–74.

Having considered the basic composition of the disc, this review will now consider

how the disc is formed during development.

1.3 Development

The following description relates to the development of the human spinal column;

other species follow a similar process but over different time intervals. It is also

shown schematically in Figure 1.7. The 3 primary germ layers, from which the

vertebral column as well as the rest of the body develops, form through the process

of gastrulation in which the two layered embryonic disc shown in Figure 1.7A

(epiblast and hypoblast) is remodelled. In humans, this occurs around 15 days

after fertilisation. The first step in this process is the appearance of the primitive

streak, which is a groove on the dorsal surface of the epiblast running from the

head to the tail of the embryo. The primitive node, a circular group of epiblastic

cells is located at the head of the primitive streak. After the primitive streak forms,

invagination occurs, in which cells detach from the epiblast and move below the

primitive streak. These cells are then located between the epiblast and hypoblast,
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1.3 Development

Figure 1.7: Schematic representation of the development of the vertebral column. A:
bilaminar disc consisting of epiblast and hypoblast. B: coronal view of trilaminar disc
consisting of endoderm, mesoderm and ectoderm. C: Sagittal view of the trilaminar disc,
showing the notochordal process, primitive node, mesoderm and neural plate. D: Enlarged
view of the primitive node showing the lateral plate mesoderm, paraxial mesoderm and
notochord, which elongates as shown by the arrow, which leads to the structure shown in
E, in which the notochord is shown surrounded by somites. A transverse cross section
through this structure as in F shows the notochord surrounded by pairs of somites and
the neural tube. Each somite consists of a dermotome, myotome and schlerotome. Cells
from the schlerotome condense around the notochord to form a continuous perichordal
tube as shown in G. This structure segments as shown in H and then discs progressively
form, resulting in the structure shown in I. (Figure source: Author’s own, adapted from
a range of sources1,75–77)
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forming a three-layered structure as shown in Figures 1.7B and C. The lower layer

of cells forms the endoderm, with the cells between this and the rest of the epiblast

forming the mesoderm. The rest of the epiblast forms the ectoderm. The ectoderm

and endoderm are tightly packed epithelial cells while the mesoderm is composed

of loosely organised connective tissue.1,2

The notochord begins to form at around day 16, when mesodermal cells from the

primitive node form the notochordal process, a hollow tube of cells located along

the midline of the embryo. This structure becomes a solid cylinder of cells by

around day 22-24. The neural tube forms adjacent to the notochord (see Fig 1.7F),

and as the name suggests, eventually develops into the brain and spinal cord. On

day 17, the mesoderm adjoining the notochord and neural tube transforms into

paired longitudinal columns termed the paraxial mesoderm, which then subdivides

into pairs of cube-shaped structures termed somites (see Figure 1.7 D-F). At the

end of this process (which takes around 5 weeks) 42-44 pairs of somites are formed.

These somites differentiate into three regions: the myotome (which eventually

develops into the skeletal muscles) the dermatome (which develops into connective

tissue) and the schlerotome (which develops into the vertebrae and ribs)1,2,77.

After about 30 days, cells from the schlerotome migrate from the somites and

condense around the notochord (see Figure 1.7 G). The cells arrange themselves

into more condensed and less condensed regions, according to what structures

they will eventually form. As shown in Figure 1.7 H and I, the more condensed

regions become the annuli of the discs, while the less condensed regions become

the vertebral bodies. The cells that become the annulus take on a fibroblast-like

morphology and arrange themselves to form the matrix of the cross-ply structure

of the annulus6,8,75,78. At the same time, the vertebral bodies are forming and, as

this progress occurs, the notochord is being squeezed into the intervertebral space

where it is thought to form the nucleus, expanding as clusters of cells within a

proteoglycan matrix. At the conclusion of this process, the nucleus is surrounded

by the annulus, sandwiched between the cartilaginous endplates8,75,76.

Depending on the species, notochordal cells are either replaced with chondrocyte

like cells, or retained through life. In humans, the notochordal cells are not thought

to be present at skeletal maturity (beyond the second decade of life), this is also

thought to be the case for the ovine system. Other animals, such as ferrets and

some breeds of dog are thought to retain their notochordal cells throughout their

14
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lives79,80. The fate of the notochordal cells will be discussed further in Section 1.7.

The next sections of this review will consider the structure of each of the main

components of the disc-the endplates, annulus and nucleus in greater detail.

1.4 Endplates

The cartilaginous endplates enclose the disc superiorly and inferiorly, and partially

constrain the hydrostatic nucleus. At this point it is important to make the

distinction between vertebral endplate and cartilaginous endplate. Indeed, strictly

speaking, the vertebral endplate cannot be considered to be part of the disc but it

will be considered later in this section as it plays an important role in the health

and structure of the disc81,82. The basic structure of the cartilaginous endplates

consists of a hydrated proteoglycan gel reinforced by a network of collagen fibrils.

This is hyaline cartilage, the fibrils of which are thought to run parallel to the

vertebral (osseous) endplate and is much like the structure of articular cartilage,

but without the stratified zonation that is present in this structure. However, the

fibrils of the cartilaginous endplates are not thought to be directly connected to

those of the vertebral endplates81–84. There is a layer of calcified cartilage adjacent

to the vertebral endplate85 which as will be seen, is thought to at least partially

anchor the disc to the vertebrae as well as playing an important role in the nutrition

and eventual degeneration of the disc. In humans, the cartilaginous endplates are

around 0.5-1 mm thick, but this varies with the region of the disc - it is thinner in

the centre of the disc than in the outer regions85,86.

In terms of biochemistry, the cartilaginous endplate consists largely of Type II

collagen, with Types III, VI and X present in the pericellular matrix30,87. Type

X collagen is of particular interest as it is thought to be related to hypertrophic

chondrocytes, and is produced by the cells of the endplate when they are involved in

calcification of the endplate81,82,88. The proteoglycans present in the cartilaginous

endplate have been shown to be decorin and biglycan, although these are likely to

be different to those found in articular cartilage as they contain only chondroitin

sulphate, unlike those proteoglycans in articular cartilage which also contain

dermatan sulphate)89,90.

Since the intervertebral disc is largely avascular14, the cells of the nucleus must

receive their nutrition by diffusion through the endplates of the disc85. The ease by
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which this diffusion occurs through the endplates is governed by the proteoglycan

content. Since proteoglycans have a negative charge, positively charged ions

such as sodium and calcium easily diffuse into the disc, as do neutrally charged

molecules such as glucose and oxygen. Large molecules are excluded simply because

of their size81,91,92. Another function of the endplate is thought to be to keep

fragments of osmotically active proteoglycans in the disc, as it has been shown that

removing proteoglycans from the endplate results in loss of proteoglycans from the

nucleus93,94.

The vertebral endplates consist of a layer of subchondral bone overlaying the

trabecular bone of the vertebral body. While species differences will be considered

at a later stage in this review (see section 1.13) it is important to note that the

vertebral structure of most animals is very different to that of humans. In humans,

the outer epiphyseal ring (also known as the ring apophysis) of the vertebrae

is covered in cartilage, which acts as a growth plate for the vertebrae during

maturation84,95,96. In other animals however, the vertebral endplate has a layer

of cartilage between it and the bulk of the vertebra from which growth occurs86.

Generally, the cranial endplate is thicker than the caudal endplate86,95–97. The

vertebral endplate is perforated with a network of arteries and veins which allow

blood to contact the cartilaginous endplates and provide nutrition to the disc98,99.

It has been established that the central zone of the endplate is more permeable

than the outer regions100.

1.5 Annulus fibrosus

The annulus consists of concentric rings of collagenous tissue which occupy the

outer circumference of the disc. It encircles the nucleus and can be simplistically

thought of as the wall of a pressure vessel that contains the hydrostatic pressure

developed by the nucleus8.

Circumferentially, it is usually divided into five regions: the anterior, anterolateral,

lateral, posterolateral and posterior regions, as shown in Figure 1.8. The posterior

region can then also be subdivided further into a central posterior region behind

the central region of the posterior longitudinal ligament, with mediolateral regions

on either side of this101. Radially, the annulus has been divided into two regions,
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Figure 1.8: Transverse cross section through a mature ovine L4-5 disc, showing how it
is generally subdivided into anterior, anterolateral, lateral, posterolateral and posterior
regions. The posterior region can be further subdivided into mediolateral and central
posterior regions. Note the incomplete lamellae at the starred regions. (Figure source:
Author’s own)
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the inner region and the outer region. This is largely due to the idea that the outer

annulus is attached to the endplate while the inner annular lamellae completely

encircle the annulus; that is; the nucleus is not in contact with the cartilaginous

endplates at all83,102,103. However the claim that the inner annulus completely

encircles the nucleus is questionable. It is possible that this is based on observations

on human tissue in which the dimensions of the nucleus have changed with age.

The effect of age will be discussed in section 1.9.

Biochemically, the annulus is composed mainly of type I and II collagen. The

proportions of these components varies radially, with the outer annulus consisting

almost entirely of type I collagen while the inner annulus adjacent to the nucleus

is almost entirely type II collagen104,105. Type VI collagen is also an important

structural component of the annulus. Overall the collagen content of the annulus

decreases from about 70% to 40% of the dry weight of the annulus moving from

the outer to the inner region of the annulus28,106. In contrast, the proteoglycan

concentration of the annulus increases from about 100 to 350 g/mg of dry tissue107.

Elastic fibres are also present in the annulus, forming approximately 2% of the dry

weight of the annulus108.

The lamellae consist largely of bundles of collagen fibres arranged in parallel arrays

as shown in Figure 1.3. These lamellae form a cross-ply structure in which adjacent

lamellae have alternating, almost perpendicular fibre directions98 as is shown by

the cutaway region in the schematic. The interlamellar fibre angle varies from

about 30◦ on the outside of the disc to around 45◦ in the inner layers9. The

number of lamellae also varies depending on the region of the disc. In the anterior

annulus, there are approximately 25 lamellae while in the posterior annulus there

are approximately 15 lamellae101. The thickness of the lamellae also varies, with

the outer lamellae being considerably thinner that the inner layers98. The inner

lamellae are also less distinct than the outer lamellae6. Examples of this can be

seen in Figure 1.9.

In general, the fibres of the annulus are inserted into the cartilaginous endplate,

the depth of this insertion thought to vary from being moderately shallow in the

inner annular region to deep in the outer annulus. The layer of calcified cartilage

in the cartilaginous endplate is thought to play an important role in anchoring

these annular fibres within the endplate. The fibres of the outer annulus penetrate

the vertebral bodies directly and therefore anchor the disc to the vertebral bodies.
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However this has been a contentious issue in the past with some researchers arguing

that the outer layers should in fact be classified as ligament84,95,96.

Based upon differences in the integration of the annulus with the cartilaginous

and vertebral endplates, at least in the healthy disc, it is more appropriate to

divide the disc wall radially into three separate areas: inner, mid and outer. This

is defined in Figure 1.9 and this description will be used throughout this thesis.

Also, in contrast to several idealised schematics in the literature representing the

annulus as perfectly concentric lamellae, the reality is that the annulus contains

many incomplete lamellae, and this has been reported to be most common in the

posterior region101. Incomplete lamellar rings can be seen in the transverse section

shown in Figure 1.8.

Figure 1.9: Sagittal cross section of an intact mature ovine disc showing the definition
of the regions of the disc that will be used in this work: Outer Annulus-has strongly
alternating lamellae that insert deeply into the endplate. Mid Annulus-Alternating
lamellae still clearly visible, but not inserted as deeply into the endplate. Inner Annulus-
Lamellae not as easily visible, lamellae are relatively wide and the boundaries between
them are somewhat indistinct. Note that the dark patch in the mid nucleus region is an
artefact resulting from the unavoidable folding of the nucleus of this sample. (Figure
source: Author’s own)

More subtle structural features have been identified within the annulus of the

disc. In 1982, Johnson et al109 extended the work of Buckwalter110 to reveal the

arrangement of the network of elastic fibres within the annulus. Elastic fibres were

shown to be longitudinally, circularly and obliquely arranged within the lamellae,

with a meshwork of these fibres being present in the inner annulus109. This work

was extended to show that elastic fibres were present both within and between the
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lamellae, generally being densely and regularly arranged in the outer lamellae and

becoming more loosely organised in the inner lamellae111. Later studies by Yu et

al112–115 showed very similar findings to this work, with a criss-cross network of

fibres being present in the inner annulus and a network of long (>200 µm) elastic

fibres in the outer annulus that ran largely parallel to the collagen fibres. This

study did however identify cross bridges composed of dense, short elastic fibres

crossing the lamellae vertically and obliquely within adult discs114. Additionally,

a network of microfibrils has been shown to be closely related to the elastic fibre

network, at least in the annulus of the disc115.

Figure 1.10: Oblique cross section through outer and mid annulus showing a bridging
element running through approximately 11 adjacent lamellae as indicated by the stars.
Note also the in-plane and out of plane fibres of the lamellae which have been revealed
by the oblique section plane. (Figure source: Author’s own)

More recent studies on interlamellar cohesion have revealed details of both the

arrangement of the fibres within the lamellae and a mechanism for interlamellar

cohesion. In these studies, samples of annulus cut at various orientations so as to

capture the fibres within them either in or out of plane, were subjected to stretching

across and along the in-plane fibre direction. Samples were examined in the unfixed

state under dynamic loading to capture the behaviour of the fibres within the

lamellae and also in the fixed state to capture finer microstructural detail. The

dynamic loading studies revealed the separation of the bundles of the annulus when

stretched across their fibre direction, showing a fine crossover structure between the

bundles116. This work also showed that bridging elements did indeed connect the in-

plane arrays of the annular lamellae117. Further investigation using reconstruction

of serial sections revealed that the bridging network is far more extensive than was
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previously thought, spanning multiple lamellae and branching out between them118.

It was found that the bridging elements travel radially between the lamellae and

bend through 90◦ to branch out into the adjacent lamellae119. An example of this

structural feature is shown in Figure 1.10.

Figure 1.11: Near-oblique view of mid-annulus-endplate region showing branching of the
annular fibre bundle between the arrowed regions. (Figure courtesy of S. Rodrigues)

The exact mechanism by which the fibres of the annulus are attached to the

endplates is yet to be determined. In addition to the insertion of the fibres of the

annulus into the endplate mentioned above, it has been shown that elastic fibres

run from the bulk of the annulus into the endplate. It is thought that these play

some role in anchoring the annulus to the endplate and vertebral bodies109,111,113,114.
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Recently, it has been shown that the bundles of the lamellae divide into sub-bundles

upon entering the endplate. Each separate sub-bundle, or leaf, is then separated

by cartilaginous endplate matrix. An example of this structural feature is shown

in Figure 1.11. It has been proposed that this splitting into sub-bundles has the

effect of greatly increasing the interface surface area between the annular fibres

and cartilaginous endplate which is thought to improve the transfer of shear stress

across the interface120.

1.6 Nucleus

At the most basic level the nucleus of the disc is commonly thought of as an

amorphous, gelatinous substance in the centre of the disc, which enables the

load on the disc to be transferred into the walls of the annulus by behaving as

a hydrostatic fluid3,8. It seems fair to conclude that on the whole, much more

consideration has been given to the annulus.

Biochemically the nucleus consists of a framework of type II collagen, which contains

proteoglycans, mostly aggrecan and non-aggregating fragments of aggrecan which

are produced by proteolytic degradation with age62,68,121. By dry weight, the

healthy disc consists of around 10-20% collagen II105,106, 20-45% elastin and non-

collagenous proteins, and around 65% proteoglycans122. The concentration of

proteoglycan in the nucleus is much higher than in the annulus, being around

350-650 µg/mg of dry tissue. Due to the hydrophilic nature of the proteoglycans,

this in turn arising from the Gibbs-Donnan effect123, the nucleus is highly hydrated,

containing around 80% water in the healthy, non-degenerate adult disc122.

The consensus among early researchers such as Weber, Schmorl, von Luschka and

Carlier was that the nucleus is a gelatinous, mucoid structure124. By the 1940s,

the concept of the nucleus as a loose network of fibrocartilage surrounded by a

gelatinous matrix was well established by researchers such as Keyes and Compere78,

Saunders125, and Coventry6. It is very interesting to note that Keyes and Compere

state that the fibres of the nucleus pulposus and annulus fibrosus continue into the

cartilaginous endplate78. However, little additional detail of this is provided in the

literature to confirm exactly what was meant by these two authors.

With the advent of electron microscopy in the late 1940s, it was possible to

investigate the structure of the disc in finer detail than previously. In 1951,
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Sylven stated that the nucleus should be considered as “a three-dimensional lattice

containing a loose network of poorly differentiated collagenous fibrils surrounded

by an amorphous interfibrillar substance”126. This was supported in several other

studies in the following years, including those by Happey, Hashizume, Sylven and

Inoue83,127–129. It is important to note that the studies by Inoue and Hashizume

consider the overall structure of the disc, and cover the integration of the different

regions of the disc. They confirmed the basic concept of the disc as a closed pack

structure with the nucleus enclosed by the cartilaginous endplates and annulus83,128.

The structural studies mentioned above can be considered to form the basis of

current thought on the structure of the nucleus, with most of the subsequent papers

published on the nucleus tending to emphasize aspects related to integration of

cells with the matrix, that is, the proteoglycans and fibres.

In terms of the boundaries between the nucleus and its surroundings, there is a

range of conflicting opinions as to what is considered nucleus and whether this

structure is integrated with its surroundings at all. The nucleus-endplate boundary

will be considered first.

As previously mentioned, early microstructural studies reached the conclusion that

some of the fibres of the nucleus continued into the cartilaginous endplates78. How-

ever, more recent ultrastructural investigations by Inoue into this area concluded

that no such integration existed83,128. It is entirely possible that this finding was

due to the nature of electron microscopy as any continuity needs to be located on

the surface of the sample to be imaged. Given the highly crimped and folded nature

of the disc in life, it is very likely that the details of integration were obscured

hence making it appear that no continuity existed between nucleus and endplate

at the fibril level.

More recently, Roberts et al. restated the viewpoint that the fibres of the nucleus

continue into the endplates85. Further to this, Yu et al has identified a network

of elastic fibres within the disc, which in the nucleus region appear to run from

endplate to endplate as well as radially112–114. This extended the earlier findings

of Buckwalter who originally identified elastic fibres in the nucleus110. It was

suggested that these elastic fibres play some role in anchorage and mechanical

function of the nucleus112–114.

As stated in Section 1.5 another viewpoint is that the nucleus is completely encircled

by the annulus, that is, the nucleus does not contact the cartilaginous endplates
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at all. In this study, a boundary was defined between the innermost lamellae of

the annulus and the lamella-free nucleus102,103. Again, it is important to note that

this study was conducted on human disc tissues which can vary greatly with age

especially with respect to the dimensions of the nucleus12,130,131. This could explain

the difference between this definition of nucleus and that espoused more commonly

in the literature.

The boundary between annulus and nucleus is generally acknowledged as being

difficult to define, especially with age, as previously noted12,130,131. Generally, the

nucleus is defined as being that region of the disc which is free of lamellae102,103.

The region between the nucleus and annulus has been termed the “transitional

zone”132,133 and in 1981 Taylor proposed that it could act as a growth plate for the

nucleus, remodelling in response to the physical forces acting upon it133. In 1982,

Johnson et al identified elastic fibres in the nucleus proper and a three dimensional

network of elastic fibres in the transition zone between the inner annulus and

nucleus109,111. Later work by Yu et al had very similar findings and both authors

suggested that this meshwork of elastic fibres may be important in the anchorage

of the nucleus with the annulus113,114. The next section of this review will describe

the cells which produce and maintain the structures of the disc that were presented

in the previous sections.

1.7 Cell types

The intervertebral disc is populated with cells whose function is to produce and

maintain the extracellular matrix of the disc, and thus they are crucial to maintain-

ing the functional properties of the disc. Because the disc is fibrocartilage, these

cells are thought to be similar to those found in articular cartilage. Indeed, the cell

populations have been described in the past as being chondrocytic in the nucleus

and fibroblastic in the annulus134,135. However, it has been shown that the cells

of the disc are in fact somewhat different to those found in articular cartilage135.

Specifically the cell phenotypes have been shown to be different136 and the products

of the cells are also different between the cell types137,138. Thus, the cells of the disc

are now referred to as being “chondrocyte-like” and “fibroblast-like” in recognition

of these differences.
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The heterogeneous nature of the disc has already been identified in this work. This

heterogeneity extends to the differences in the cells in each region of the disc. The

cells in the annulus region have been shown to be largely fibroblast-like and are

elongated in line with the collagen fibre bundles of the lamellae134. Within this

region, they have been shown to become more elongated towards the outer annulus,

which is in agreement with the differences in loading between the inner and outer

regions of the nucleus (see section 1.8.3). Identification of the cells of the inner

annulus has been somewhat ambiguous in the past87,139,140 as they are round and

enclosed in a capsule, which, as previously mentioned, has led to authors referring

to them as “chondrocyte-like” and “fibroblast-like”134. It has also been shown that

the cells of the outer annulus, in addition to being much more elongated, do not

possess a capsule134.

The nature of the cell population of the nucleus is ambiguous and the source

of much debate. Broadly speaking, the nucleus contains two major cell types-

chondrocyte like cells (which are sometimes referred to as mature nucleus pulposus

cells) and notochordal cells. Notochordal cells remain in the disc as a consequence of

development and appear as rounded cells which are contained in cell clusters79,140–142

as shown in Figure 1.12A. In contrast, the mature nucleus pulposus cells, which are

usually described as chondrocyte-like, are rounded and contained within a capsule.

They do not form large clusters, instead are found either singly or in small clusters

of up to 6 cells87,134 as shown in Figure 1.12B.

Figure 1.12: A cluster of notochordal cells from the nucleus adjacent to the endplate of
an ovine disc. B: Mature nucleus pulposus cells from the mid-nuclear region of an ovine
disc. (Figure source: Author’s own images)
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As mentioned in Section 1.3, in humans (and sheep) the notochordal cells are

thought to be replaced by mature nucleus pulposus cells once skeletal maturity

is reached142. In other animals this is not necessarily the case; mice76, pigs143,

cats and non-chondrodystryphoid dogs retain their notochordal cells into maturity.

Importantly, it should be noted that chondrodystryphoid dogs do not retain their

notochordal cells into maturity79,141. Further, some species such as rabbits are

considered to be skeletally mature by some researchers at the age of 6 months144,

at which point their disc nuclei are composed mostly of notochordal cells. However,

it has been shown in rabbits that the notochordal cells are in fact largely replaced

by chondrocyte like cells by the age of 24 months145,146. Therefore age is important

when considering the methods and findings of cell population studies, especially in

animals which may not be truly skeletally mature at the time of sacrifice.

The mechanism by which the notochordal cells are replaced is not clear. For those

species that do not retain their notochordal cells, there are two basic theories for

the fate of the notochordal cells. The first is that the small chondrocyte like cells

are of mesenchymal origin, and migrate into the nucleus from the surrounding

cartilaginous endplates. In this theory, the role of the notochordal cells is thought to

be to direct the migration of the mesenchymal cells and to produce the surrounding

matrix, after which they undergo apoptosis and necrosis and are thus replaced by

the mature nucleus pulposus cells139,147–150.

The second, alternative theory is that all nucleus cells are derived from notochordal

cells; that is, the notochordal cells undergo terminal differentiation to form the

chondrocyte-like cells76 as a consequence of the loading that they experience in the

disc. This mechanism is yet to be conclusively resolved77,151,152. The difficulty in

resolving the differences in these theories is that identifying the two cell types is

limited to cell morphology analysis and using a few notochord-specific markers.

Recently it has been shown, using cell lineage tracking in a mouse model, that the

cells in the nucleus of the disk are in fact derived from the notochord. This evidence

was used to infer that a small population of cells within the discs, including in

human discs, are likely still notochordal and differentiate into other cell types as

determined by the loading conditions on the disc152. Similar findings have been

reported for bovine discs151. This information has implications for cell therapies

aimed at regenerating the nucleus, and will likely be an area of potential clarification

in the future. It is important to note that much of the evidence for the presence or
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absence of notochordal cells is based on the morphological appearance of the cells,

not necessarily on studies with genetic markers. Currently, it is thought that the

second theory is more likely to be correct but no definitive evidence exists76.

At a less specific level, it has been shown that loading does affect the behaviour

of the cells of the discs153–155. Exactly how the cells sense this loading is yet to

be determined. It has been suggested that the cytoskeleton acts as a load sensing

network which enables it to respond to changes in pressure155,156. Another possible

mechanism could be primary cilia, which have been shown to be a load sensing

mechanism in other connective tissue such as articular cartilage and ligaments157–159.

It has been shown that the cells of the disc possess cytoplasm-filled processes, which

are thought to function as strain sensors134. More generally, a wide range of

investigations have been conducted on the conditions experienced by the cells of the

disc, which have concluded that low to moderate relative levels of static compression,

osmotic pressure or hydrostatic pressure result in anabolic cell responses160–163.

High levels of these factors result in catabolic cell responses154,164–166.

Overall, the cell density of the disc is lower than most other tissues, with the nucleus

containing about 4000 cells/mm3 and the annulus containing about 9000 cells per

mm3 167,168. By comparison, articular cartilage contains 9500-14000 cells/mm3 169–171.

In humans, this number progressively reduces with age. In foetal samples, only

around 2% of cells were necrotic, while in teenagers more than 70% of cells were

necrotic. In still older, degenerate discs, it can be seen that remnants of cells have

been replaced by extracellular matrix140. Having considered the structure and

composition of the disc, the current knowledge of biomechanics of the disc will be

presented in the next section of this review.

1.8 Biomechanics

The annulus and cartilaginous endplates surround the nucleus, forming a close-

packed structure that is able to withstand the compressive loads acting upon it.

In the normal, non-degenerate healthy disc, this is achieved by the hydrostatic

behaviour of the nucleus. When the disc is compressed, the nucleus exerts force on

its surroundings, thus transferring the load into the walls of the annulus and the

endplates172. Due to the cross-ply nature of the annulus, the disc is also capable of
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accommodating the motion between the vertebrae while providing some resistance

to torsion173.

1.8.1 Disc loading

As would be expected, the loads on the disc vary depending on the position of the

spinal column. A wide range of investigations have been conducted to determine

the effects of body position on disc loading. Practically, these involve inserting a

pressure transducer similar to that used by Nachemson174 into the nucleus of the

disc of a volunteer, and then asking them to perform a range of movements while

recording the effect that these movements have on intradiscal pressure175. Other

in vitro studies have investigated the effects of the structures surrounding the disc

on its loading176.

When the subject is lying horizontally, the lumbar spine is subjected to minimal

compressive forces. In these positions, the load on the discs has been found to

range from 0.07 to 0.15 MPa in vivo 175,177. It should be noted that both of these

studies were conducted on the same L4-5 disc.

Intuitively, when standing erect the joints of the spinal column must support the

load from the components of the body that are above them. Using data provided

by Duval-Beaupere & Robain178, it can be seen that the L1-2 disc supports around

40.5% of body weight and that this rises to 50.4% of body weight at L5-S1178. For

a 75kg individual, this is 298 N and 371 N at the respective disc levels. It is also

possible to calculate the nuclear pressure generated by these applied loads using

the relationships described by Nachemson179,180. As an example, for the L4-5 joint

measured by Wilke, the mean nuclear pressure measured while standing upright

was 0.53 MPa175. The model predicts a load of 883 N for such an individual which

corresponds to a nuclear pressure of 0.59 MPa. 1

In terms of the proportions of load acting on each component of the intervertebral

joints in upright standing, Adams has shown that about 84% of the compressive

1From Duval-Beaupaire and Robain178, it can be seen for a 75 kg individual that the L4-5
joint supports 75 kg x 49.4 = 37 kg. Then, using the relationship in Figure 4 from Nachemson180

it can be seen that the corresponding compressive force on the joint is approximately 92 kg x 9.81
ms−2 = 902 N. If the functional cross-sectional area of the nucleus of the L4-5 disc is assumed to
be 9.6 cm2 as shown by Nachemson179, and using the loading relationships identified previously,
the nuclear pressure can be calculated as 902 N x 84% x 75% / 9.6 cm2 = 0.59 MPa
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load applied to each joint complex is supported by the disc with the remainder being

supported by the facet joints181. Of this load acting on the disc, in a hydrated disc

around 75% of the compressive load is supported by hydrostatic pressure within

the nucleus which transmits these loads into the disc wall179.

Interestingly, an investigation of the isolated osteoligamentous lumbar spine showed

that this structure could only support 88 N before buckling, on average, when

loaded in axial compression182. This indicates that the muscles associated with the

spinal column are extremely important role in stabilising the spinal column. The

tensile forces generated by these muscles result in an extension moment acting on

the spine, which must be balanced by the abdominal muscles183. As a result, the

load acting on the lumbar intervertebral joints is much higher than the weight of the

body components that it supports180,184. Wilke has shown in vitro that simulating

the muscle forces on the lumbar spine by attaching cables to the locations of muscle

groups on cadaveric spinal columns and applying force to the column via these

cables has a substantial effect on the intradiscal pressure185.

In flexion, high compressive loads are generated in the spine, and these are usually

carried entirely by the discs. It has been shown that the facet joints usually

support none of the compressive load on the joint after the motion segment is

flexed beyond 4◦(Adams and Hutton 1980). High loads are generated in flexion due

to the position of the centre of mass of the upper body in relation to the lumbar

spine. From the data provided by Duval-Beaupaire and Robain, the centre of mass

of the upper body supported by L5-S1 is approximately level with T7178; therefore,

even relatively low flexion angles result in a significant distance increase between

these points.

As a consequence, in order to balance this mass, the muscles of the back that

generate extension moments, in particular the multifidus (which runs from the

spinous processes to the iliac crest and sacrum) and the longissimus (which run from

transverse processes to the iliac crest and sacrum)186–192 must generate high tensile

forces193. Other abdominal muscles, particularly the transversus abdominis (which

runs from the iliac crest, thoracolumbar fascia and the lower six ribs to the linea

alba1,194) have also been shown to add to the control of the stiffness of the spinal

column194–197. This system of muscles therefore exerts relatively high compressive

forces on the disc198. They have been shown to increase the resistance of motion

segments to flexion and extension moments when they are under tension199. In
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vivo, it has been shown that moderate flexion angles result in nuclear pressures of

1.1-1.3 MPa, which corresponds to a compressive force of around 2000 N acting

on the L4-5 level175,177. Carrying weights with a flexed back results in still higher

intradiscal pressure, e.g. lifting a 20kg weight with a round flexed back corresponds

to a pressure of 2.3 MPa while using correct technique (flexed knees and close to

the body) reduces this to about 1.1 MPa175.

During axial rotation (or torsion) of the disc the lamellae in line with the direction

of the axial rotation are stretched and those lamellae out of plane with the applied

load are relaxed. In vitro, this effect has been shown by severing one group of

annular fibres while leaving the others intact200 and also by observing the superficial

fibre strains of intact discs while subjecting them to axial rotation201. This axial

rotation of the torso relative to the pelvis is thought to be generated by the

transversus abdominis202,203 latissimus dorsi204, obliquus exturnus and internus

abdominis205.

1.8.2 Range of motion

The range of motion of the lumbar spine has been measured in healthy subjects

by both Adams and Hutton206 and Pearcy207. In order to do this, radiographs

were taken with each subject in the neutral position (that is, standing upright)

and then in full flexion (bent over in a toe touching position). These results are

shown combined in Figure 1.13 in which it can be seen that the range of motion

for each joint increases down the lumbar spine from 8.3◦ at L12 to 14.5◦ at L4-5

but that this then decreases to 10.1◦ at L5-S1. In this figure, it can also be seen

that, when the results of these radiographic investigations are combined with those

from in vitro testing, that in normal bending the joints are not at their physiologic

limit of flexion. These tests have shown that it is not the discs that limit the range

of motion of the motion segment. Rather, it is the supraspinous and interspinous

ligaments that first reach their elastic limit which is the physiologic limit of flexion.

There is progressively more margin between the limit of normal flexion and the

physiologic limit of flexion down the spinal column from 0.5◦ at L12 to about 4.5◦

at L5-S1208. When the posterior elements are removed, the motion segment can be

flexed approximately 4◦ beyond the physiologic limit of flexion before the disc is

injured209.
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In flexion, the instantaneous axis of rotation has been measured using similar

radiographic studies. Again, using the method of asking subjects to move from

neutral to full flexion, the instantaneous axes of rotation for L1-2 to L4-5 are

located within the inferior vertebral endplate adjacent to the nucleus. However, for

L5-S1 this axis of rotation is within the nucleus, not below it210,211.

In torsion, as in flexion, the actual in vivo range of motion is relatively small

compared to the actual range of motion that the disc is capable of accommodating

without failure. From the neutral position, in the intact motion segment this is

about 1-2◦ in either direction in relation to the inferior vertebra207,212–214. However,

with the posterior elements of the motion segment removed, the motion segment

can be rotated 10-20◦ axially before disc damage occurs173,215. This again shows

that the posterior elements are the movement limiting structure. In this case,

rotation is stopped when the surfaces of the facet joints of the joint that is being

rotated come into contact173. In vitro investigations by Cossette216 and Haberl4

have shown by calculation that the instantaneous axis of rotation for the lumbar

motion segments runs through the inner posterior annulus, roughly parallel with

the sagittal plane. Adams and Hutton173 have shown that motion segments have

Figure 1.13: Comparison of the limit of normal in vivo flexion and the physiologic limit
of flexion measured in vitro from cadaveric spines. (Figure prepared from data from
Adams and Hutton206 and Pearcy207
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the least resistance to torsion when they are rotated about this axis which confirms

that it is the most likely location of the centre of rotation.

The spacing between the surfaces of the facet joints increases in flexion, as shown

on radiographs by Pearcy217 and also by an in vitro experiment on porcine lumbar

motion segments by Drake218. Therefore, it would be expected that this would

have the effect of increasing the range of axial rotation that can be achieved when

the motion segment is subjected to flexion. However, this is not always the case.

In a separate study using healthy volunteers conducted by Drake and Callaghan219,

it was shown that when passively rotated (using an externally applied load) the

torsional mobility of the fully flexed lumbar spine is about 14% greater than the

torsional mobility measured in the neutral position219. Pearcy217 has measured

the active axial mobility of the lumbar spine while seated and in varying degrees

of flexion, and has shown that at 40% of full flexion the axial rotation possible

increases by about 30%. At 50% of full flexion, the torsional mobility was measured

to be 100% higher in some cases. The experiment was repeated with the subjects

standing, and it was found that flexion did not increase the mobility of the lumbar

spine during active axial rotation. This is because trunk muscles are not able to

exert the force required to generate the extra rotation and maintain balance217.

1.8.3 Effects of disc motion on the nucleus

As the motion segments are subjected to compressive loading and the range of

motion they experience during life, the discs obviously must also deform. Within

the disc, the nucleus is also deformed in order to accommodate the shape changes

and to transmit the compressive loads acting on it into the annulus. Various studies

have attempted to quantify the nature of this deformation. The most prevalent

viewpoint in the literature is that during flexion, the nucleus is compressed and

material migrates to the posterior region of the nuclear cavity as observed in a range

studies which used MRI to visualise the shape of the disc in various postures220–222.

Also, during extension (that is, sitting or standing in an upright position) the

nucleus is thought to migrate to the anterior region of the disc, which is thought

to have a potential therapeutic effect on pain arising from posterior disc bulging222.

This concept of posterior nuclear migration was supported by an investigation

by Seroussi et al223 in which metal beads were inserted into discs in vitro, thus
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enabling the motion of the contents of the disc to be tracked in various positions

and loading configurations. This showed that the beads in the centre of the nucleus

did move towards the posterior of the nuclear cavity in flexion, but that the beads

around the periphery of the disc moved anteriorly, thus implying that the annular

wall was bulging inward under compression. This was thought to be a possible

mechanism for disc disruption223.

A contrasting viewpoint on nucleus migration can be found in the recent paper by

Nazari et al224 who argued that the phenomenon that has been termed nucleus

migration is in reality the nucleus pulposus altering in length as the whole disc

undergoes changes in length associated with loading. While it was acknowledged

that different postures did cause the nucleus to be in different positions within

its boundaries, it was thought not to be on the large scale of relative movement

suggested by the concept of nuclear migration224. Either concept implies that

the nucleus is a highly deformable, yet anchored material. The concept of the

inner annulus bulging inwards under compression is in contrast with the study by

Meakin225 in which ovine discs were cut precisely in half and compressed while

being held against a transparent plate so that the movement of the regions of the

nucleus could be observed. In this study, the inner and outer boundaries of the

annulus were observed to move outwards when the motion segment was compressed

with the nucleus in place. However, when the motion segment was denucleated,

the inner annulus was observed to bulge inwards. This therefore showed that

alterations in the nuclear pressure could alter the behaviour of the annulus225.

Using a similar method to that developed by Nachemson174, Adams, McNally

and Dolan et al176,226 have conducted an extensive range of in vitro studies on

cadaveric tissue investigating the compressive loading within the disc under varying

conditions of load, age, and degeneration10,172,226–230. These studies established

that in the healthy disc, the inner portion of the annulus also operates under

compression in normal life. This has resulted in the term “functional nucleus”

being used to describe the inner portion of the disc; that is, the nucleus and much

of the inner annulus. The compressive stress within the disc peaks slightly at the

boundary between this functional nucleus and the functional annulus; that is, the

rest of the annulus which is subjected to tensile loading176.

Age related degenerative changes result in the width of this functional nucleus

reducing by about 50% and the pressure within this region reducing by about
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30%. As would be expected, the width of the functional annulus increased as a

result of this, but more importantly the stress peaks in the boundary between the

functional nucleus and annulus were substantially higher in the degenerate discs.

This was suggested to be a possible explanation for degenerate discs being painful

as this altered stress state could aggravate the nerves in the outer third of the

annulus. These stress peaks were also suggested to be a cause of the disruption of

the structure of degenerate discs as increased stress in the lamellae is thought to be

a cause of defects such as fissures and delamination226. A similar investigation on

discs which had been damaged in compression by failure of the vertebral endplate

or the structure of the vertebral body also showed abnormal stress peaks. After

damage the stress in the disc fell by approximately 30% but the stress peaks in

the inner annulus were higher. These increased stress levels were suggested to be a

causative factor for further disc failure229.

A concept that is related to the properties of the nucleus is the water content

of the disc which is a consequence of the high proteoglycan concentration of the

disc12,168,231. As mentioned in Section 1.2.3 the proteoglycans within the disc can

bind water and thus produce a swelling pressure within the disc. Due to the

Gibbs-Donnan effect123, there is a diffusion gradient between the nuclei of the discs

and their more hydrated surroundings. The compressive loads acting on the discs

affect this diffusion gradient and thus the equilibrium that is eventually reached. A

high applied compressive load will result in a relatively low amount of water being

bound within the nucleus while a low applied compressive load will allow the disc

to absorb a larger amount of water at equilibrium231–234.

Therefore, after sleeping, when the spine has presumably been under minimal load

due to a reclining posture, the disc will be maximally hydrated. Throughout the

day, when the torso is upright, the disc progressively loses water, which has been

shown to be about 10% of the hydrated volume of the disc235,236. Adams has shown

that in vitro the higher level of hydration results in the spine being able to resist

a 300% higher bending moment in this fully hydrated state than following creep

loading237. The range of motion was measured on volunteers in vivo and it was

shown that overall it was possible for the volunteers to obtain an extra 5◦ of flexion

at the end of the day. This extra pressure within the discs in the morning was

suggested to be a possible reason for why back injuries occur more frequently in

the morning (however the source of this information was an unpublished report)237.
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It was also suggested to be a reason for why there are diurnal variations in pain

symptoms as different structures are loaded with this variation in disc properties238.

The next section of this review will consider the alterations that can occur to the

structure of the disc and how these alterations are related to the biomechanics of

the disc.

1.9 Disc alteration

The term disc alteration is used here instead of ageing, degeneration or herniation

because though all of these processes cause alteration of the disc, their causes and

effects are subtly different. Very briefly, age-related changes are unavoidable through

life, while degeneration and herniation are processes that will not necessarily affect

discs during life, that is, they are caused by factors (which are yet to be fully

understood) such as damaging loading patterns and disturbed nutrition. These

factors lead to deleterious changes in the disc which can, in some cases, lead to

pain. A recent paper by Adams and Roughley239 defined disc degeneration as

“an aberrant, cell-mediated response to progressive structural failure” and that a

degenerate disc has structural failure combined with some degree of age related

changes239. They also proposed that degenerative disc disease should be defined as

when these changes result in pain or distress. This definition contrasts with the 4

to 5 point scales that have traditionally been used to grade disc degeneration such

as the methods used by Pfirrmann and Thompson240,241. These scales operate on

pattern recognition, as distinct from a working definition of back pain. Typically,

grade I is a young, intact healthy disc, while the final point on the scale is end-stage

degeneration. At this point it needs to be strongly emphasised that degenerate discs

are not necessarily painful; it is possible for a disc to exhibit signs of substantial

structural failure yet not cause the patient any distress13.

1.10 Age related changes in the disc

In humans, these changes take place from the early teenage years and progress

throughout the rest of life13. In terms of histology, from childhood the blood supply

to the vertebral endplate decreases242,243. Additionally, the cell density in the disc
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usually decreases throughout growth (however in regions of the disc that have been

damaged the cells proliferate). After maturity, clefts and tears begin to form in

the nucleus, and as time progresses, these are thought to extend into the annulus.

Also, with increasing age, the nucleus tends to fragment and become lumpy12,242.

In general, it is thought that age related changes affect the endplate, which causes

changes in the nucleus which, in turn, leads to changes in the annulus239.

In terms of biochemical changes, with increasing age, the proteoglycan and thus

water content of the disc decreases. This effect is particularly marked in the nu-

cleus12,244. It has been shown that the process of proteoglycan fragmentation begins

during childhood147. However, due to the previously mentioned high proteoglycan

concentration of the endplates and inner annulus, the fragments of proteoglycan

are trapped in the nucleus and are thus able to still maintain the hydrostatic

function239,245. The collagen content of the disc is also altered with increasing age.

The proportion of type I collagen in the disc increases relative to type II as the

volume of annulus increases with age239,245. Also, the collagen fibres (particularly

type I) coarsen with age and become increasingly crosslinked. This is thought to be

a consequence of the reduced matrix turnover in older discs246. In addition to this,

non-enzymatic glycation (between the collagen of the disc and glucose) produces

the yellow-brown colour typical of aged discs247,248.

In terms of disc metabolism, as previously mentioned, matrix synthesis decreases

throughout life. In general, in the absence of disc failure (discussed next in Section

1.11) cell density and activity decreases throughout life. This is thought to be

responsible for the reduced matrix and proteoglycan synthesis244,249. However, it

has been shown that cells are capable of changing their phenotype in response to

altered loading155,250,251, although it is difficult to separate these changes in loading

from the effects of harmful loading which will be mentioned in more detail in the

following sections.

Functionally, with advancing age, the most important change as previously noted, is

that the nucleus becomes smaller and less pressurised with the loss of proteoglycans.

Although the inner annulus also possesses a high proteoglycan content with respect

to the outer annulus, this is also gradually lost with age thus resulting in a reduced

intradiscal pressure244. This depressurisation transfers more of the compressive load

directly into the annulus10. Thus, with age, the disc generally becomes stiffer and

weaker252. Interestingly, with age, the disc height does not substantially decrease253
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but as will be seen in the following sections, reduction in disc height is in fact a

consequence of degeneration.

1.11 Structural failure in the disc

As there are many types of structural failure that are seen in the human disc these

will be considered first and then a range of in vitro methods used to produce disc

failure will be examined.

In terms of annular defects, it is important to distinguish between annular tears

(in which the annulus has a defect in it) and disc prolapse (in which nuclear

material has migrated through a defect in the annulus). However, at this point it

is important to note that herniated material can also include fragments of annulus

and endplate depending on the nature of the failure254. There are three basic

types of annulus tear: rim lesions, radial fissures and circumferential delaminations.

These different types of annular defect are shown schematically in Figure 1.14 A-C.

Rim lesions occur as the name suggests, around the outer edge of the annulus. They

are more common in the outer annulus, and can be linked to bony outgrowths. It

is thought that they are a consequence of trauma due to mechanical and histologic

evidence14,255. Radial fissures run towards the periphery of the disc from the

nucleus, generally in the posterior or posteolateral direction. Although they are

usually associated with nucleus degeneration it is not clear whether they are a

cause or a consequence of this degeneration255. Circumferential delaminations are

thought to be a consequence of high shear stresses between the lamellae256, which

could be a result of altered stress concentrations in older discs.

Disc prolapse, also known as disc herniation, occurs when nuclear material has

been extruded through the annular wall, causing distortion of the annular wall.

As shown in Figure 1.15 A-D, there are four main types of herniation: protrusion,

subligamentous extrusion, transligamentous extrusion or sequestration, based on

the route and location of the nuclear material239,255. At the most basic level, it

occurs when the annular wall is unable to contain the pressure generated in the

hydrostatic nucleus, usually due to overloading of the vertebral column206,257. As

will be seen, there are many possible reasons for this. However, this explains why

prolapse occurs most frequently in discs from people in the 30-40 year old age
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group, whose discs usually still have a relatively highly hydrated nucleus while the

annulus is somewhat weakened in comparison206. Conversely, it also explains why

prolapse is very rarely seen in severely degenerate discs from elderly individuals,

because the nuclei in these discs has usually become very dehydrated, and is thus

unable to exert a hydrostatic pressure to overpressure the annulus13,239.

The vertebral endplates have been described as the “weak link” of the spine in

compression as they have been observed to be the most common initial point of

failure of the motion segment in direct compression. Failure of the endplates causes

decompression of the nucleus and thus the compressive load on the disc is transferred

into the annulus, which then tends to bulge inwards257,258. Often, nuclear material is

extruded through the damaged endplate into the vertebral body, where calcification

occurs and a Schmorl’s node is formed259,260. As mentioned earlier in Section

1.4 the vertebral endplates are an important pathway through which nutrition

can reach the disc. It is thought that one possible cause of degeneration is the

progressive calcification of these with age, which has the effect of reducing the

nutrient supply to the cells of the disc, especially the nucleus. This hypothesis was

tested by Hutton261 who sealed the endplates of dog spines with bone cement, and

found that this had very little effect on the appearance of the discs after a year261.

However, other researchers have shown that the calcification present in degenerate

and scoliotic disc endplates can significantly impede solute transfer94,262.

Whatever the reasons for a loss of nucleus pressure, the resulting loss of disc volume

usually results in a reduction in disc height. An appropriate analogy is that of

a tyre which has lost its air and collapsed263. This reduction in disc height can

result in load being transferred into the adjacent neural arches as these can be

drawn into contact. In extreme cases, over 50% of the compressive force on the

spinal column can be transferred into the neural arch264. It is thought that this

effect is responsible for the relationship between disc narrowing and osteoarthritis

in the apophyseal joints and osteophyte formation (or “beaking” of the vertebrae)

around the edges of the vertebral bodies as a response to the altered loading on

the vertebral column239.

In vivo animal models provide much useful information relating to the processes

occurring within degenerate discs, with the caveat that they may not be as accurate

at predicting how degeneration is initiated in humans due to the very nature of

the interventions used to initiate degeneration. The use of animal models will
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1.11 Structural failure in the disc

Figure 1.14: Schematic representation of the three types of annular defect (red) shown in
transverse and sagittal cross section. A: Rim lesion B: Radial fissure C: Circumferential
Delamination. (Figure source: Author’s own, adapted from a range of sources13,14,160)
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Figure 1.15: Schematic representation of the four main modes of disc herniation. A:
Protrusion, in which the annulus has partially failed and is thus bulging. B: Subliga-
mentous extrusion, in which the annulus has failed but the extruded material (shown in
grey) is contained by the ligament (here shown in blue). C: Transligamentous extrusion,
in which the ligament has also failed and material has been extruded from the disc.
D: Sequestration, in which the extruded material has been separated from the original
herniation site. (Figure source: Author’s own, adapted from a range of sources13,14,160)
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be discussed in Section 1.13. While researchers using mouse tails subjected to

static compression have found that this compression leads to cell death265,266 a

similar, larger scale study on dog spines found that there were no additional signs

of degeneration. They did however find that the amounts of proteoglycans and

collagen in the tested discs had changed267.

Other researchers have made incisions into the outer annulus of the test animal

and then tracked the progress of the disc over time. This was done in small animal

models by Key and Ford268, then Smith and Walmsley269 who found that there was

some healing of the resulting herniation268,269. Holm et al used a porcine model,

and found that degenerative changes such as loss of proteoglycans, disc pressure and

cellularity occurred in the injured discs258,270. Probably the most famous animal

model of disc degeneration is the ovine model of Osti and Fraser271, which has

been used to show a wide range of degenerative changes, as well as altered range

of motion from the damaged motion segment, and microstructural changes in the

annulus271–274.

In vitro testing has been used to show the altered stress profiles present in degenerate

discs due to the loss of nuclear pressure. As previously mentioned, this results in a

much higher stress in the posterior annulus229. It has also been used to show the

effect of a damaged disc on the loading seen by the other discs in the spine, as would

be expected; the remaining discs had a higher intradiscal pressure due to the altered

loading pattern, which could explain the common clinical finding of adjacent disc

degeneration258,270. Various experiments using cyclic loading (repeated bending)

have shown that this mode of loading can lead to gradual fatigue failure of the

annulus. The failures produced by these methods have the appearance of arising

from fissures or clefts forming in the annular walls and nuclear material being

progressively extruded through them275–278.

An alternate method is to overload the spine while it is held in a certain pos-

ture206,279. The main challenge with this method is to produce clinically relevant

herniations; that is; failures that occur at physiologically reasonable loading condi-

tions278. The bulk of the literature on this has identified the previously mentioned

finding that middle aged discs are most prone to prolapse172. More recently, various

experiments have been conducted in conjunction with fluid injection into the nuclear

cavity, with the most notable findings being those of Veres et al, who have shown

that not only does flexion increase the susceptibility of discs to failure280, but that
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torsion greatly reduces the load needed to initiate herniation. This is thought to

be due to torsion putting one set of annular fibres under greater load than the

other, due to the cross-ply structure of the annulus281. It was also shown that the

posterior annulus was most susceptible to failure282 and that the rate at which the

disc was loaded caused differences in the failure morphologies. Specifically, low

strain rates resulted in diffuse tears in the annulus, with failure progressing by

intralamellar flow of material. High strain rates resulted in failure by interlamellar

tears, which was thought to indicate that the disc was not able to redistribute the

pressure, which caused failure of the annular wall281.

As mentioned at the beginning of this review, the failure processes identified above

are related to pain. The relationship between disc disruption and back pain will be

explored in the next section of this review.

1.12 Pain

The general question of what causes back pain is one that has no clear answer due

to the complexity of the spinal column. Also, it needs to be emphasised that there

is not a linear relationship between disc disruption and pain; that is; a given level of

disruption does not mean that all patients will experience the same level of pain as

a result. In fact, it has been reported that severely disrupted discs have been seen

in asymptomatic individuals7,13. It is widely suspected that minor transient back

pain is due to problems with the back muscles, although no conclusive evidence of

this exists13. Severe and chronic back pain however, is somewhat easier to localise.

The innervation of the spine has been thoroughly studied in order to determine

what structures could be the source of pain. Around the disc, the apophyseal

joints are innervated, as are the vertebral endplates and the posterior longitudinal

ligament13,283–288.

The innervation of the discs themselves is thought to be limited to the outer few

millimetres of the annulus, at least in healthy discs286,288–290. As has been stated

in Section 1.8, this region of the disc experiences little to no compressive stress. It

has been suggested that nerve fibres cannot withstand the hydrostatic pressures

in the inner annulus and the nucleus. This theory is somewhat supported by the

observation that innervation and vascularisation have been observed in the inner
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annulus and nucleus regions in degenerate (and painful) discs291–293, which, by the

nature of the degenerative process, do not usually have high hydrostatic pressures

in their central regions10.

Pain provocation studies, in which the structures in the spinal column were manipu-

lated while the patient was conscious, have resulted in further insights into possible

causes of back pain. The facet joints have been shown to be a possible source

of pain in these studies, both by mechanically manipulating the capsule (which

produced pain in about 30% of patients) and by injecting local anaesthetic into

them as in the study by Schwarzer et al294, which resulted in pain relief for about

15% of patients. Although the facet joint is not part of the disc, it is presumably

sensitive to alterations in the loading of the spinal column. These studies also

indicate that the ligaments and muscles around the discs are relatively insensitive

compared to the joints, spinal cord, and the discs themselves294,295. Several authors

have shown that leg pain (sciatica) can only arise from the nerve roots, which is

usually a consequence of damaged disc material impinging upon them13,296. Also,

the annulus was shown to be a potential source of pain, with the posterior annulus

being “exquisitely tender” in one third of patients, “moderately tender” in another

third, but “insensitive” in the remaining third297. Thus, disruption of the disc,

which leads to alterations of the stress patterns in the annulus is a likely cause of

pain, as suggested by Adams13, who, as previously mentioned, has shown that the

altered stress concentrations tend to be highest in the outer regions of the annulus

which are innervated13,226,229.

Again, it is possible to differentiate between age related changes and degeneration in

terms of causes of pain. Interestingly, back pain seems to be linked with disruption

such as that outlined in Section 1.11 such as radial fissures, prolapse, or endplate

failure. It does not seem to be associated with age related biochemical changes.

However, it is possible for discs to be degenerate yet not result in pain13. The

reasons for this are unclear although it is possible that this is due to load transfer

from the disc into the neural arch (which has been shown to be able to resist up to

90% of the compressive load on the spinal column in cases of disc narrowing264.

Alternatively, it is possible that the perception of pain is due to biochemical

mechanisms which are yet to be fully understood13,298.
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Having covered the main concepts related to the disc, the final section of this review

will examine the issues associated with the use of the ovine model for investigations

into disc structure and biomechanics.

1.13 Relevance of the ovine model

Firstly, the aspect ratio of the vertebral bodies is different in the ovine and human

systems. In the human system, the vertebrae are relatively short and squat,

while in the ovine system they are more elongated. However, in both species, the

discs have a characteristic ovoid “kidney bean” shape, which is especially similar

in the lumbar region. Also, the lumbar spine in the sheep has slightly kyphotic

curvature, as opposed to humans, in which the lumbar spine has a lordotic curvature.

Additionally, the height of ovine discs is about 5 mm less than human discs in the

lumbar spine299. Biomechanically, ovine and human spines appear to be similar, as

determined by a study which compared the two in flexion/extension, axial rotation

and lateral bending300. Biochemically, ovine discs appear similar to human discs,

as shown by a study which compared water content and collagen content of human

and ovine lumbar discs301.

A common criticism of the ovine model is that humans are bipedal while sheep are

quadrupedal. The difference in loading due to this fact has been investigated, and

it has been found that the quadruped spine is mainly loaded in axial compression,

shown by the horizontal alignment of the trabeculae in the vertebral bodies302.

Importantly, the density of the vertebrae is about four times higher in ovine

vertebrae than in humans303, which implies that these axial compression forces are

higher in sheep than in humans302.

An important difference between the endplate region of human spines and those

of almost all other animals (except for some large primates)304 relates to their

development. As previously mentioned, in humans the growth of the vertebrae

proceeds from the cartilaginous endplate and a ring of cartilage around the edge of

the vertebral body, which is known as the ring apophysis132,305. In sheep, however,

as in most other animals, the vertebrae grow from a separate growth plate which

fuses at maturity306. The above study also quantified the dimensional differences

between ovine and human spines and how they vary with age. This study concluded
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Figure 1.16: Macro images from ovine lumbar motion segments of increasing levels of
maturity. A and B are from newborn and 3 month old lambs respectively, and in these
images the demarcation between the growth plate and the rest of the vertebra is clearly
visible, as indicated by the red arrows. C is from a mature ewe, and in this image there
is no distinct boundary between the growth plate and the rest of the vertebra in the
arrowed region. However, the approximate location of the growth plate can still be seen,
as shown by the red arrows. (Figure source: Author’s own)45
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that the ovine model was a good compressed scale model for the growth of the

human spine. The effect of fusion on the appearance of the ovine vertebrae is shown

in Figure 1.16A-C in which the demarcation between the growth plate and the rest

of the vertebra is clearly visible in the immature subject. In the image from the

mature ewe the growth plate can be seen to have fused due to the breakdown of

this line of demarcation. However, the approximate location of the growth plate is

still visible in this image.

As has been mentioned in the section on cells of the disc (Section 1.7) another

potential problem with animal models is the differences in their cell populations

when compared to the human system. In general, the ovine and human systems

are thought to be fairly similar in this regard. Both are thought to lose their

notochordal cells by maturity. However this is still an area that is very much under

investigation and recent evidence suggests that ovine discs do not actually totally

lose their notochordal cells in their mature state77,151,152.

What this means is that care needs to be taken when attempting to compare

ovine (or other animal) model results with the human spine, especially at the outer

structure of the annulus due to the presence (or lack thereof) of the ring apophysis.

Additionally, use of the ovine model for implant testing can be problematic due

to the size differences between the ovine and human spine299,300,303. However, for

structural investigations such as those in this thesis, the ovine model seems highly

appropriate due to the similarities in loading and biochemistry to the human system.

Additionally, there is an abundant supply of healthy ovine tissue available with

very few ethical issues surrounding its use.
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Chapter 2

Overview and objectives

As can be seen in the Background section, the nucleus is generally thought of

as being an amorphous, gelatinous, semi-fluid substance which has little or no

structural cohesion with its surroundings. Its role is considered to be to act as a

fluid that when compressed exerts pressure upon its surroundings, thus transferring

the compressive load into them. Additionally the boundaries between the nucleus

and its surroundings are somewhat difficult to define, especially with advancing

age. It is generally considered to be the lamella free central region of the disc; a

more detailed definition of this which will be used in the rest of this thesis can be

found in Section 1.5.

While the biochemistry of the nucleus has been investigated to some extent, as have

macro scale age related changes, few authors have considered its fine level structure.

Those that have considered its structure have identified an elastin network within

the nucleus, but how this is attached to its surroundings is unclear. Others have

examined the nucleus at the fibril level and concluded that it is largely composed of

a three dimensional collagen fibril network, with no obvious structural organisation.

Considering the clinical findings that herniated disc material very often contains

fragments of endplate along with the extruded nucleus and annulus material, and

that disruption of the nucleus seems to play a key role in degeneration of the

disc, the structure of the nucleus must surely be worthy of investigation. Such

information could also be very useful in the rapidly growing field of disc repair,

as knowledge of the structure that is trying to be repaired would presumably be

important.
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With this in mind, the general aim of this thesis is to investigate whether there is

in fact any substantial structural organisation within the disc nucleus, and what, if

any relationship exists between the nucleus and its surroundings, that is, the inner

annulus and the cartilaginous endplate. This study will be conducted on ovine

tissue for the reasons outlined in Section 1.13.

Chapter 4 outlines the first investigation into the structure of the nucleus, which

investigated the disc nucleus by isolating it using a novel “ring severing” technique,

then stretching it axially. This was done in order to determine the presence or lack

thereof of structure from endplate to endplate, and also to facilitate imaging of

any potential structure. The nucleus-endplate interface was also investigated in

this study.

Following this work, the same axial stretching technique was employed in order

to examine the nucleus-cartilaginous endplate junction using scanning electron

microscopy (SEM). The results of this are presented in Chapter 5

The effects of age on the nucleus are investigated in Chapter 6. Again, the

nucleus was isolated using the novel “ring severing” technique but the structural

examination of these samples was performed at the optical level only.

Finally, the structure of the nucleus is investigated in the transverse direction in

Chapter 7. A similar technique to the novel “ring severing” method to isolate the

nucleus is employed, but in this case, the influence of the endplates from the nucleus

is removed so that it can be stretched transversely. Again, the boundary between

the nucleus and its surroundings, in this case the inner annulus, is investigated.
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Chapter 3

Methods

3.1 General:

Ovine lumbar spines, dissected from freshly slain animals, were wrapped in plastic

film and stored at -20◦C for no longer than 3 months. It has been shown that this

storage technique has a minimal effect on the mechanical and structural properties

of the tissue307–311. In preparation for testing, the extraneous soft tissues and

posterior elements were removed from each spine. The vertebrae were then bisected

centrally to isolate the discs and their adjacent vertebrae. The resulting vertebra-

disc-vertebra samples were then refrozen at -20◦C overnight until they were used

in the appropriate method for the study.

3.1.1 Method rationale:

In very simple terms, the purpose of the following methods was to isolate the nucleus

from some of its surroundings, either annulus, endplates or some combination of

both. This was done in order to either mechanically test it or fix it in a stretched

state which should partially unravel the structure of the nucleus.

These methods were developed after noticing that it is in reality quite difficult to

pull the nucleus away from the rest of a disc which had been completely bisected.

This alone indicates that there is some degree of connection between the nucleus

and its surroundings. Then, a very simple experiment, in which most of the

53



Methods

Figure 3.1: Summary of how the samples for the investigations were prepared. In both
cases, sagittal slabs were cut from the central regions of the motion segment as indicated
by the red lines on the whole disc at the top of the schematic. Then, the nucleus was
isolated by severing either the endplates or the annulus as indicated by the red lines on
the slabs. Two methods of axial stretching were employed: pure axial stretching (A)
and a combination of axial and lateral displacement (B) as indicated by the red arrows.
Samples for transverse stretching were prepared using two similar methods depending on
whether they were to be mechanically tested in which case the endplate adjacent to the
nucleus was removed (C) or microstructurally tested in which case the endplate was left
in place (D) in order to partially constrain the nucleus tissue for imaging. Again, the red
arrows indicate the direction of stretching. (Figure source: Author’s own)
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3.2 Axial investigations using the annular “ring-severing” method

annulus of the disc and its adjacent vertebra were cut away, and any remaining

annular elements disrupted with a scalpel to isolate the nucleus was performed. By

stretching the vertebral blocks apart (as shown in Figure 3.2), it was found that

while the nucleus was greatly extensible compared to the annulus, it too reached

a limiting extension beyond which a considerable amount of force was required

to cause any further separation of the vertebral blocks which would then break

the nucleus and separate the vertebral blocks. The magnitude of this force was

estimated to be in the order of 20 N.

Figure 3.2: (A) The extracted vertebra-nucleus-vertebra sample, before ring severing and
tensile loading. (B) The same sample after ring severing and tensile stretching. Note the
dramatic difference in the length of the unsevered (A) versus the severed, then stretched
sample (B). (Figure reprinted with permission312)

Based on this very simple preliminary trial, the following methods were devised in

order to investigate the structure of the nucleus.

3.2 Axial investigations using the annular

“ring-severing” method

This method was used in Chapters 4, 5 and 6 in order to investigate the axial

structure and mechanical behaviour of the nucleus. Generally, in Chapters 4 and

6, the discs from the spines were tested in the groups described in Table 3.1 (see

overleaf). Exceptions to this are noted where relevant. Overall, the aim was to

include 8 spines in each age group where possible in order to be sure that the

features being observed in these studes were in fact representative of the overall
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anatomy, and not merely anomalies resulting from injuries and abnormalities.

Previous investigations in this laboratory and in the wider literature indicated

that this was an appropriate sample size, especially given the nature and source

of the samples used in these studies. Due to issues with experimental technique

(for example, samples being unsuitable for imaging) the sample sizes in the results

vary; this will be noted in the relevant chapters.

A composite block of tissue consisting primarily of vertebra-nucleus-vertebra was

carefully sawn from each motion segment while in its frozen state as shown in

Figure 3.1 and then thawed. It should be noted that although the schematic shows

the annulus being left as being complete for clarity, in reality the outer annulus

and adjacent endplate was removed for ease of handling as indicated in Figure 3.3.

This initial preparation did, unavoidably, leave some residual annular elements as

can be seen in the corners of the boxed region.

Method Type Discs

Mechanical assessment L1-2, L4-5
Microstructural assessment L2-3, L5-6, L6-7 (if present)

Control (imaged in intact state) L3-4

Table 3.1: Summary of how the discs were allocated into groups for the studies in
Chapters 4 and 6

3.2.1 Mechanical assessment:

An assessment of the tensile properties of the extracted vertebra-nucleus-vertebra

sample was conducted using the following procedure: each sample was mounted

between the plinths of an Instron 5543 testing machine fitted with a 1000 N load

cell. Tissue glue was used for this mounting procedure whilst ensuring that the

sample was not subjected to any bending moment, i.e. only an axial tensile load

was applied. All tests were carried out with a crosshead displacement rate of 0.5

mm/min. Loading was terminated at approximately 30-40 N, due to the limitations

of the sample attachment method; this resulted in axial extensions within the disc

tissue of no more than 1.5mm. Each sample was kept hydrated with physiological

saline throughout the testing procedure.
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Figure 3.3: Transverse cross section of an ovine intervertebral disc, with the annulus
and nucleus clearly visible. The boxed region shows the approximate outline of the
vertebra-nucleus-vertebra sample cut from the motion segment and then subsequently
ring-severed. (Figure source: Author’s own)
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The sample was unloaded and then temporarily detached from the testing machine

whilst retaining the ability to relocate it in exactly the same position for further

testing. The residual annular elements were then carefully and progressively ring-

severed, their complete severance indicated by a sudden, large increase in both

extension and mobility of the remaining nucleus material. The ring-severed sample

was then remounted in the testing machine and retested at the same displacement

rate used previously. All tests on these ring-severed samples were taken to failure.

The results from the tensile testing were presented as raw load-displacement curves

(as opposed to stress-strain curves) due to the difficulties of obtaining an accurate

measurement of the dimensions of the ring-severed sample, especially during the

later stages of the test. Employing this procedure meant that accurate comparisons

of response were confined to the unsevered and severed states within each sample,

rather than between samples.

Note that this technique was not used in Chapter 5 as this was a purely structural

study.

3.2.2 Microstructural assessment:

3.2.2.1 Axial stretching (Used in Chapters 4, 5 and 6)

For the microstructural studies, vertebra-nucleus-vertebra samples were subjected

to ring-severing only (see Fig 3.1A), and then manually stretched, followed by

chemical fixation in their stretched state, and finally decalcified (see Section 3.3

for further details). From prior experimentation it was found that the remaining

nuclear mass could be extended up to five times its original axial height (i.e. up to

500 % strain) before reaching a limiting extension beyond which progressive failure

occurred.

Each of the ring-severed samples were maintained in this highly stretched but

unruptured state by applying a minor load of approximately 1 N, sufficient to

maintain the nuclear material in its near strain-limiting state for fixation (see

Section 3.3 for further details)
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3.3 Section preparation methods:

3.2.2.2 Axial stretching with nidus displacement (Used in Chapter 4

only)

This method was developed in order to draw the central portion of the nucleus

(which for the purposes of this work has been termed the “nidus”), which had

appeared to be discontinuous with the rest of the nucleus in the samples into an

induced alignment within an axial/lateral plane so that any possible fibre continuity

with the rest of the nucleus could be more easily observed. In this method, the

sample was extended to a slightly lesser degree (approximately 300%) and the

central nuclear mass then displaced laterally in the anterior direction using a hook

as shown in Figure 3.1B. The sample was then clamped to a bracket to hold it in

this induced alignment while it was being prepared for imaging by fixation and

decalcification as described in Section 3.3 and shown in Figure 3.4 (see overleaf).

3.3 Section preparation methods:

Following the desired sample loading procedure, the samples underwent fixation

for 3-7 days in 10% formalin and decalcification for 14-21 days in 10% formic acid.

During fixation, the samples were maintained in their stretched state by suspending

them vertically in the jar of formalin with a small weight on the lower end, or by

clamping them to a plate as shown in Figure 3.4 (see overleaf), depending on the

type of sample being treated. The length of time in each solution was determined

by the size of the block of tissue being treated. This procedure had the effect of

fixing the tissue in whatever alignment it was in when it was immersed in the

solution by a process of cross linking of its structure. Following this, the process of

decalcification made it possible to cut the tissue easily with a sharp blade.

Following chemical treatment, the samples were then appropriately trimmed to

remove extraneous tissue and to enable the sample to be cut in the desired section

plane. Then, 30µm thick sagittal sections were obtained by cryosectioning. These

sections were then wet-mounted on slides, coverslipped and examined using either

standard light or differential interference contrast optical microscopy (DIC). The

type of microscopy used was dependent on the structures being imaged and the

level of detail required. As a general rule, standard light microscopy was used to

obtain macro level overviews of the samples. DIC microscopy was used to image
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Figure 3.4: Method used to hold the nidus in a displaced state in which the vertebral
blocks were clamped to a bracket and the nidus displaced with a hook in order to allow
the nucleus to be fixed in a stretched and distorted state.
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3.4 Scanning electron microscopy (SEM) preparation (Chapter 4 only)

the subtle fibrosity of the samples, as it is very useful for imaging tissues containing

a range of fibre orientations.

3.4 Scanning electron microscopy (SEM)

preparation (Chapter 4 only)

Firstly, the samples were prepared using the ring severing and loading method as

in Fig 3.1A. They were fixed in their extended state and decalcified as previously

outlined. To aid in the appropriate choice of location for the SEM studies 30µm

thick sections were first obtained by cryosectioning in the desired section plane.

These were then wet-mounted on slides and examined using differential interference

contrast optical microscopy (DIC). Once a suitable view of the nucleus-endplate

junction region was obtained specimens for SEM in the same orientation were

removed with a sharp blade from comparable regions. To enhance fibrillar clarity

at their exposed cut surfaces these specimens were digested in bovine testicular

hyaluronidase (Sigma Type I-S, 400-1000 units/mg, at a ratio of 1.25mg/mL in 0.1M

sodium acetate and 0.1M sodium chloride pH5 buffer solution giving approximately

875 units/ml) for 3 days at 37◦C to remove the proteoglycan component. They

were then dehydrated in ethanol, critical point dried, vacuum-coated with platinum

and then examined using SEM.

3.5 Evaluation of Nodal Density

Following acquisition of the images using either standard light or DIC microscopy,

the resulting images were merged using Adobe Photoshop and scalebars were added

to the composite image. Following this, the nodal attachment points were carefully

counted. It should be noted that it was possible to count nodes in both the

stretched and unstretched samples. This meant that control (that is, unstretched)

discs could be included in the statistical analysis. For the purpose of this counting

any evidence of a node (usually denoted by the characteristic pattern of cells or

strongly imaged fibrosity) was recorded as being one node. Then, the length of

the cartilaginous endplate adjacent to the nucleus was carefully measured using

ImageJ (ImageJ 1.45s, Wayne Rasband, National Institutes of Health, USA) by

61



Methods

tracing the length of the endplate freehand (following the curvature of the endplate).

Using this method seemed most appropriate as it accounts for shape changes in

the endplate (which do occur in association with maturation) and thus provides

a means of measuring normalised node density across the age groups. Following

this, the data was analysed using appropriate statistical methods in SPSS (IBM

Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk,

NY: IBM Corp.).

3.6 Transverse investigations involving nucleus

isolation

Ovine lumbar spines, dissected from freshly slain mature animals (ewes), were

wrapped in plastic film and stored at -20◦C for no longer than 3 months for reasons

described previously in Section 3.1. In preparation for testing, the extraneous

soft tissues and posterior elements were removed from each spine. The vertebrae

were then transected close to the vertebral endplates to isolate the discs and their

associated endplate elements.

While still frozen a sagittal slab, about 10mm in thickness and consisting primarily

of vertebra-disc-vertebra, was carefully sawn from the central portion of each motion

segment as shown in Figure 3.1 and then thawed. Samples were subjected to one

of the two following test procedures as described below:

3.6.1 Mechanical assessment:

For the mechanical analysis the entire endplate material (bone and cartilaginous

tissues) adjacent to the nucleus was carefully removed using an engraving burr in

order to eliminate any constraining influence of the endplate on the nucleus (Figure

3.1C). With this portion of the endplate removed the annulus-nucleus-annulus

composite slab was free to stretch to a degree limited only by its own intrinsic

interconnectivity - or lack thereof.

Assessment of the tensile properties of each extracted annulus-nucleus-annulus

sample prepared as described above was conducted using the following procedure:
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each sample was mounted between the plinths of an Instron 5543 testing machine

whilst ensuring that it was not subjected to any bending moment, i.e. a tensile load

only was applied transversely in the posterior-anterior direction as indicated by the

arrows in (Figure 3.1C). All tests were carried out with a crosshead displacement

rate of 0.5 mm/min. The results from the tensile testing were presented as raw load-

displacement curves (as opposed to stress-strain curves) due to the impossibility of

obtaining an accurate measurement of the effective load-bearing dimensions of the

sample, especially during the later stages of the test.

3.6.2 Microstructural assessment:

In order to conduct a microstructural assessment of the response to transverse

stretching of the inner annulus-nucleus-inner annulus response, the following method

was used:

A similar composite slab of tissue was cut from the disc as shown in (Figure.

3.1). A fine 0.5mm diameter engraving burr was then used to create a narrow,

full depth slot in the endplate adjacent to the nucleus/inner annular junction,

both anteriorly and posteriorly, and superiorly and inferiorly. This produced a

sample similar to that shown in (Figure 3.1D). The sample was then transversely

stretched so that the distance between the cut slots in the endplates increased to

about five times their original separation of approximately 2.5mm. The aim was

to concentrate as much deformation as possible in the region of the nucleus-inner

annulus junction and thus allow optimal visualisation of the fibrous response in

this region. Again, while maintained in this stretched state the samples underwent

fixation and decalcification as described in Section 3.3. Following this procedure,

the samples were cryosectioned as described previously in Section 3.3. It should

however be noted that in this study a combination of sagittal and oblique section

planes were employed depending on what structural feature was being investigated.

Oblique sections (with respect to the inner annular lamellae) were used to investigate

integration in the inner annular region that would otherwise not be captured in a

sagittal image plane. Because of the variation in lamellar fibre angle from outer

to inner annulus (from approximately 30◦ in the outer annulus to around 45◦ in

the inner annulus) and the obvious issue that the outer annulus obscures the inner

annulus, these semi oblique sections were cut at approximately 40◦-50◦ through the
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disc and then examined to confirm that they were in fact appropriately sectioned.

This will be noted, where appropriate, in the figure captions.
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Chapter 4

A fresh look at the

nucleus-endplate region: new

evidence for significant structural

integration

4.1 Introduction

As described in the Background section to this work, the predominant view in

the literature is that the nucleus is an amorphous gelatinous structure, possessing

little or no integration with its surroundings. There are some exceptions to this

statement as noted in Section 1.6. However, a preliminary investigation raised the

possibility that this view may not be entirely accurate and that the nucleus is in

fact worthy of more attention.

With the previously mentioned structural ambiguities in mind, the primary aim

of this new investigation was to explore the nature of any structural relationship

between the nucleus and the cartilaginous endplates. In order to examine the

nucleus in detail, novel methods were devised which removed the influence of the

annulus from the sample. The approximate locations of where the cuts to roughly

isolate the nucleus are shown in Figure 3.1 (see Methods section). Following this

procedure, any remaining annular fibres were carefully severed. Then, various
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loading configurations were applied to the sample in an attempt to draw the

structure of the nucleus into alignment in order to enable it to be more clearly

imaged. Since in the course of designing these methods it rapidly became apparent

that the nucleus was in fact far more resilient than expected, tensile testing

was conducted on the samples to better determine their properties. A graphic

illustration of the extensibility of the nucleus can be seen in Figure 3.2.

Further information on the methods used in this study can be found in Section 3.

In this study, 12 samples were subjected to tensile testing while 23 samples were

examined microstructurally. The levels tested in this investigation are summarised

in Table 4.1.

Group Mechanical Microstructural

L12 3 9
L23 2 3
L34 3 7
L45 1 2
L56 3 2

Total 12 23

Table 4.1: Summary of sample numbers and levels subjected to mechanical testing or
microstructural examination.

4.2 Results

The natural state of the disc is shown in Figure 4.1 which is a typical low magnifi-

cation view of a sagittal section taken from an untrimmed (i.e. intact) vertebra-

disc-vertebra sample. The dotted red lines indicate the approximate degree of

ring-severing, i.e. the radial extent to which the strain-limiting annular fibres were

rendered inoperative. Figure 4.2 shows a set of typical load/displacement responses

obtained from a sample prior to its ring-severing (curve A) and then following its

ring-severing and extension to complete failure (curve B). For the 12 samples tested

to failure the mean peak load carried by the ring-severed samples was 20N (range

10-32N). Edge measurements conducted on all prepared samples indicated a disc

height of 3-3.5 mm (N=12) prior to any tensile loading. Note especially the greatly

increased level of axial extension of the ring-severed disc before rapid stiffening

occurred at around 3-4 mm of extension (see region marked “J” on curve B).
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4.2 Results

Figure 4.3 shows a low magnification sagittal view of the ring-severed sample

stretched to around 350% of its original length and fixed in this state. Two points

should be noted with respect to this image: Firstly, it reveals the greatly increased

amount of extension that is now possible as a consequence of severing the strain-

limiting annular wall elements. Hence, what we are now seeing in this image is

a more unravelled form of the central nuclear mass. While this central mass still

contains a significant amount of convoluted/folded fibrous content (see region A

and its enlarged view in Figure 4.4), the mass edges are much more axially aligned

and appear to exhibit endplate-to-endplate continuity which, in the image shown,

is especially clear on the right hand side (see boxed region B in Figure 4.3 and

enlarged in Figure 4.5) .

Secondly, there is a structurally resolvable integration of the nuclear fibres with

the cartilaginous endplate (region C in Figure 4.3). This integration is visible both

as discrete fibrous insertion nodes and as a more distributed form. The nodal form

of insertion is shown in Figure 4.6 (enlarged in Figure 4.7). Viewed within a given

section these nodes varied in density along the endplate-nucleus junction, tending

to be less frequent (though still present) in the most central region and penetrating

the cartilaginous endplate to varying depths. Further, these nodes were also present

in the unstretched samples, as shown in Figure 4.8, the difference being that the

fibres immediately above the insertion boundary in the unstretched nucleus did

Figure 4.1: Low power view of a sagittal section taken from an intact motion segment.
Approximate boundaries of the nucleus indicated by arrow heads. The red lines indicate
the approximate extent of ring severing. Note that the folding in the nucleus region
is an unavoidable artefact which arises as a consequence of the swelling of the nucleus
following the sectioning process (that is, during storage). (Reprinted with permission312)
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Figure 4.2: Difference in axial tensile response between the unsevered (curve A) and
severed (curve B) samples. The “J” region on curve B (between the dashed lines) indicates
the region of extension whose properties are largely governed by extension of collagen
fibre bundles. Note that loading of the unsevered samples was restricted to about 30
N in this study due to limitations associated with gripping the sample in the testing
machine. (Reprinted with permission312)
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Figure 4.3: Low magnification view of a ring-severed sample, showing the elongation of
the nucleus region. The inset schematic indicates the location of the approximate region
of interest in the intact disc. Higher magnification views of the boxed regions A, B, C are
shown in Figures 4.4, 4.5 and 4.6. The extraneous flaps of tissue arise from the difficulty
of sectioning the nuclear region. (Reprinted with permission312)
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Figure 4.4: High magnification view of fibres in boxed region A of Figure 4.3, i.e. near the
central nidus. The strongly convoluted/crimped appearance of the fibres indicates that
they are still moderately relaxed despite the 350% extension of the nucleus. (Reprinted
with permission312)
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Figure 4.5: Axially aligned (i.e. stretched) fibres near the nucleus edge region but further
in from the endplate as in boxed region B in Figure 4.3. (Reprinted with permission312)
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Figure 4.6: Discrete insertion nodes near the nidus edge region as in boxed region C in
Figure 4.3, showing the deep attachment of the fibres into the cartilaginous endplate.
(Reprinted with permission312)
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Figure 4.7: High magnification view of the discrete insertion nodes shown in Figure 4.6.
(Reprinted with permission312)
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Figure 4.8: Attachment nodes imaged in an unstretched sample. Due to the fully relaxed
state if the nuclear fibres, they lack the obvious directional fibrosity clearly visible in the
stretched nucleus (see Figures 4.6 and 4.7). (Reprinted with permission312)
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4.2 Results

Figure 4.9: Distributed nuclear fibrosity streaming into the cartilaginous endplate in a
seemingly node-free region of the sample. (Reprinted with permission312)
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Figure 4.10: Shows a collection of six serial sections from the central region of a ring
severed and stretched sample. Here, the size variation of the three marked nodes is
clearly visible, running from being relatively small in Image A, to larger in the middle
images, to small again in Image F.
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Figure 4.11: Shows a collection of six serial sections from the central region of a ring
severed and stretched sample. Here, the size variation of the three marked nodes is
clearly visible, running from being relatively small in Image A, to larger in the middle
images, to small again in Image F.312)
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Figure 4.12: Low magnification view of a ring severed sample which has also had its
central (nidus) region displaced. Here, the nucleus can be seen to have been drawn into
alignment as in Figure 4.3. Additionally the nidus displacement technique can be seen to
have drawn the central region into alignment. The boxed region is shown enlarged in Fig
4.13.
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Figure 4.13: shows an enlarged view of the nidus region from the boxed region of Figure
4.12. In this view the induced alignment of this region is clearly visible.
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Figure 4.14: High-magnification sagittal view of the mid annular-endplate junction.
The obliquely cut alternating fibres comprising adjacent lamellae provide a contrasting
morphology to that observed in the nuclear-endplate region (see Figures 4.6 and 4.7).
(Reprinted with permission312)
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not display the characteristic tautness of those fibres in the nodes in the stretched

samples (compare Figures 4.7 and 4.8).

The absence of such insertion nodes in any one region of the nuclear-endplate did

not, however, imply an absence of nucleus-endplate integration. Figure 4.9 is an

example of one such node-free region and clearly shows the more distributed nuclear

fibrosity streaming into the cartilaginous endplate.

In Figures 4.10 and 4.11, a collection of six serial sections is shown, in which two

nodes are clearly visible. In this series of images, these nodes can be tracked easily

and thus the size and shape of these nodes can be determined. From this series of

images and the measurements of the nodes which are summarised in Table 4.2, the

nodes appear to be roughly symmetrical, conical in section and seem to be about

200 microns around at their widest point. This is also in agreement with images

from coronal section planes, in which the nodes have the same appearance as they

do in sagittal section planes.

Node 1 Node 2 Node 3

Image Depth Width Depth Width Depth Width

A 45.1 62.6 30.2 43.6 56.3 66.3
B 65.1 110.0 45.3 62.8 73.0 90.9
C 80.9 117.3 30.9 75.1 39.2 69.6
D 53.7 68.6 21.7 43.1 57.1 65.4
E 39.2 59.2 18.9 31.0 36.1 55.1
F 31.4 52.0 - - 34.0 42.9

Table 4.2: Measurements of the three main attachment nodes shown in Figures 4.10 and
4.11

Further evidence for the overall integration of the nucleus with its surroundings can

be seen in Figure 4.12. Here, the samples were ring severed and stretched as before,

but the central region was stretched out at 90◦ to the axial load as described in

Section 3.2.2.2. This can be seen to have drawn the central region which in this

work will be referred to as the nidus, into alignment with the applied loading. In

contrast with the image in Figure 4.3, where it is not clear whether the nidus is

integrated with the rest of the nucleus, the nidus is clearly continuous with the

nucleus in this image. The separation of the nucleus fibres in the mid nucleus region

is likely to be an artefact of the sectioning process. A high magnification view

of the central nidus region is shown in Figure 4.13. In these images, the induced
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alignment of the nucleus region is clearly visible, confirming that the nidus is in

fact continuous with the rest of the nucleus.

To reinforce the point that we have accurately represented the nuclear-endplate

morphology in the above images, Figure 4.14 shows a typical sagittal view of the

mid annulus-endplate junction taken from an intact disc. The distinctly alternating

appearance of the oblique and counter-oblique layers up to their insertion in the

endplate provides a striking morphological contrast with the modes of insertion

observed in the nuclear-endplate region proper (e.g. Figure 4.6). In the latter

such lamellar alternation is completely absent whether viewed in their stretched

or unstretched state. This very different morphology provides further evidence

that the substantial extension that occurs following ring-severing arises from the

unravelling of the highly convoluted fibrosity characterising the unstretched nucleus.

4.3 Discussion

The experiments carried out in this new study have made it possible to examine

more critically the structure of the nucleus in relation to its immediate context of

annulus and endplate. It should be noted that although the transition between

outer nucleus and inner annulus is structurally somewhat vague this study em-

ployed two distinct discriminating criteria that has in fact made it possible to

define the remaining material as essentially nucleus. Firstly, the sudden large

extension observed following ring-severing confirmed the functional dislocation

of all fibres that had obviously contributed to the strain-restricting properties of

the unsevered annulus arising from its cross-ply lamellar structure. Secondly, the

obvious morphological difference in endplate insertion morphology between the

nuclear and annular regions (c.f. Figures 4.6 and 4.9 with Figure 4.14) showed that

the ring-severing technique is an effective means of isolating the nucleus.

The ring-severing procedure used in this study allows the nucleus as defined above

to be loaded directly in tension. The dramatic extension that precedes the point

of rapid increase in modulus (see region J on curve B in Figure 4.2) is clear

confirmation that the nucleus possesses some form of structural continuity, is highly

convoluted, is fully integrated with the endplates via two modes of direct fibrous

insertion (see Figures 4.6 and 4.9), and has an intrinsic tensile strength.
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Following the phase of easy extension and rapid stiffening (the “J region” in Figure

4.2) there is a progressive but irregular rise to the peak load with eventual failure

preceded by a gradual though erratic drop in load, and further large extension of the

nuclear mass. This irregular form of the load-displacement curve suggests that the

fibres within the nuclear region have varying degrees of convolution (and thus have

varying extendable lengths) and hence are being loaded and ruptured sequentially

rather than simultaneously. As previously mentioned, the rather variable nature

of the ring severing procedure limits the possibilities for comparison between the

samples. Certainly, it is reasonable to assume that the effect of variation in degree

of severing on the results is much greater than the effect of anatomic variation

between the spinal levels. The reasoning for use of stress-strain curves outlined in

Section 3.2.1 needs to be emphasised here-it would be extremely difficult to obtain

accurate cross sectional measurements of the nucleus in the severed samples with a

reasonable degree of accuracy.

The images presented here clearly indicate that nearer the nuclear edge of the

stretched ring-severed tissue the fibres have become strongly aligned in the stretching

direction (see region in box B in Figure 4.3 and enlarged in Figure 4.5) thus

confirming that there is endplate to endplate force transmission by these fibres.

This ability to transmit force obviously implies some form of structural continuity

of the fibres themselves. In fact this continuity nearer the nucleus edge was readily

observed and recorded using multiple image maps (each consisting of approximately

50 images) but for practical reasons could not be included in this data presentation

with sufficient clarity to show this continuity. Also, due to the inability of light

microscopy to image individual collagen fibrils the present study cannot confirm the

exact basis of this structural continuity. Whether fibrils themselves run continuously

from endplate to endplate, or whether the fibres are constructed from shorter lengths

of overlapping fibrils remains an unresolved question.

The images in Figure 4.12 and 4.13 from the samples that have been stretched,

ring severed and had the nidus displaced confirm that even the central nidus region

of the nucleus is continuous with the rest of the disc. The high magnification views

of the nidus show how its fibres have been drawn into an induced alignment by

the applied tensile loading. This indicates that the fibres of the nucleus are also

interweaved with each other to some extent which enables them to be realigned by

the biaxial loading used in this aspect of the study. It also implies that the central
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region of the nucleus is composed of extremely convoluted fibres which when not

sufficiently stretched, do not appear to be continuous. However, this finding that

the central fibres of the nucleus are in fact both highly convoluted and continuous

does explain the ability of the isolated nucleus to bear a substantial load even when

highly extended as observed in the tensile testing data.

Although it was not possible to microscopically image the final stages of nucleus

rupture because of the extreme fragility of the remaining highly necked tissue, it

seems fair to assume that the diminishing mechanical strength in the post peak

load region (the discontinuous failure shown in figure 4.2) is a direct consequence

of the slightly less convoluted outer nuclear fibres being overloaded, then failing

and thus transferring the applied load into the next inner cohort of fibres, these

in turn possessing a slightly higher level of convolution, etc. This mechanism of

sequential rupture of the nuclear fibres is illustrated schematically in Figure 4.15

A-D. The nucleus fibres have been shown to undergo mid-disc failure (as opposed

to failure at the interface with the endplate) because the samples seemed to fail in

the mid-nucleus region when they were being mechanically tested. More generally,

no evidence of fibre failure at the nucleus-endplate interface was observed in the

course of the studies presented in this thesis.

While the exact mechanism by which the nucleus fibres are integrated with the

endplate fibres cannot be determined from the optical microscopy used here, the

images from this study do provide some insights into how the nucleus and endplate

are integrated. From Figures 4.6 and 4.7 it can be seen that the fibres of the

nucleus are gathered into nodal points in the endplate. It seems sensible to suggest

that there is fibre integration between the structures in the lower portions of these

nodes as this would explain the ability of the nucleus-endplate region to transmit

axial loads. There is also the additional problem of how to explain the disperse

mode of attachment as seen in Figure 4.9. The most likely explanation for this

disperse mode of attachment is that the fibres that can be seen flowing into the

endplates are in fact associated with nodes that are located out of the imaging

plane and are thus not visible.

Serial sections, such as those shown in Figures 4.10 and 4.11 and whose measure-

ments are presented in Table 4.2 reveal that the nodes are in fact symmetrical,

and roughly conical in shape. This series of images, when combined with the

other evidence presented in this chapter also supports the idea that the nodes
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Figure 4.15: A-D: Illustrates schematically the effect of ring-severing (A-B) and stretching
on the morphological response of the nuclear fibres. Note how the longest, most convoluted
fibres in the middle of the nucleus progressively unfold with increasing extension while the
shorter fibres on the edge of the nucleus are the first to undergo tensile realignment and
then failure. (Adapted from previously published image313, reprinted with permission)
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are largely randomly arranged over the endplates of the disc. It also provides

further confirmation of the observation that the nodes appear to be very similar

when viewed in the coronal cutting plane which of course implies that they are

symmetrical.

Presumably, at the nodal insertion points, there is interweaving of the fibres of

the cartilaginous endplate (which run largely parallel to the vertebral endplate),

and the nodal nucleus fibres, which has the effect of integrating the structures.

This provides a plausible explanation for the load bearing ability of the isolated

nucleus-endplate region. However, it is not possible to image the fine structure of

this region at the optical level with sufficient clarity to determine the mechanism

by which integration is achieved. Clearly, the nature of this integration needs to be

investigated at the fibrillar level. For details of this, see chapter 5 of this thesis.

That the nucleus has resistance to tension when it clearly operates in compression

raises the question as to why it might possess this tensile property. It should be

emphasized that tensile stretching has been used to demonstrate the existence of

endplate-to-endplate structural/mechanical cohesion. However, during normal disc

function in vivo the nuclear fibres will not be subjected to this tensile mode of

loading. Therefore, at this time it seems plausible to suggest that the integration

of the fibres with the endplates acts to provide the nucleus with a form of tethered

mobility. In this way the fibres would function (i) to contain the proteoglycans via

some form of collagen-proteoglycan interaction so as to maintain the hydration

potential of the nucleus12,60, and (ii) to provide a substrate for the cells within the

nucleus so as to maintain an appropriate biology. The convoluted geometry of the

fibres would still confer a high degree of freedom so as to accommodate nuclear

shape changes associated with normal disc function in which hydrostatic loading

plays an essential role11.

In summary, the present study provides new insights into what constitutes a normal

nuclear-endplate structural relationship, at least in the mature ovine spine. It offers

a structural framework for exploring how early degenerative changes might alter

the nuclear-endplate relationship. The results presented here provide a contrasting

view with respect to much of the published literature which either states that there

is no significant connection between the nucleus and endplate, or largely ignores

the issue. These experiments, demonstrating that the central nucleus alone is

capable of carrying substantial tensile loads, provide clear evidence that it is highly
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structured, though convoluted, and hence can give the appearance of disorder to

the casual observer using standard sectioning planes.

4.4 Conclusions

The findings of this study are strikingly different to the widely held view in

literature that the nucleus is a relatively unstructured gel that possesses little or

no connectivity with its surroundings. Rather, these findings clearly show that the

ovine nucleus possesses a distinct fibrosity which displays continuity from endplate

to endplate. Further, this fibrosity is structurally integrated with the cartilaginous

endplates via microanatomical features that have been termed “nodal insertions”

and is thus capable of withstanding significant tensile forces. Based on this, a

convoluted, though structured, tethered nuclear model is proposed that supports

the general concept of a relatively mobile nucleus behaving hydrostatically within

the confinement of the annulus.

The research described in this chapter has been published in the European Spine

Journal (Kelly R. Wade, Peter A. Robertson, Neil D. Broom. A fresh look at

the nucleus-endplate region: new evidence for significant structural integration.

European Spine Journal, 20 (8), 1225-1232, 2011. The figures and text from this

paper have been used in this chapter with kind permission from Springer Science

and Business Media.

This paper was awarded the 2012 AG Grammer-Eurospine Prize for the best basic

science and applied research contribution of the year.

Also, this paper has been presented at international conferences314–318 and the

author was invited to present it at the BIOSPINE 3 Congress in Amsterdam318

with all expenses paid.
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Chapter 5

On how nucleus-endplate

integration is achieved at the

fibril-level

5.1 Introduction

The investigation described in the previous chapter into the microstructural and

micromechanical properties of the nucleus has shown that the highly convoluted

fibrosity within the nucleus actually exhibits endplate to endplate continuity.

This continuity was revealed by using a novel ring-severing technique to dislocate

the influence of the annular fibres and then applying a tensile load to suitably

prepared vertebra-nucleus-vertebra samples. The effect of this was to draw out

the normally convoluted nuclear fibres into alignment and thus enhancing their

optical imageability. It was also apparent that this nuclear fibrosity is structurally

integrated with the cartilaginous endplates and is capable of withstanding significant

tensile forces. Although the optical imaging technique (differential interference

contrast) that was used in this recent study clearly demonstrated that the fibres of

the nucleus anchor into the endplate via discrete, clearly defined insertion nodes,

light microscopy cannot reveal the details of this anchoring system at the fibrillar

level.

Having recently demonstrated that a substantial degree of structural integration

does actually exist between the nuclear fibres and the disc endplate see Chapter 4,
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the aim of this new investigation was to explore this integration at an ultrastruc-

tural level. As mentioned in Section 1.6 of the Background, ultrastructural studies

that have looked at the fibrous architecture in detail have largely concluded that

there is no significant attachment between the nucleus and the cartilaginous end-

plate83,128,319. These authors also described the fibrils of the cartilaginous endplates

as running parallel with the vertebral endplates with the nucleus containing a loose

disorganised meshwork of fibrils. However, it should be noted that these studies

were all conducted on tissue that was imaged in its natural state. Therefore, the

highly convoluted fibrosity of the nucleus described in the previous chapter could

very well be expected to obscure the details of its structure as a consequence of

being imaged in this state.

Thus in order to investigate the fibrillar structure of the nucleus, the novel ring

severing and stretching of the now isolated nucleus methods used in the previous

chapter was employed in this investigation. A detailed description of this method

and the sample preparation techniques used in order to allow the samples to be

imaged with the scanning electron microscope (SEM) can be found in Section 3

Global Methods and Materials. 15 discs from 4 lumbar spines were examined in

this part of the study.

5.2 Results

A typical DIC image of the nucleus-endplate region is shown in Figure 5.1. Although

fibril-level detail is not visible, a clear fibrosity resulting from the general alignment

of the aggregated nuclear fibrils (i.e. fibres) is readily imaged. These fibres can

be seen entering the cartilaginous endplate via the repeating nodal attachment

points as was first described in Chapter 4. The boundary between the cartilaginous

endplate and the vertebral endplate is also clearly visible. When a comparable

region is imaged under SEM at low magnification these morphologically distinct

attachment nodes are again readily recognised as can be seen in Figure 5.2. In

this same SEM image there is also a clear morphological delineation between the

nucleus proper, the cartilaginous endplate and the vertebral endplate. Importantly,

the physical dimensions of the various features in the images can be seen to be

similar, thus making it possible to correlate the fibrillar-level detail obtained in

the present study with that of the microscopic study of the nucleus and endplate
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5.2 Results

using DIC optical imaging previously described in Chapter 4. It should be noted

that because DIC and SEM imaging required separate samples from any given

disc (but taken from the same general area) it was not possible to image a node

optically and ultrastructurally in the same sectional view. However, the general

morphological similarities of the nodes between Figures 5.1 and 5.2 are obvious.

Figure 5.1: Representative DIC image of the nucleus/endplate region, similar to that
previously reported in Chapter 4. Note how the nuclear fibres have been drawn into
alignment in the direction of extension and anchored within the cartilaginous endplate at
the two discrete attachment nodes visible in this image. The boundaries between the
nucleus (N), the cartilaginous endplate (CEP), and the vertebral endplate (VEP) are
indicated by arrows. (Reprinted with permission313)
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.2: Low magnification SEM view of an axial sagittal section through the nucleus
endplate region. The aligned fibres of the nucleus (N) are visible, and the distinction
between nucleus, cartilaginous endplate (CEP) and vertebral endplate (VEP) is indicated
with the arrows on the right. The two attachment nodes in this field of view are marked
with arrows. The boxed region indicates one of these nodal features and is shown greatly
enlarged in Figure 5.5. (Reprinted with permission313)

The morphology of the non-nodal endplate is shown in Figure 5.3. Here, the

vertically aligned fibrils of the nucleus can be seen to flow into the largely horizontally

aligned fibrils of the cartilaginous endplate. In this image the fibrils of the endplate

appear to have been sectioned end on; that is, out of plane. No further detail of

any possible mechanism of nucleus-endplate integration is visible in this image

though it does highlight the difficulty of using this method on these samples due

to the fact that it can only observe cut surfaces. It is thus very easy for detail to

be obscured.

This image does however raise the question: what is the actual direction of the

fibrils in the endplate? As noted in the Background section, the fibrils of the

cartilaginous endplate are said to be parallel to the fibrils of the vertebral endplate.

But what is really meant by this? Does it mean that the fibrils of the cartilaginous

endplate have a preferred orientation or do they form a multidirectional woven

fibrillar mat? In order to investigate this issue, ring severed samples were sectioned

in three different axial section planes: Sagittal, 45◦ and coronal. High magnification
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5.2 Results

Figure 5.3: Shows a low magnification SEM view of the nucleus-endplate region where
nodes are not apparent. Here, the fibrils of the nucleus seem to flow into those of the
cartilaginous endplate.
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.4: Shows high magnification SEM views of the fibrils of the nucleus (NP) and
cartilaginous endplate (CEP). These images have been taken from samples which were
sectioned at three different angles: sagittal, 45◦ and coronal. The differences between the
fibril orientations in the nucleus and cartilaginous endplate are clearly visible.
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5.2 Results

Figure 5.5: Example of an attachment node in which the vertically aligned fibres of the
nucleus can be seen inserting into the close-packed, horizontally aligned fibres of the CEP
and in this view appear to be turning into the page at X and to the right at Y. A DIC
image of a node is shown on the right for comparison. (Reprinted with permission313)
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.6: Example of an attachment node that has been sectioned almost through its
axial plane of symmetry. Note that the fibres lie within the saggital cutting plane at X,
but turn out of the cutting plane at Y. A DIC image of a node is shown on the right for
comparison. (Reprinted with permission313)
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5.2 Results

Figure 5.7: Shows the focal region of a node in which fibrils curve into the endplate
at the focal tip. Higher up the fibrils in this nodal region have been captured more in
cross-sectioned as indicated by X on the upper left hand side, thus suggesting that at
this point they have deviated significantly from an axial orientation. (Reprinted with
permission313)
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.8: Shows an enlarged view of the attachment node in Figure 5.6. The difference
in alignment of the fibrils is obvious, with the out-of-plane endplate fibrils surrounding
the largely in-plane nucleus fibrils at the node. (Reprinted with permission313)
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5.2 Results

Figure 5.9: Enlargement of boxed region 1 in Figure 5.8 showing the fibrous meshwork
of the cartilaginous endplate. In this sagittal view the fibrils are captured in orien-
tations ranging from near cross-section at (X) to almost transversely in-plane at (Y)
thus confirming the multidirectional nature of the endplate fibrils. (Reprinted with
permission313)
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.10: Enlarged view of the cartilaginous endplate in boxed region 2 in Figure 5.8.
At the lower edge of the image, the fibrils lie approximately parallel with the section
plane. Towards the centre of the image, the fibrils are almost directly out of plane
(near A). In the upper left corner of the image, the fibres appear to have been sectioned
diagonally. In all cases, the fibrils can be seen to run roughly parallel to the vertebral
endplate. (Reprinted with permission313)
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5.2 Results

Figure 5.11: Enlarged view of boxed region 3 in Figure 5.8 showing a more detailed view
of the nodal tip. Endplate fibrils are clearly marked by X. (Reprinted with permission313)

101



On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.12: Enlargement of the boxed region in Figure 5.11 showing the transition from
the close-packed fibrils of the cartilaginous endplate into the less densely packed fibrils of
the nodal focal region. Again, note especially the multitude of fibril directions present in
the endplate proper (see X). Arrows indicate what may be node-endplate integrating
regions. (Reprinted with permission313)
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5.2 Results

Figure 5.13: Shows an image from a region more distant from a node focal tip nearer
the upper edge of the cartilaginous endplate. Note the gradual change from the strongly
aligned nodal fibrils on the right of the image to a more irregular fibrillar morphology on
the left. (Reprinted with permission313)
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On how nucleus-endplate integration is achieved at the fibril-level

images from the nucleus and cartilaginous endplate regions of these samples are

shown in Figure 5.4. In all three sets of images, the fibrils of the nucleus appear to

have been drawn into vertical alignment as would be expected. Examination of the

images from the cartilaginous endplate reveals that the fibrils in this region appear

to have been largely cut in cross section in all planes.

Under SEM at progressively high magnifications (Figures 5.5-5.12) the individual

fibrillar elements become clearer in both the nodal regions and in the nucleus

proper. The fibrils can be seen to be gathered into a single focal point within the

cartilaginous endplate. In Figure 5.5 (enlargement of boxed region in figure 5.2) as

the fibrils approach the focal tip they appear to leave the sagittal plane of cutting

by curving abruptly both to the right (arrows at X) and into the bulk of the matrix

(arrow at Y), i.e. into the page. This suggests that the actual cutting plane of

the sample has intersected its structure to one side of the nodes axis of symmetry.

In Figure 5.6 the fibrils higher up the node lie in part within the sagittal cutting

plane (see X) but then turn out of the cutting plane near the focal tip (see Y).

This suggests that this particular node has been sectioned approximately through

its axis of symmetry. Figure 5.7 illustrates again the pronounced curving of the

nodal fibrils in the focal region.

The tip of the node in Figure 5.6 is shown enlarged in Figure 5.8 and further

illustrates the complexity of the fibril morphologies in both the nodes and cartilagi-

nous endplate, as well as the relationships between these distinct structures. The

boxed region 1 is enlarged in Figure 5.9 and shows densely packed fibrils, all lying

mainly in transverse planes (i.e. approximately parallel to the vertebral endplate)

but varying in direction within these planes (e.g. compare regions X and Y in

Figure 5.9). The boxed region 2 is shown enlarged in Figure 5.10 and although a

much more complex image, it does show the cartilaginous endplate fibrils mostly

revealed in their near transverse planes and in a multitude of directions. Thus

it would appear that the closely packed fibrils of the cartilaginous endplate are

largely parallel to the vertebral endplate, forming a dense, multi-level, interwoven

fibrillar mat.

The boxed region 3 in Figure 5.8 is shown enlarged in Figure 5.11 and further

illustrates the contrasting morphologies between the node and its embedding

cartilaginous endplate. While some artificial cleaving due to specimen preparation

(critical point drying and sectioning) cannot be excluded, the nodal fibrils are
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5.3 Discussion

clearly contained within densely packed curvilinear layers which in this sectional

view have been captured as they curve out of the section plane. While the lower

region (indicated by the two areas marked X) in Figure 5.11 is clearly cartilaginous

endplate since it is continuous with the adjacent endplate structure shown in Figure

5.9, it is not immediately obvious as to where the nodal layers end and where the

endplate begins.

The boxed region in Figure 5.11 is shown enlarged in Figure 5.12. Importantly,

this region exhibits minimal layer separation and is thus able to provide a clearer

view of any transitional structure between the endplate proper (see lower regions

marked by X) right up to the less densely-packed fibrils of the nodal focal region.

The several densely packed layers immediately above the identified endplate layers

may be either endplate proper layers imaged in near cross-section or, alternatively,

function as endplate-node integrating layers. What are assumed to be endplate

fibrils entering and branching within the focal region of the node are indicated by

arrows in Figure 5.12. Figure 5.13 shows a view further up the node in which there

is a gradual change from the strongly aligned nodal fibrils into a more irregular

fibrillar morphology in the lower left of the image; again this is thought to represent

the transition between node and endplate proper, reflecting the fact that there is

no discordant structural separation between the two.

5.3 Discussion

The aim of this study was to investigate at the fibrillar level the nature of structural

integration of the nucleus/endplate junction via insertion nodes, a microanatomical

feature described at the light microscope level in the previous chapter (see Chapter

4 for details). Previous investigators have suggested that there is little or no obvious

connection between nucleus and endplate83,128. However, it seems fair to suggest

that this lack of evidence for such structural integration is probably due to the fact

that the samples used in these earlier studies were not optimally viewed. In optical

sections taken from the disc in an unstretched state, the natural convolution of the

nuclear fibres obscures their structural arrangement and continuity. By contrast,

the novel ring-severing, stretching and fixation methods employed in this thesis

have the effect of drawing the fibres into axial alignment from endplate to endplate

thus enabling them to be captured in a single section plane for imaging.
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On how nucleus-endplate integration is achieved at the fibril-level

The previous chapter (see Chapter 4) also demonstrated that a substantial load

could be transmitted across the nucleus-endplate junction through the nucleus

after it had been completely isolated from the surrounding annulus, and that

this arises from the structural integration of the nuclear fibres with the endplate

via the insertion nodes. However, the fibrillar-level detail of these nodes is not

visible at the light microscope level, hence this new SEM-based investigation of

these microanatomical nodes. When the low magnification SEM images such as

Figure 5.2 are compared with the optical level DIC images such as Figure 5.1, the

similarities are obvious. Therefore, the results from this work can be compared

with those of the previous chapter.

The node free nucleus is shown in Fig 5.3. Here, the fibrils of the nucleus can be seen

to flow into those of the cartilaginous endplate but the mode of integration between

them is not visible. Thus it is clearly incorrect to say that there is no connection

between the nucleus and cartilaginous endplate. From looking at the nucleus and

endplate regions using a number of different section planes, as in Figure 5.4, it can

be seen that the fibrils of the nucleus have been drawn into alignment by the axial

loading. It is also possible to see that the fibrils of the cartilaginous endplate have

been largely cross-sectioned in each image plane. Thus, it is reasonable to conclude

that the fibrils of the cartilaginous endplate form an interwoven mat covering the

vertebral endplates within which the fibrils run parallel to the vertebral endplate.

Examining the nodal regions at a moderate magnification as in Figures 5.5, 5.6,

5.7 and 5.8 reveals that the fibrils of the endplate seem to curve from the vertical

as they run deeper into the endplate. This suggests that they are also becoming

more enmeshed with the endplate fibril mat. Again, the nature of SEM can be

seen as only the surface layer of fibrils is imaged. However, the fact that some of

the nodal fibres appear to be turning into the bulk of the sample, as in Figure 5.5

or out of the sample, as in Figure 5.6 (shown enlarged in Figure 5.8) makes sense

in the light of the observation in Chapter 4 that the nodes are symmetrical.

Figures 5.9 and 5.10 again show that the fibrils of the cartilaginous endplate run

generally parallel with the vertebral endplate and form a meshwork overlay. This is

consistent with the findings of earlier studies83,128. Low magnification SEM imaging

(Figure 5.2) shows the axially stretched fibres of the nucleus clearly emanating

from the nodes of attachment embedded within the cartilaginous endplate. This

then raises the question as to how these nodes are connected with the endplate.
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5.3 Discussion

Close examination of a nodal tip, as shown in Figure 5.11 reveals some detail

of the mechanism of integration between the nucleus and endplate fibrils. The

fact that it is difficult to distinguish between the nodal and endplate fibrils near

the tip suggests interconnectivity between the two. The enlarged view of the tip

shown in Figure 5.12 further reveals detail of the integration. The branching out

of the nodal fibrils in the arrowed region certainly suggests connectivity between

the regions, and would certainly be consistent with the load bearing ability of the

nucleus endplate region.

The ultrastructural data presented here suggests that there are at least two mech-

anisms that facilitate some form of structural integration between the node and

endplate. Firstly, the nodal fibrils in curving into the endplate would presumably be

locked in place within the close-packed layers of transversely arranged cartilaginous

endplate fibrils, possibly at multiple levels. Secondly, there appears to be a subtle

blending of the strongly aligned nodal fibrils with the multi-directional endplate

fibrils, especially near the edges of the insertion nodes, which suggests that there is

interlacing of the two populations of fibrils which would also add to the strength of

this interface.

Based on these results the series of schematics shown in Figure 5.14 (see overleaf)

illustrates what seems fair to propose as an approximate structural representation

of how the nodal feature integrates with the cartilaginous endplate. The overall

configuration of the nodal fibrils is shown in schematic A. Note that these fibrils fan

outwards from their focal tip as in the SEM images and have a characteristically

curvilinear appearance. Three layers of fibrils are shown in A. Note however, that

for clarity the node is shown in planar form only - in reality we know that the

nodes are three dimensional and roughly circular.

At this stage however, it is not clear as to whether the nodal fibrils loop continuously

in and out of the endplate at their point as in schematic A, or whether they

turn out of the node and run for some distance within the endplate as in the

reduced schematic B. Although the sheer density of fibrillar structure prevents

any clarification of this question at this stage, the basic concept of endplate

anchorage shown in this model would appear to be equally served by either structural

possibility.
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On how nucleus-endplate integration is achieved at the fibril-level

Figure 5.14: Shows the proposed model for nodal-endplate attachment. In A, the
characteristic sweeping nucleus fibrils can be seen to form a node. Three layers, are
shown. It should be noted that we have only shown half of the node, that is, a semicircle
for clarity. B shows an alternate concept for how the fibrils of the node are arranged, in
this model, they can be seen to turn perpendicularly to the predominant direction of
the nucleus fibrils and run parallel to the endplate. C and D show two different views of
the node with one layer of endplate fibres (orange) added, showing how the node and
endplate fibres interweave. E and F again show two different views of the node, but with
many layers of endplate fibres added. (Reprinted with permission313)
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5.4 Conclusions

The endplate fibrils are arranged as an interwoven multidirectional mat, shown in

single layer form in schematics C and D and in multilayer form in schematics E

and F. Two different viewing angles are used in this schematic to better illustrate

how the nodal fibrils interlock with the endplate fibrillar layers. The inclusion of

more densely interwoven endplate fibrils in schematics E and F obscures details

of the node. However, it is obvious that this interweaving would add structural

integrity to the interface between node and endplate.

5.4 Conclusions

The present study has demonstrated experimentally that there is a fine fibrillar

interconnectivity between the nucleus and endplate visible at the ultrastructural

level, which is responsible for the previously described ability of this region of the

disc to carry a substantial mechanical load (see Chapter 4 for details). However,

because during normal disc loading in vivo, the nucleus functions primarily in

hydrostatic compression it is unlikely that this interconnectivity contributes in any

substantial way to the overall strength of the motion segment. Rather, having

the optically resolvable nuclear fibres anchored but heavily convoluted would

provide the nucleus a degree of tethered mobility enabling it to accommodate shape

changes associated with normal disc function, especially those involving flexion

and bulging during direct compression. Further, interactions between the loosely

tethered nuclear collagen fibrils and the proteoglycans would prevent the latter

from “leaking out” through the annular layers thus maintaining the nucleus as a

hydrostatically functioning entity fully contained by the annulus and endplate.

The research described in this chapter has been published in the Journal of Anatomy

(Kelly R. Wade, Peter A. Robertson, Neil D. Broom. On how nucleus-endplate

integration is achieved at the fibrillar level in the ovine lumbar disc European Spine

Journal, 221 (1), 39-46, 2012.313 The figures and text from this paper have been

used in this chapter with kind permission from John Wiley and Sons.

Also, this paper has been presented at an international conference320
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Chapter 6

Does age have an effect on the

nucleus-endplate nodal

attachments?

6.1 Introduction

Chapter 4 established the existence of a fibre network with endplate to endplate

connectivity which is well integrated with the endplates via nodal insertions. This

raises the question of how this network develops with age, especially in terms of the

nature of the morphology and frequency of the nodes. In order to investigate this

question, spines from newborn, 3 month old and 12 month old lambs were examined

using the same novel ring-severing and stretching method used previously. Discs

from each spine were subjected to tensile testing, both before and after the ring

severing process, while other discs were ring severed, stretched to about 500% of

their original disc height and then fixed in this stretched state for microstructural

examination as described in Chapter 3. The disc levels and numbers of samples

used in each age group for each method are summarised in Tables 6.1 and 6.2

While there are important developmental differences between human and ovine

spines, with particular reference to the ring apophysis as noted in Section 1.13 of

Chapter 1, the ovine system is certainly a suitable model for a relatively preliminary

investigation such as this one. Certainly, since the nodes have been observed in the

ovine system, it follows to first investigate their development in the ovine system.
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Does age have an effect on the nucleus-endplate nodal attachments?

Other authors, including Wilke299,300, Reid301, and Hasler306 have concluded that

the ovine model is a suitable approximation for the development of the human

spine. Also, since the focus of this study is on the nucleus of the disc and its

immediate surroundings, it seems fair to suggest that the nature of the forces on

this region will be similar between all large animals as development progresses.

In any case, as with the rest of this work, the structures identified need to be

confirmed in human tissue. Therefore, these results are best viewed as a starting

point for further investigation.

Group Newborn 3 Months 12 Months Mature

L12 8 8 6 3
L23 - - - 2
L34 - - - 3
L45 8 8 6 1
L56 - - - 3

Total 16 16 12 12

Table 6.1: Summary of sample numbers and levels used in mechanical testing from each
age group

Group Newborn 3 Months 12 Months Mature

L12 2 0 2 9
L23 7 7 5 3
L34 8 4 5 7
L45 0 0 0 2
L56 8 6 6 2
L67 2 1 0 0

Total 27 18 18 23

Table 6.2: Summary of sample numbers and levels that were imaged and examined
microstructurally from each age group
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6.2 Results

6.2 Results

As can be seen from the load-displacement curves shown in Figure 6.1, despite

the great variability in the overall responses of the samples, there are some clear

similarities. Firstly, with some annular fibres in place, the sample is relatively

inextensible, exhibiting a relatively linear increase in load. Once the annular fibres

have been ring severed, thus enabling direct axial loading of the nucleus, the

response of the nucleus is clearly visible. There is an initial phase of easy extension,

followed by rapid stiffening. This is the characteristic “J-curve” typical of biological

materials42. Following this, there is progressive, gradual, irregular failure. The

load drops quite rapidly, but is maintained at a low value for a considerable time

until the eventual failure of the sample. This is a similar result to that observed in

Chapter 4. The data is summarised in Table 6.3.

Figure 6.1: Representative load displacement curves from each of the four age groups
tested (newborn, 3 months old, 12 months old and mature) showing the differences in
the responses of the unsevered (curve A) and severed (curve B) states of the samples.
Note however that all samples have the characteristic J-curve (region J) and smooth
extension, followed by an irregular failure pattern. (Reprinted with permission312)
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Does age have an effect on the nucleus-endplate nodal attachments?

Age Number of samples Average load (N) Load range (N)

Newborn 16 6.1 3.1-11.5
3 Month 15 17.3 7.3-30.3
12 Month 12 24.8 8.5-38.8
Mature 12 20.2 10.3-25.0

Table 6.3: Summary of the tensile loading data for each of the four age groups in this
study

Upon considering the macro overviews of the four age groups, several interesting

points are apparent. Firstly, in terms of the vertebral endplates and vertebral

bodies, the differing states of maturity can be seen. In the newborn sheep, the

vertebral bodies can be seen to be much more cartilaginous, especially towards the

outer rim of the vertebra. With age, this cartilage ossifies. Also in all the lambs

the growth plate can be seen to be unfused; this appears as a narrow band running

below the vertebral endplate (see X in Figure 6.2). In the mature ewe this can be

seen to have fused, as the demarcation is far more indistinct. Additionally, the

bone marrow in the immature vertebral bodies can be seen to be dark coloured

between the growth plate and the dense bone of the vertebral endplate proper but

light coloured in the vertebral body itself. The endplates also appear to become

less porous and more dense with increasing age. The marrow and blood vessel

spaces in them seem to get smaller with advancing age.

The disc itself also has some basic differences with age throughout the maturation

process. At the macro level, these have already been well described by early

researchers such as Carlier124 who stated that the remnants of the notochord are

replaced by fibrocartilaginous tissue shortly after birth in the ovine (and human)

system, and that with age the boundary between nucleus and annulus becomes

less distinct12,130,131 as described in Section 1.6 . Importantly, the current results

(as shown in Figure 6.2) show that in the ovine disc, the relative proportions of the

nucleus and annulus change with age. The nucleus, when defined as a lamella free

region in the centre of the disc, can be seen to reduce in size with increasing age.

Additionally, in the 12 month old lambs (close to mature) and the mature ewes

(3 years old) the nucleus is shifted towards the posterior of the disc. Further, the

shape of the nucleus cavity and endplate changes with age, as the endplates can be

seen to become more convex with increasing age.
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6.2 Results

Figure 6.2: Macro images of untested L34 discs from (A) newborn, (B) 3 month old, (C)
12 month old and (D) mature ovine spines. The red boxed region is shown enlarged in
Figure 6.4. Note that all discs are oriented as noted in (A) at the top of the figure. Also
note that the growth plate is indicated, where visible by the (X) markers. (Reprinted
with permission312)
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Does age have an effect on the nucleus-endplate nodal attachments?

Figure 6.3: Overviews of representative ring severed and axially stretched samples from
the four age groups. Note the similar appearance of these samples; the fibres of the
nucleus have clearly been drawn into alignment in all four samples. Note that all discs
are oriented as shown in Sample (A) (Reprinted with permission312)
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6.2 Results

Figure 6.4: Enlarged views from the red boxed regions in Figure 6.2 showing the nucleus-
endplate region from each age group. The nodal insertions present in each view have
been marked by yellow arrows.
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Does age have an effect on the nucleus-endplate nodal attachments?

Level Newborn 3 Months 12 Months Mature

L12

L23 N/A N/A 0.980 0.360
L34 N/A N/A 0.980 0.571
L45 N/A N/A N/A 0.747
L56 N/A N/A 0.992 0.972
L67 N/A N/A N/A N/A

L23

L12 N/A N/A 0.980 0.360
L34 0.303 0.558 1.000 0.938
L45 N/A N/A N/A 0.994
L56 0.918 0.999 0.786 0.893
L67 0.842 0.045 N/A N/A

L34

L12 N/A N/A 0.980 0.571
L23 0.303 0.558 1.000 0.938
L45 N/A N/A N/A 0.999
L56 0.652 0.514 0.802 0.996
L67 0.206 0.250 N/A N/A

L45

L12 N/A N/A N/A 0.747
L23 N/A N/A N/A 0.994
L34 N/A N/A N/A 0.999
L56 N/A N/A N/A 0.989
L67 N/A N/A N/A N/A

L56

L12 N/A N/A 0.992 0.972
L23 0.918 0.999 0.786 0.893
L34 0.652 0.514 0.802 0.996
L45 N/A N/A N/A 0.989
L67 0.595 0.041 N/A N/A

L67

L12 N/A N/A N/A N/A
L23 0.842 0.045 N/A N/A
L34 0.206 0.250 N/A N/A
L45 N/A N/A N/A N/A
L56 0.595 0.041 N/A N/A

Table 6.4: Summary comparison of spinal levels within age groups using multiple one-way
ANOVA tests. P <0.05 is significant
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6.2 Results

Age Group P-value

Newborn 0.768
3 Month 0.667
12 Month 0.257
Mature 0.879

Table 6.5: Comparison of endplate orientation (superior vs. inferior) within age groups
using one-way ANOVA tests. P <0.05 is significant

Figure 6.5: Boxplots summarising the nodal density within the four age groups in this
study
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Does age have an effect on the nucleus-endplate nodal attachments?

Group Newborn 3 Months 12 Months Mature

Newborn N/A 0.000 0.000 0.000
3 Months 0.000 N/A 1.000 0.000
12 Months 0.000 1.000 N/A 0.000

Mature 0.000 0.000 0.000 N/A

Table 6.6: Comparison of the nodal density of each age group using one-way ANOVA
tests. P <0.05 is significant

Figure 6.6: High magnification views of two typical nodal insertions (A) and (B) from
newborn lambs. Note especially the obvious similarities of the nodal insertions between
all age groups (see Figures 6.6-6.9).
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Figure 6.7: High magnification views of two typical nodal insertions (A) and (B) from
spring lambs. Note especially the obvious similarities of the nodal insertions between all
age groups (see Figures 6.6-6.9).
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Figure 6.8: High magnification views of two typical nodal insertions (A) and (B) from 12
month old lambs. Note especially the obvious similarities of the nodal insertions between
all age groups (see Figures 6.6-6.9).
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Figure 6.9: High magnification views of two typical nodal insertions (A) and (B) from
mature sheep. Note especially the obvious similarities of the nodal insertions between all
age groups (see Figures 6.6-6.9). (Reprinted with permission312)
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Figure 6.10: Overview from an untested newborn lamb disc. Note especially the charac-
teristic “pinched off” appearance of the notochord in the nucleus region between the red
arrows.

Figure 6.11: Overview of an untested 12 month old lamb disc with a notochordal cluster
clearly visible in the centre of the nucleus. B: Overview of a separate untested 12 month
old lamb disc with notochordal clusters present near the endplates. Note the sharp
depressions in the endplates adjacent to these clusters.
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From examining the low magnification images in Figure 6.3 of the discs that have

been ring-severed and stretched, the nucleus morphologies of the discs seems to be

very similar. In all samples, the fibrosity of the loaded nucleus appears to indicate

endplate to endplate connectivity, especially at the edges of the stretched nucleus

region. The central region still appears to be somewhat disordered in all discs

which implies that it has not been affected by the applied tensile load, again (as

described in Chapter 4), this was the case in the mature discs when the nidus

displacement technique was not used.

In terms of the microanatomy of the discs with varying ages, nodes are clearly

visible in the nucleus-endplate regions of all discs at relatively low magnification.

Closer examination of the nucleus-endplate region as in Figure 6.4 where similar

sections of the nucleus-endplate region from the macro views of each whole disc

are enlarged shows this. However, accurately counting the numbers of the nodes is

difficult, as the sections are two dimensional views of a three dimensional structure.

Because the nodes are not located in a single plane in the disc, they have therefore

been sectioned at varying points through their width. As a result, in each section

Figure 6.12: Overviews from two separate lamb discs which have been ring severed
and axially loaded. Note the discontinuities in the matrix of nucleus fibres around the
notochordal clusters.
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Figure 6.13: A: A low magnification view of a notochordal cluster accompanied by
depression in the endplate in a mature ewe. B: Notochordal cluster in mature ewe (3-5
years old) showing the characteristic appearance of the cells within the cluster. C: A
high magnification DIC view of a notochordal cluster from another mature ewe, again
showing the characteristic appearance of the endplate adjacent to the cluster.
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some nodes appear to be much more deeply inserted into the endplate than others.

In these pictures any evidence of a node, as judged by obvious insertion of nuclear

fibrosity into the cartilaginous endplates and/or the characteristic sweeping conical

pattern of cells that is associated with the insertion nodes, has been counted as

being a node. In Figure 6.4, they have been marked with yellow arrows. Example

nodes have also been highlighted in the endplates for clarity.

Considering the images themselves the nucleus-cartilaginous endplate region appears

to be fairly similar in all age groups as can be seen in Figure 6.4. However, there

are fewer nodes visible in the newborn lamb than in the other three age groups.

These nodes also appear to be more clearly defined, and since these images are from

a standard light microscope as opposed to the DIC images that appear later in this

study this is likely to reflect a real difference as opposed to an image artifact. While

consideration of Figure 6.4 appears to indicate that the newborn lambs had far

fewer nodes than the more mature animals, a more rigorous statistical analysis was

performed to investigate the effect of age on nodal density (measured as described

in Section 3.5 of Chapter 3). The data within each age group was found to be

normally distributed; therefore parametric statistic tests (ANOVA with post hoc

Tukey tests, performed in SPSS) were used. The results from this analysis are

summarized in Tables 6.4, 6.5 and 6.6

Firstly, the nodal density was compared within each age group between spinal level

and endplate orientation. As shown in Table 6.4, there were almost no significant

differences in lineal density within age groups for the main levels examined (i.e.

L23, L34, L56). The only exception to this was the L67 level in the spring lamb,

which was only present in one of the spines, and thus is not really representative

data for this comparison. As L67 was included for the newborns when present it

was thought best to include it in the overall analysis here. Furthermore, when the

node densities for superior/inferior (cranial/caudal) were compared (as summarized

in 6.5), no significant differences were identified. So overall it is fair to conclude

that there is no significant difference between the levels.
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Following this, when each age group was compared, it was found that there were

significant differences between the newborn lambs and all other groups, and also

that there were significant differences between the mature ewes and all the other

groups. There were, however, no significant differences between the spring lamb

(3-4 months) and 12 month old lambs. Overall, the mean node density can be seen

to increase with age, as can clearly be seen in Figure 6.5.

Examination of high magnification DIC images reveals that the nodes themselves

(shown in Figures 6.6-6.9) are all very similar regardless of the age of the animal.

In every case, the nodes have the characteristic morphology identified in Chapter 4.

The fibrosity of the nucleus can be seen to sweep into points within the cartilaginous

endplate. In the images shown, the variable spacing of the nodes can be seen; that

is, single nodes and multiple nodes are imaged. This is due to the difference in

where the nodes are cut by the imaging plane as mentioned at the start of this

section. As identified in Chapter 4, the nodes are roughly symmetrical, and are

conical in cross section.

Special mention needs to be made of the notochordal cells. Figure 6.10 shows

an image from a newborn disc which shows the characteristic pinching off of the

notochord as identified in the literature (see Section 1.3). The two intact lamb disc

pictures also show the characteristic appearance of notochordal cells, with Figure

6.11A showing a centrally located cluster of cells and Figure 6.11B showing the

remnants of where the notochord was pinched off, as can be seen by the appearance

of the endplate. The three pictures from the ring severed and stretched lamb discs

in Figure 6.12 illustrate the effect of the notochordal cells on the behaviour of

the nucleus. Here, the fine fibrous structure of the nucleus seems to have been

disrupted by the cell clusters, and appears to flow around them.

However, in contrast to the published data on notochordal cells, which states

that sheep, like humans, lose their notochordal cells by the age of 12 months,

notochordal cell clusters have been observed in this study in 2-3 year old sheep

as can be seen in Figure 6.13. It should be noted that these clusters have been

identified visually, that is, no immunostaining was used to identify them. The

characteristic appearance of the cell clusters is such that this is adequate. However,

the presence of the notochordal clusters is usually accompanied by a depression in

the endplate. Two examples of this are shown in Figure 6.13 A and C which were

taken from mature discs.
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6.3 Discussion:

Firstly, when the results from axial loading of the lamb samples are compared with

the results from axial loading of the ewe samples, the responses of the samples

have some important similarities although the curves are quite different, especially

following peak load. The key similarities that can be seen in Figure 6.3 are the

stiffness of the unsevered sample (curve A) and the characteristic “J-curve” after

the initial easy extension, which, as explained previously in Chapter 4, is associated

with fibre extension. Following this “J-curve”, the sample reaches peak load and

undergoes initial failure, after which the responses are irregular, as would be

expected of samples that contain a range of fibre lengths which fail progressively.

While the absolute magnitudes of the loads and displacements vary between samples,

especially in terms of the peak load, these differences can easily be explained by

the size differences between the samples and the variability of the ring-severing

process. Due to the difficulty of obtaining accurate dimension measurements of the

samples, as previously mentioned in Chapter 4, it is not possible to convert this

load-displacement data to stress-strain data, which would enable direct comparison

between samples. Also, due to the highly variable nature of the “ring-severing”

process, even if this was possible, such a comparison would not be valid. However,

the similarities identified above between the response curves indicate that the

structure responsible for the mechanical properties of the sample is very likely to

be similar in architecture for all the age groups tested here.

This finding is confirmed by the images from the samples. Starting at the macro

level in Figure 6.2, it can be seen that while there are subtle age differences in

the morphology of the disc and its adjacent vertebrae, the overall structure of the

disc is similar from the newborn lamb to the mature ewe. The major differences

between the structures at various ages, specifically the changes in relative size

and shape of the nucleus and annulus and the extra concavity and density of

the endplates, are likely to be consequences of the adaptation of the disk to the

loads encountered in life as suggested previously in the literature13,124 and are in

agreement with the findings of previous research132. While it would be useful for

the sake of completeness to have an additional group of very old ovine discs to

observe age related changes in them, due to the limitations of the tissue supply

used in these studies, it was not possible to obtain a reliable source of aged discs.
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There are obvious similarities in the structure of the ring-severed and stretched

discs from each age group as seen in Figure 6.3. This indicates that the loading

conditions acting on the disc do not vary widely throughout life. Based on this,

it seems likely that the mechanisms of attachment between the nucleus and its

surroundings are also similar throughout the life of the disc, at least in normal,

healthy discs.

Having confirmed that the overall structure of the disc does indeed vary somewhat

with age and that these changes are largely as a result of a response to loading,

the microanatomy of the discs was examined. Particular attention was given

to the nodes identified in the previous chapter that attach the nucleus to the

endplate. As can be seen in Figure 6.6 - 6.9, these are similar in terms of their size

and morphology throughout maturation. The characteristic sweeping structure

identified in Chapter 4 can clearly be seen in all age groups. This indicates that the

loading experienced by the nodes, and hence the functional properties, is similar

throughout the life of the disc, at least in its healthy state. While the immature

discs were not examined with SEM as in Chapter 5, based on the microstructural

similarities here, it is very likely that the interweaving mode of fibril integration

identified by SEM (see Figure in Chapter 5) would also apply to the lamb discs.

Considering nodal density, the lack of significant differences between levels within

each age group suggests that the overall pressure within the disc and the loading

regime that the disc is subjected to is relatively similar between levels, as it seems

fair to assume that the nodal attachment region would adapt to the loading it

experiences as other biomaterials do. Certainly, based on this, it does not appear

that any one level in particular is very different to the others, at least in terms of

node density

Based on this principle, the lack of significant differences between the superior

and inferior (cranial and caudal in the ovine system) endplates within each age

group seems sensible because the nucleus region is hydrostatically loaded, thus it is

perfectly sensible to expect that the loads should be evenly distributed within it.

Thus it follows that the node density within this region would be expected to be

the same throughout, which the analysis used in this study indicates is the case for

these results.
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From the comparison of nodal density between the age groups, it can be seen that

the nodal density increases with age. Also, that there is quite a rapid increase

between the newborn lambs and the 3 month old lambs, after which the density

rises more gradually to maturity. The newborn lambs, of course, will presumably

have experienced little loading in utero, and thus the low nodal density observed

seems plausible. No significant differences were identified between the 3 month old

and 12 month old lambs, but the mature node density was significantly different

from all other age groups. This increase in the number of nodes could be due to

the difference in the loading of the disc in life, as opposed to in the foetus, where it

presumably does not experience the forces that it would in normal life. However,

whether the increased number of nodes is a consequence of the growth of the disc,

or is a consequence of the response to loading on the spinal column or is due to a

combination of these factors is unclear from these results. What is clear is that

between the newborn lamb and the 3 month old lamb, the number of nodes roughly

doubles. Further, this density continues to increase, though much more gradually

into maturity.

The presence of the notochordal clusters is an interesting aside. As previously

mentioned in Section 1.13, sheep, like humans, are thought to lose their notochordal

cells by maturity. However, the mature sheep used in this study still appear to retain

some of their notochordal cells. As can be seen in the images (see Figures 6.10, 6.11,

6.13 in newborns through to the mature lambs), these retained notochordal cells are

often accompanied by a notch or depression in the endplate, where the vertebra has

condensed around the notochord during development. Mechanically, this notochord

depression would likely have the effect of a stress riser, which under conditions

of overload, would potentially be a weak point in the endplate. Additionally, as

can be seen in Figure 6.12, the clusters do not appear to be continuous with the

fine nucleus fibres. In fact, in many of the samples examined during the course of

this work, the notochordal clusters fell out of the sections while being examined.

Therefore, it seems fair to suggest that the presence or lack thereof of the retained

notochord could alter the mechanical environment of the nucleus. This could be

an area for future investigation.

While this study was performed on ovine discs, which are thought to be somewhat

similar to human discs, there are some important differences between human and

ovine discs that should be considered if these features are to be investigated in
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human discs. The main difference between ovine and human (indeed between human

and most commonly used model systems) is the presence of the ring apophysis,

which as mentioned in Section 1.13 acts as a growth plate for the vertebra. Other

model systems, including the ovine system here, have growth plates on the vertebral

surfaces. Presumably, this would only be an issue for the attachment of the outer

annulus. The morphology of the nucleus-endplate region should be similar for both

species based on the obvious mechanical similarities of the structures. Future work

should be performed to confirm the presence of nodal attachments in the nucleus-

endplate region of the human disc. Also, the presence of residual notochordal cells

is worthy of further investigation. As described in Section 1.7 it is thought possible

that they may also be retained in humans, and given the endplate abnormalities

shown here associated with the notochord, if this were to be the case in humans,

could be associated with endplate failure.
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6.4 Conclusions:

The previously identified overall age related structural changes in the discs described

in the Background section of this thesis have been observed in this study. Specifically,

the nucleus becomes smaller relative to the annulus, and seems to move to the

posterior of the disc. Also, the endplates become more concave with increasing age,

especially over the nucleus region of the disc. These changes are well documented,

and are likely to be related to some combination of maturation and loading related

factors. In terms of the microanatomy of the disc, the nodal attachment points

identified previously (see Chapter 4) are present in all age groups examined here

(newborn, 3 month old, 12 month old and 3-5 year old ewe). Statistical analysis

shows that the newborn lambs have a significantly lower nodal density than all

other age groups, that there is no significant difference between nodal density in

the 3 month old and 12 month old lambs, and that the nodal density in the mature

ewes is significantly higher than in the other age groups. Further, to this, it can be

seen that the size and morphology of the attachment points were similar for all

ages examined in this work. Overall, this suggests that the disc rapidly adjusts to

the loading conditions it experiences in life, and possesses some ability to adapt to

the loading it is subjected to from birth to maturity. Age related and degenerative

changes would presumably alter the environment of the nucleus. The role of the

notochord in the ovine (and human) spinal column should be further investigated.
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Chapter 7

On the extent and nature of

nucleus-annulus integration

7.1 Introduction:

The findings described in the previous chapters indicate that the structure of the

disc nucleus is in reality very different to how it is generally portrayed in the

literature. Rather than being a largely unstructured gel that possesses little or no

structural integration with its surroundings, the results presented so far indicate

that the concept of a largely separate nucleus is overly simplistic, in fact incorrect.

Using prepared vertebra-disc-vertebra samples in which the strain-limiting influence

of the annular fibres is eliminated using a novel ring-severing technique (described

in Section 3.2, it was possible to transmit loads of up to 30N through these samples

from endplate to endplate via the nucleus elements alone. These experiments

provided unambiguous mechanical evidence that there is a significant degree of

structural integration between the nucleus and its immediate cartilaginous endplates

as described in Chapters 4, 5 and 6.

Further, by formalin-fixing these endplate-nucleus-endplate samples in situ in their

stretched state it has been shown that it is possible to image actual nucleus fibre

bundles running from cartilaginous endplate to endplate and entering the endplates

both as structurally concentrated nodes and as a more dispersed form of endplate

anchorage. Fibril level investigation reveals that there is interweaving of the nucleus

and cartilaginous endplate fibrils in the nodal regions. In effect, the novel technique
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used in these recently published experiments enabled an apparently shapeless,

apparently amorphous nucleus structure to be unravelled into what it actually is -

a structurally coherent array of collagen fibres/fibre bundles, many of which run

from endplate to endplate with the ability to carry a substantial load as described

in the previous chapters. However, it is important to again emphasise that the

fibres are extremely unlikely to be exposed to such tensile load in vivo.

The presence of considerable endplate to endplate structural integrity raises the

question: is there also transverse structural integration both within the nucleus and

between the nucleus and inner annulus? As described in Sections 1.5 and 1.6, the

boundary between annulus and nucleus is generally acknowledged in the published

literature to be unclear, and especially so with increasing age. This is because with

ageing the nucleus becomes more fibrous and less hydrated, presumably due to the

loss of proteoglycan content associated with age-related degeneration6,12. Attempts

have been made to describe this transition zone between the annulus and nucleus,

as for example in the study by Taylor et al133. However, these investigators focussed

on the metabolic activity in the transition region rather than on its structural

architecture. Yu et al113 have described an elastin fibre network in the boundary

region between the annulus and nucleus, which takes the form of a criss-cross lattice

of fibres. It was suggested that this network helps maintain the functional form of

the disc.

With these ambiguities in mind, this fourth component of this thesis addresses

the related question of whether there also exists a significant degree of structural

integration between the nucleus and the annulus, and specifically the inner annulus.

In order to do this, a novel method that removes the influence of the endplates and

the annulus that is in parallel to the direction of loading was devised. The purpose

of this is to isolate the nucleus from the constraining influence of the adjacent

endplates and annulus so that it can be directly loaded. As in the previous studies,

one group (consisting of 20 samples from 4 lumbar spines) of isolated annulus-

nucleus-annulus samples were subjected to tensile loading while another group

(53 samples from 12 lumbar spines) was prepared for microstructural examination.

Full details of this method can be found in Section 3.6. However, it should be

noted that the sample preparation methods were slightly different depending on

whether they were to be subjected to tensile testing or microstructural examination.

The former group had the nucleus totally isolated by removal of the endplates
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that would otherwise cover it, while the endplate was left in place over the central

nucleus in the latter group. This was done in order to further constrain it and

facilitate imaging of the nucleus.

7.2 Results:

As mentioned in the introduction, defining an exact boundary between nucleus and

inner annulus has always been problematic for disc researchers. Far from being

imaged as a discrete junction there is a subtle structural gradation that relates the

two regions proper. In the results and discussion that follow the nucleus is defined

as a region with no apparent alternating lamellar structure and exhibiting the

characteristic nodal insertions of fibres described in detail in the previous chapters as

distinct from the clearly defined and strikingly different annular lamellar insertions

into the endplate.

A typical load vs. extension response of a nucleus-isolated sample prepared as de-

scribed in Section 3.6 is shown in Figure 7.1. The general shape of the load/extension

curve exhibited a consistent trend with an initial phase of easy extension followed

by a rapid but smooth increase to a peak load (often referred to as a “J” type

response) and finally an irregular decay in load to eventual failure. Averaged over

all tested samples the mean peak load carried was 5.7 N (range 2-11.5 N).

A sagittal section taken from an intact motion segment is imaged in Figure 7.2 and

illustrates how in this undisturbed state the nucleus has a disordered appearance

indicating its seemingly unstructured arrangement. Further, when the endplates

were severed as described in Methods section 3.6 and the sample fixed in this

severed but still unstretched state, a similar disordered structure can be seen as is

shown in the more enlarged image in Figure 7.3. This confirmed that the process

of severing the endplates did not significantly alter the appearance of the nucleus.

Following tensile loading of the slab sample (see Figures 7.4, 7.5) the fibrous

structure of the nucleus, although still difficult to image at the optical level,

is clearly being drawn into an approximate alignment in the transverse stretch

direction as well as an associated reverse in-pulling of the inner annular layers (see

site X in Figure 7.4). Note also that even the central portion of the nucleus has

been drawn out in the same transverse direction (see arrows in Figure 7.5).
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Figure 7.1: Typical load-extension response of the nucleus-isolated sample prepared as
in Figure 3.1. Matching images of the sample response at three locations on the load
response curve are also included. Note that these images are viewed as shown in the
schematic on the right of the figure. (Reprinted with permission321)
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Figure 7.2: View of a sagittal section taken from an intact slab sample. Note particularly
the folded, disordered appearance of the nucleus in this view. This is an inevitable conse-
quence of imaging the pseudo-random, unstretched fibrosity of the nucleus. (Reprinted
with permission321)
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Figure 7.3: View of a sagittal section taken from an unstretched slab which has had its
inner annulus-nucleus junction isolated by localised removal of endplate material (see
arrowed locations). Note that the nucleus still appears folded and disordered. (Reprinted
with permission321)
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Figure 7.4: View of a sagittal section of the anterior annulus and nucleus taken from a
slab sample which has had its endplate-nucleus junction isolated by localised removal of
endplate and then stretched approximately 500%. The fibres of the nucleus have been
drawn into near transverse alignment (see arrows in boxed region shown enlarged in Figure
7.5). Note the reversal of the annular layers (especially near X) due to extensive in-pulling
arising from the inner annulus-nucleus connectivity. (Reprinted with permission321)

Figure 7.5: View of the transition region between annulus and nucleus from the sample
shown in Fig 7.4. Note that the fibres of the nucleus have been drawn into near transverse
alignment. (Reprinted with permission321)
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Figure 7.6: (Oblique section) Lower magnification view of the nucleus/inner annulus
junction showing transverse lines of tensile loading (the darker fibrosity in the boxed
region) indicating that the fibres of the nucleus have been drawn out of their normal
convoluted configuration and re-aligned towards the transverse direction of loading. Note
the perpendicularly aligned inner annular bundles on the left of the image. (Reprinted
with permission321)
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Figure 7.7: Higher magnification view of the boxed region in Figure 7.6. The dark
transverse lines of tension (X) appear to end within the faintly imaged vertical inner
annular layers (see white arrows). (Reprinted with permission321)
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Figure 7.8: Higher magnification view of the boxed region in Figure 7.7. Although
only faintly imaged the sites A and B show branching of the nucleus fibre bundles
(approximated by dotted lines). (Reprinted with permission321)
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Using sagittal sections it was not possible to image with any degree of clarity the

relationship between the transversely directed nucleus fibres and the inner annular

layers that appeared to be in-pulled by these nucleus fibres. Given previously

reported success in using oblique section planes to view the structure of the

annulus118,119, and the likelihood that any attachment of the nucleus fibres would be

strongly associated with the angled fibres of the inner annulus, oblique section planes

were employed to further investigate the details of potential inner annular/nucleus

connectivity. Although still difficult to view microscopically in these oblique

sections, a clearer picture of the nature of the inner annulus/nucleus transition did

begin to emerge.

For example, in (Figures 7.6-7.8) the transition from annulus to nucleus is shown

at progressively higher magnifications. Beginning first with the low magnification

image in (Figure 7.6), the in-pulling of the inner annular layers (see region X)

does appear to be associated with the transversely redirected nucleus material (see

boxed region). At a greater enlargement (Figure 7.7) this association becomes more

distinct between the darker regions of transversely redirected nucleus material and

the inwardly pulled inner annular layers (see arrows).

The boxed region in (Figure 7.7) is shown further enlarged in (Figure 7.8) and here

two points at which the fibres of the nucleus branch out into the inner annulus can

be seen, as indicated by the dashed lines at A and B. Interestingly, these points

of attachment are at two different levels radially in the nucleus. Again, the fine

fibrosity of these attachment points is evident with the horizontally aligned nucleus

fibres branching and blending into the surrounding inner annular fibres.

7.3 Discussion:

The ability of the prepared sagittal slabs to sustain substantial levels of tensile

loading in the transverse direction provides clear evidence that some form of

structural continuity exists between the nucleus and inner annulus. The high levels

of transverse extensibility (around 5-fold) that were achieved in these samples

in which the entire endplate material abutting the nucleus had been completely

removed (as per Figure 3.1C) excludes the possibility that residual annular fibres

in the sample might have carried the measured peak loads of up to 11.5N.
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The “J” form of the load/extension curves up to peak load is (as previously described

in this thesis) typical of many highly extensible soft tissues in which there is a

progressive recruitment of the load-bearing elements42. The fibres in the nucleus

region, having varying degrees of convolution and thus varying unravelling lengths,

will be loaded (and eventually rupture) sequentially rather than simultaneously,

thus yielding an irregular pattern of declining load-bearing following the attainment

of peak load (Figure 7.1). This is entirely consistent with the behaviour of the

nucleus when loaded in the axial direction, as described in the previous chapters.

While earlier investigators saw the nucleus as a distinct, even isolated entity, the

general consensus now is that the nucleus varies in shape and size with age, and that

the boundary between nucleus and annulus becomes increasingly difficult to define,

especially with advancing degeneration8,12. Although it has been shown recently

that there is considerable integration between the nucleus and endplates of the disc

(as first described in Chapter 4) there has been little, if any, information published

on what degree of structural integration might exist between the nucleus and the

surrounding annulus. Interestingly, an earlier study of mechanical disruption of

bovine caudal discs using varying degrees of flexion, hydration, and loading rates322,

demonstrated that it is possible to effectively free the nucleus from its surrounding

annulus these earlier findings which did not incorporate any microstructural

assessment are clearly consistent with some form of annular-nucleus integration.

For the purposes of exploring the highly convoluted structure of the nucleus, it is

reasonable to suggest that a methodological weakness lies in the use of standard

histological thin sections taken from discs that have not been chemically fixed in a

defined stretched state. The novel method used in this work of stretching and fixing

a prepared slab of annulus-nucleus-annulus draws a substantial amount of inner

annulus-nucleus structure into a plane that subsequently becomes the sectioning,

and thus, imaging plane. It is sections obtained from this same plane that can best

reveal evidence of structural integration between the nucleus and inner annulus.

The above interpretation is consistent with the images obtained from sagittal

sections taken from unloaded samples. In these sections (Figures 7.2, 7.3) the

nucleus fibrous structure is irregular and has all the appearance of an unstructured

tissue mass, and thus difficult to image optically. Sections taken in a sagittal plane

that cuts through this irregular fibrous configuration will obviously present as a

fragmented structure when viewed in a two-dimensional imaging plane. This work
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indicates that much of the histological data published on the disc and specifically

the inner annulus-nucleus relationship, suffers from this methodological limitation.

However, simply by transverse stretching a sagittal slab of adequate thickness, a

sufficient amount of this irregular structure is re-aligned to allow capture of its

overall continuity and connectivity with the inner annulus.

It is important therefore that the section plane used to view this artificially aligned

structure is selected with care. For example, although the sagittal sections in

Figures 7.4 and 7.5 hint at connectivity between the nucleus and inner annulus, it

is not possible to obtain clear images of the fibrosity from these sections. However,

when the samples are sectioned obliquely with respect to the fibres of the inner

annulus, the resulting images (see Figures 7.6-7.8), though still of limited clarity,

do provide some insight into the nature of the nucleus/inner annulus transition.

Figure 7.6 indicates that we are indeed looking at the inner annulus/nucleus

transition, and Figure 7.8 illustrates the branched, sweeping nature of the nucleus

fibrosity in the regions of presumed attachment. The image also shows that this

branching, far from being an isolated phenomenon, is extensive and occurs at

multiple radial levels through the lamellae of the inner annulus (see dashed arrows).

This branching/sweeping morphology of the nucleus fibres into the inner annular

layers suggests actual connectivity between the two and is certainly consistent with

the annulus-nucleus boundary being able to sustain a measurable level of transverse

force as illustrated by the mechanical data in Figure 7.1.

The existence of such connectivity is particularly interesting when considered

together with the findings of a previous study (described in Chapter 4), specifically

that the nucleus possesses endplate to endplate connectivity, and that the fibres of

the nucleus are attached to the endplates via discrete nodes of attachment as in

Figure 7.9 (see overleaf).

These results indicate that the nucleus, at least in the ovine disc, rather than

being a separate entity as suggested by much of the published literature, is in

fact highly integrated with both the inner annulus and endplate. Based on the

mechanical and structural evidence obtained from both the present study and the

axial endplate-nucleus-endplate study which is presented in Chapter 4 it seems

reasonable to propose that the fibrosity in the nucleus arises from the summation

of three distinct sets of collagenous elements illustrated as follows in the series of

schematics shown in Figure 7.10 (see overleaf):
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Figure 7.9: Image showing the discrete insertion nodes identified in Chapter 4. Note the
deep attachment of the nucleus fibres into the cartilaginous endplate (CEP). (Reprinted
with permission321)
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7.3 Discussion:

Schematic (A) shows how fibre elements spanning the nucleus transversely and

anchoring into the inner annulus would provide the significant load-bearing ability

as demonstrated in Figure 7.1. Note the length differences and increased convolution

of the central transverse elements that would account for the progressive mode of

failure.

Schematic (B) illustrates an oblique mode of fibre connectivity between the endplate

and inner annulus and is consistent with the sweeping curved fibre arrays observed

in the transversely stretched slab samples (see Figures 7.4, 7.6).

Schematic (C) shows the previously reported vertical fibre elements running from

endplate-to-endplate. Again, these are increasingly convoluted towards the central

nucleus thus accounting for the ability of the nucleus to unravel and extend

significantly before progressive failure of the fibre bundles occurs in order of length

as reported previously in Chapter 4.

Schematic (D) shows how in the unstretched tissue a pseudo-random fibrous

arrangement in the nucleus can be generated from the superimposing of the

individual element sets presented in (A), (B) and (C). Such a 3-D network is

entirely consistent with the ability of the nucleus fibres to be aligned with both

axial and transverse tensile stretching.

While the integration of the nuclear fibres in the endplate is now known to involve

a nodal anchorage mechanism (see Chapter 4 and schematic in Figure 7.10F) it is

much less clear to us how a corresponding interconnectivity is achieved between

the nucleus fibres and the inner annulus. However, given that substantial levels

of load can be communicated across this junction (see Figure 7.1) this connection

must be moderately robust. A tentative structural model is shown in the simplified

schematic in Figure 7.10E in which the nucleus fibres sweep in and align with the

fibrosity of the inner annular layers. This mode of integration is plausible given

that a similar mechanism has been demonstrated experimentally for integration

between annular layers in an earlier published study117.

The present study has demonstrated experimentally that there exists a robust

tension-resisting interconnectivity between the nucleus, endplate and inner annulus.

However, because the nucleus functions primarily in hydrostatic compression during

normal disc function in vivo it is unlikely that this interconnectivity contributes in

any substantial way to the overall strength of the motion segment. Instead, it seems
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Figure 7.10: Proposed model for the structure of the disc nucleus and its integration
with both the endplates and inner annulus. A generic schematic of the disc is shown in
the lower right to locate the new model with its surroundings. The three schematics to
the left (A, B, C) illustrate the three primary modes of fibre organisation of the nuclear
fibres which when superimposed, result in a three dimensional pseudo-random network
(D). Note especially the greater convolution of the central nuclear fibres. The two modes
of attachment of the nuclear fibres with the inner annulus (E) and endplates (F) are
shown in the right of the schematic. (Reprinted with permission321)
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fair to suggest three important roles that would be crucial to the maintenance of

the discs physiological function: these are as follows:- Firstly, having the nucleus

fibres anchored but heavily convoluted confers on the nucleus a form of tethered

mobility such that it can accommodate the significant shape changes associated

with normal disc function, especially those involving flexion and bulging during

direct compression. Secondly, these loosely tethered nucleus fibres would function to

contain the proteoglycans via collagen-proteoglycan interactions so as to maintain

the hydration potential of the nucleus. Being bound to the tethered fibres, the

proteoglycans would be prevented from leaking out through the annular layers thus

maintaining the nucleus as a hydrostatically functioning entity fully contained by

the annulus and endplate. Thirdly, this fibrosity would provide a substrate for the

cells within the nucleus so as to maintain an appropriate biological environment

for the cells.

7.4 Conclusions:

This study has provided new insights into the structural relationship between

the nucleus and its surroundings. These results show that the nucleus contains a

convoluted but highly structured network of fibres of varying lengths which appear

to integrate with the inner annulus and confer a significant degree of transverse

interconnectivity that can be demonstrated mechanically. This new experimental

evidence, together with that presented in Chapter 4 demonstrating nucleus-endplate

connectivity, makes it clear that the nucleus cannot be considered as a separate

entity in the disc. The likely role of this structural integration is to provide the

nucleus with a form of tethered mobility that supports physiological functions

distinct from the primary strength requirements of the motion segment.

The research described in this chapter has been published in the ISSLS Prize edition

of Spine (Kelly R. Wade, Peter A. Robertson, Neil D. Broom. On the extent and

nature of nucleus-annulus integration. Spine, (Currently in press), 2012321. The

figures and text from this paper have been used in this chapter with kind permission

from Wolters Kluwer Health. Also, this paper has been presented at international

conferences in 2011 and 2012323–325.
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Chapter 8

Summary:

8.1 Overall synopsis

As described in Section 1, the prevalent view in literature is that the disc nucleus is

an amorphous, gelatinous substance that possesses little or no structural cohesion

with its surroundings. It is considered to be a hydrostatic fluid whose purpose

is to transmit the compressive loads on the spinal column into the annulus, thus

converting them into tensile forces. Furthermore, the boundaries between nucleus

and annulus are acknowledged to be difficult to define and are known to vary with

age and degeneration.

The series of studies described in this thesis originated from observing unusual

structural features in the nucleus endplate boundary of the transition region

of samples that had been axially loaded to partial failure. In order to further

investigate these features, the nucleus was isolated by removing the influence of

certain surrounding elements. The preliminary study involved simply removing

the outer annulus and associated vertebrae, then severing the remaining inner

annular lamellae and stretching the resulting sample by hand. This produced

what was at the time a rather surprising result: even with the annulus severed,

as judged by sudden extension of the sample, the sample (now consisting of only

vertebra-nucleus-vertebra) could still bear a substantial tensile load which was

estimated to be in the order of 20-30 N. The samples were also highly extensible,

being able to bear a load at 300-500% of the original disc height.
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Figure 8.1: A: A schematic overview of the basic methods used in this thesis in which slabs
of vertebra disc vertebra were sawn from motion segments, and then the nucleus isolated
in either the transverse or axial direction. B: Macro view of an untested sagittal section,
in which the convolution of the nucleus is clearly visible. C: Macro view of a sample which
has been subject to axial stretching. Note especially the induced alignment of the fibres of
the nucleus. D: Macro view of a sample which has been loaded transversely. Again, note
the induced alignment of the nucleus fibres. E: Nucleus-cartilaginous endplate insertion
nodes. F: Nucleus fibre bundles branching out into the inner annulus as indicated by the
white dashed lines. 154



8.1 Overall synopsis

Figure 8.2: Proposed model for the structure of the disc nucleus and its integration with
both the endplates and inner annulus A generic schematic of the disc is shown in the
lower right to locate the new model with its surroundings. The three schematics to the
left (A, B, C) illustrate the three primary modes of fibre organisation of the nuclear fibres
which when superimposed, result in a three dimensional pseudo-random network (D).
Note especially the greater convolution of the central nuclear fibres. The two modes of
attachment of the nuclear fibres with the inner annulus (E) and endplates (F) are shown
in the right of the schematic. The proposed mechanism of fibril interweaving at the node
tip is shown three dimensionally in the lower series of images (I-K). Here, the general
arrangement of nuclear fibrils in the nodal region is shown firstly with no endplate fibrils
(I), then with one simplified layer in (J) and with a great depth of endplate fibrils in (K)
(Reprinted with permission312,313,321)
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This was certainly not the behaviour expected of what had generally been described

previously as an unattached gel. Indeed, this phenomenon had to be seen to be

believed, and even now it is difficult to truly express my surprise and wonder at

the properties of this structure. After repeating this experiment several times to

be sure that this effect was real, a more rigorous testing protocol was developed

as described in Section 3 and shown summarised in Figure 8.1A to investigate

the mechanical properties of these nucleus-isolated samples and to investigate the

microstructure in order to discover the reasons for these mechanical properties.

By fixing the samples in an extended state, it was hoped to draw the fibres of

the nucleus into an induced alignment to facilitate imaging. This is a useful and

powerful technique for studying biomaterials, which by their nature are highly

extensible and thus in their natural state can be highly convoluted. When a section

is taken from one of these highly convoluted structures in its natural state, it is

likely that its fibres are being sectioned out of plane and the true nature of their

detail will thus remain unseen.

This first study, described in Chapter 4 found that the vertebra-nucleus-vertebra

samples could support approximately 25 N of axial tensile load. Further, these

samples had a characteristic load-displacement curve-after an initial phase of easy

extension, the load smoothly rises to its peak value. Following the peak load, the

sample undergoes progressive irregular failure over a relatively large displacement

while still being able to bear a substantial load. This suggests that the nucleus

consists of fibres with a wide range of lengths-as one set of fibres is loaded and

fails, the load is thus transferred into the next. This concept was confirmed by

microstructural examination of the samples that were fixed in the loaded position.

In these samples (see typical image in 8.1C), the fibres near the edge of the nucleus

can be seen to be drawn into alignment and also to be continuous from endplate to

endplate, while the mid nucleus region still appears somewhat discontinuous which

could imply that it is a separate structure. However, a more complex loading and

fixation technique showed that this region too is connected with the endplates.

Closer examination of the nucleus-endplate region revealed that the nucleus fibres

seemed to integrate with the fibres of the cartilaginous endplate via characteristic

nodal insertions which were present throughout the nucleus region. A typical node

is shown in Figure 8.1E. Use of a range of section planes and serial sectioning

techniques showed that these nodes are symmetrical and have a characteristic
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conical parabolic shape when viewed in cross section (see Chapter 4 for details).

However, the exact details of the fibrous integration within the node were not

able to be viewed at the levels of magnification possible with light microscopy.

Therefore, the second investigation in this series of studies involved examining the

nucleus-endplate region and the nodal insertions in particular at the fibrillar level

using scanning electron microscopy, or SEM. This is presented in Chapter 5

Again, samples were prepared using the ring-severing procedure developed in the

first part of the investigation and fixed in the loaded state in order to draw their

highly convoluted fibres into alignment. They were then sectioned and prepared

appropriately for SEM examination. Initially, it was found that there was good

agreement between the images obtained via light microscopy and low magnification

SEM. The different regions of the disc could be easily identified and it was possible

to see nodes within the cartilaginous endplate. However, obtaining clear and useful

images of these nodes was difficult due to the nature of SEM which requires that

detail to be imaged must be present on the surface of the sample.

A thorough examination of the nucleus-endplate region at high magnification found

that the fibrils of the nucleus had indeed been drawn into an induced alignment by

the applied axial load. These fibrils seemed to have been drawn out from the fibrils

of the endplates in which they were presumably embedded. Examining a range of

section planes revealed that the fibrils of the endplates formed a multidirectional

interwoven mat, in which the fibrils ran parallel with the vertebral endplates.

Careful selection and examination of sections revealed that the nodal fibrils seemed

to interlock with this meshwork of endplate fibrils near the nodal tip. This provides

an explanation for the mechanical integrity observed across this junction. A

schematic representation of this morphology is shown in 8.2 I-K

The effect of age on the properties and morphology of the nucleus was investigated

in the third study, which is described in Chapter 6. In addition to the mature

samples examined previously, the ring severing and tensile testing or microstructural

examination procedures were applied to three younger age groups: newborn lambs,

3 month old lambs and 12 month old lambs. Axial tensile testing showed key

similarities in the mechanical responses of the samples to loading; that is; they all

exhibit a smooth rise to peak load, followed by progressive failure. This implied

that the basic structure of the nucleus is fairly similar across all age groups.
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Microstructural analysis of the samples that were not tested to failure confirms

this. The induced alignment of the nucleus was clearly visible to some extent in all

samples, and nodes were observed in all age groups. However, when the normalised

lineal density of the nodes was calculated and analysed, it was found that there

were significantly fewer nodes in the newborn lambs than in the more mature

age groups, no difference between the number of nodes in the 3 month old and

12 month old lambs, and significantly more nodes in the mature ewe than in the

lambs. This implies that mechanical loading may well play an important role in

the development of the nucleus fibre network. However, the general morphology

of the individual nodes was similar in all age groups, implying that the basic role

of the nodes is similar throughout life, at least in normal, healthy discs. Overall,

the results from this study suggest that the disc rapidly adjusts to the loading

conditions it experiences in life, and possesses some ability to adapt to the loading

it is subjected to from birth to maturity.

These three studies have established the presence of a fibre network with structural

connectivity from endplate to endplate that can bear a substantial axial tensile load.

This raises the obvious question: is there also some form of structural integrity

present transversely, that is, from one side of the nucleus to the other? In order to

investigate this, a method of isolating the nucleus-annulus boundaries by removing

the endplate covering the nucleus was devised. The results of this are presented in

Chapter 7. Again, tensile testing was conducted to investigate the properties of

the nucleus in the transverse direction. This found that again, the nucleus could

support a substantial tensile load in the transverse direction. This implied that

there was some sort of structure present transversely across the nucleus.

Microstructural analysis of the samples that had been stretched transversely and

fixed while held in this state revealed that the fibres of the nucleus had been drawn

into alignment with this applied load between the walls of the annulus (see Figure

8.1D). Careful examination of the nucleus-annulus interface revealed that the fibres

of the nucleus do in fact integrate with the annular lamellae in the transition zone

between the nucleus and annulus via a characteristic mode of insertion in which

the fibres of the nucleus fan out into the inner annular lamellae as can be seen

in Figure 8.1F. This mode of integration provides a plausible explanation for the

transverse resistance to load that was observed in this study.
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8.2 Future work:

The results of these four investigations paint a very different picture of the nucleus

than the general view seen in literature. Far from being a gel which possesses little

to no integration with its surrounding structure, these results show that the nucleus

can bear a substantial tensile load both axially and transversely. The integration

of nucleus with its surroundings, that is, both the cartilaginous endplates and the

annulus via the two distinct modes of integration identified in these studies explains

the ability if these structures to bear substantial loads. A schematic summarising

these mechanisms of integration is shown in Figure 8.2 A-H

These studies do however raise the obvious question: why is the nucleus capable of

resisting a tensile load? Firstly, it needs to be emphasised that tensile loading was

used in this work merely to draw the greatly convoluted structure of the nucleus

into alignment. Also, consideration of the tensile test results shows that even the

remnants of the annulus are both far less extensible and capable of resisting a far

higher load than the nucleus. This implies that the integration of the nucleus with

its surroundings does not bear a significant role in the tensile load bearing capability

of the disc. So what role does it play? At this stage, it seems most likely that the

integration of the nucleus with its surroundings anchors the nucleus in place within

the disc, preventing it from being extruded through the walls of the annulus under

load. The highly convoluted fibrosity of the nucleus confers a high degree of mobility

upon it, allowing it to accommodate the shape changes the nucleus encounters

during life. These fibres also provide a substrate for the cells and proteoglycans

contained within the nucleus. Thus, the models proposed from the results of

this work provide a plausible explanation for the obvious and well documented

hydrostatic mobility of the nucleus. Clinically, the integration of the nucleus with

its surroundings explains why fragments of endplate are observed in herniated

material254. Though no endplate failure was observed in the studies presented in

this thesis, a probable explanation for this observation is that degenerative changes

could weaken the endplate, and if the disc subsequently herniates, fragments of

endplate could be drawn out if they were still attached to the nuclear material.

8.2 Future work:

There are many possible directions for future investigations based on these studies.

The first and most obvious of these would be to repeat aspects of this work while
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using human tissue in order to confirm the presence of nucleus-endplate integrations

via nodal insertions in the human system. Given the well-documented similarities

between the ovine and human system it may not be necessary to use a great

quantity of tissue to do this. Secondly, it would be very interesting to know what

the nucleus fibres are made of, especially in the nodal regions. This could be

achieved relatively easily by the use of standard histology and immunostaining

techniques on either ovine, possibly bovine or human tissue.

An obvious area for investigation is the cartilaginous endplate-vertebral endplate

junction. While it is clearly possible to transmit tensile load across it, as shown in

the sections involving axial tensile testing, this issue was not specifically addressed

in this work. The fact that it is possible to transmit tensile load across this junction

implies that there is likely to be some form of structural cohesion present between

these structures. However, there is little specific detail on this junction in the

literature. Investigation of this region would probably require the use of SEM

with careful selection of section planes. A thorough compositional analysis of this

junction could also be useful in understanding its properties.

It would also be very interesting to obtain a true three dimensional picture of the

nucleus-endplate region. One way to do this could be to photograph a large number

of serial sections and perform a three-dimensional reconstruction of the resulting

images. This could be conducted as an age effects study to further investigate the

development of the nodal insertion network. This would overcome one of the major

limitations of the present work, which for the most part looks at two-dimensional

sections of tissue. The obvious problem with such three dimensional reconstruction

is that it is by nature extremely time consuming work.

Another area for investigation is the nucleus-annulus insertion nodes. Obviously,

the study presented here did not investigate this at the fibrillar level. While a fibril

level study would be much more difficult to perform than the fibril level study of the

nucleus-endplate region described in this thesis, it would further explain the mode

of integration described in Chapter 7. The best way to do this would probably

be to use SEM and carefully select the section planes for the study. A somewhat

related investigation could be an age effects study looking at the nucleus-annulus

boundary in newborn lambs and other levels of maturity.
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8.2 Future work:

The effect of the mechanical environment on the behaviour of the cells of the nucleus

and, indeed, understanding the cell population of the disc itself is an area worthy

of further study. While not the main focus of these investigations, notochordal

cell clusters have been observed in discs of all ages, including those from mature

animals. This raises the question: what is the role of these notochordal cells?

Do they differentiate into the chondrocyte-like nucleus pulposus cells or do these

originate from another source? If the chondrocyte like cells originate from another

source, then what is the role of the notochord and what factors are responsible for

its disappearance? As seen in the pictures in the age effects study, the presence

of the remnant of the notochord is very often accompanied by a depression in the

endplate, which would intuitively seem to weaken the endplate by creating a stress

riser.

Understanding the relationship between the fibres of the nucleus and the cells

within the nucleus could provide insights into the process of disc degeneration in

terms of whether it originates in the cells as would be the case if cell dysfunction

leading to poor fibre maintenance. Another initiation point could lie in the

mechanical environment of the cells, for example, fibre failure could lead to altered

cell behaviour. Alternatively the physiologic environment of the cells and fibres

could be responsible, which would be the case if the nutritional pathways to the

disc were disrupted by calcification of the endplates or other mechanical damage

to the system.
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