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Abstract

his investigation compared the effectiveness of chemonucleolysis with 500 units of
T collagenase, to lateral fenestration of the thoracolumbar intervertebral discs of the non-
chondrodystrophoid dog. Effectiveness was based on the amount of nuclear material removed
from the disc and the associated modifications to intervertebral disc structure, as determined
by histological examination. The object was to determine whether the percutanecus injection
of collagenase enzyme could be an alternative to fenestration as a prophylaxis against herniation

of a degenerate intervertebral disc.

Cighrone yearold, non-chondrodyserophoid mongrel dogs were used in the experiment. Apart
from rwo dogs which remained untreated, the remaining six dogs were from two licters which
had been sired by the same animal. Two of these dogs had six intervertebral dises (T10/11 to
L.2/3) injected with 500 units of collagnease V1Is delivered percuraneocusly. Another two dogs
had their equivalent discs surgically fenestrated by the lateral approach as described by Floand

Brinker. The remaining two dogs were subjected to 2 placebo injection of physiological saline.

The animals were examined ¢linically, neurologically and radiologically before treatment and
at regular intervais foliowing trearment. Six months following treatment, the dogs wese

euthanased.

The resulrs showed that collagenase caused almost complete removal of normal nuclear marerial
from within the disc. The cencre of the disc was replaced by a variable combinasion of
fibrocartilage and hyaline cartilage, which appeared to develop from the collapsed inner
lamellae of the annulus fibrosus. Complications were recorded in only one dog, who suffered a
transient hind limb paralysisin the cwo days immediartely following injection. A massive dorsal
extrusion of nuclear material was observed in one disc at post-mortem in this dog and was
believed to be the cause of the paralysis. The dog recovered without treatment and remained
normal on clinical, neurological and radiological examinarion six monchs after injection. The

annulus fibrosus, dorsal and ventral longitudinal ligaments remained intact in all other dogs.

Fenestration was found to cause a variable disruption to the normal architecture of the nucleus
pulposus. In most discs, cellular aggregations from the normal nucleus pulposus were
undergoing a rranstormation to fibrocartilage. These cell groups were separated by an increased
amount of amorphous matrix marerial which stained moderately wich alcian blue. In the

remaining discs (3/12), an increased fibrosus of the nucleus pulposus was seen, but no other
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disruption to the normal architecture was recorded. No complications occurred in these dogs.
The injection of the discs with physiological saline caused remarkably similar histological

effects to the disc as did fenestration.

The investigators concluded that collagenase appeared to be an attractive alternative to
fenestration for the prophylaxis of intervertebral disc herniation, on the basis of its completeness
of removal of nuclear tissue, and its simplicity, cheapness, non-invasiveness and the lack of
medium and short term complications. Since intervertebral disc protrusions occur more
commonly in chondrodystrophoid breeds of dog, the effect of collagenase should be studied in

degenerate disc of these breeds before it can be recommended for clinical use.
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e v 2 1.0 INTRODUCTION

1.1 AN INTRODUCTION

Inrervertebral disc disease is a common, frequently debilitating and painful disease of

§.54.192, 126,145, 146,149, 184, 221,232,296 % e
BT LID, 126,143, 146, 149, 186,221, 232,296, 298.29%, A | though current figures on its incidence are not

dogs.?
available, there 15 some evidence to indicate that the disease 1s becoming more prevalent. Torty
years ago, disc related disease accounted for 0 - 1% of clinic patients'™ and this incidence had
apparently increased 1o 2.3% by the 1970's'%, In one study, the frequency of disc related
problems requiring veterinary attention in the dog climbed annually during a 10 year period??,
although this increase could be attribuced to an improved recognition of the disease by

veterinarians, changes in breed popularity, and a more 2ged population due to improvements

in animal care,

(i} Breed Incidence
In{er\'er'tebrai disc disease has a widespread distribution throughout most breeds of dogs,
although some are apparently more susceptible to the disorder cthan others. The Dachshund

2O0100, D18, LA, 253

has an obvious predisposition 1o disc related disease™ AFigure 1.1) Tt has been
calculared char therisk of interverrebral disc disease in this breed 1s 10 - 12.6 times greater than
that for all other breeds combined™™ and accounss for 45 - 70% of all canine cases of

incerverrebral disc disease, Moreover, it has been escimated that 19% of Dachshunds suffer from

Breed Incidence of Intervertebral Disc Diseaset

500
4510
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50
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Dachshund
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Bassec 1Tound

All non-

Cocker Spaniel
chondradystrophotd

Figure 1.1 The relative breed incidence of intervertebral disc disease in the dog. (t with data from Gage ED {1875)'%)
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L

this problem'. While it is considered that there is an hereditable basis for chis predisposition,
the acrual mechanism of inheritance is not known'®. Other breeds considered to be suscepeibie
to intervertebral disc disease are the Pekingese, Beagle, Shib Tzu, Lhasa Apso and Cocker

AN, 33

Spanigl’®

(77) Sex Inciddence
T he relationship between the gender of a dog and its propensity to suffer intervertebral disc
disease has not been clearly established. Most authors believe that males and females are

equally affecced™ %" although in two reports'® 2

a small, but statstucally significart
increase 1n che disease was found in males(p £0.01). The investigators in these studies concluded
that the recorded differences may be due to variations in body weight between the sexes, and

the possible protective influence of vestrogen on the ground substance of the intervertebral

IR

digg=" -2

(i7{) Site of involvement with intervertebral disc disease
The intervertebral dise berween the raelfth (T, Jand thirteenth (T, ) thoracic vertebrae hay
the highest incidence of clinically obvigus disease™ ¥ 77 (Figure 1.2) Indeed, this

and the immediately caudal discs (T, /L and L Yare implicated up to 70% of all clinical cases

Frequency of Disc Herniation at each Interspacet

e
15041

1043

No ol cases

o

ms
: T Gage ED 1979
= Brown NO et ai {1977

Tio-11

—_—
-

™~

Intervertebral space

Figura 1.2,  Number of hetniations recorded at each thoracolumbar interverebra! space in the deg. (1t from Brown NO et af
f1998/° & Gage £D {1975} "%}
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of thoracolumbar disc protrusions'® 12614

185 Incidentally, these discs occupy the region of
most motion in the canine vertebral column®®', an ebservarion which will become of increasing

significance in the later parcs of this disserration.

Calcification of intervertebral discs, which indicares previous disc disease or degeneration,

124, 143,205

occurs throughour the fength of the vertebral column . It has 1ts grearest incidence

between T, and T, . and frequently, several calcified discs may be identified in most adulr

11412

2,

dogs'***%*2% Using radiographic evidence, Stigen (1991)?* reported an average of 2.3 (8.8%)
calcified discs were present in a random population of Dachshunds, alchough a much higher
incidence (30 - 60% of discs, equivalentroanaverage of 11.7 discs) was observed at post-mortem
by Horlein (1953)' %, This difference probably reflects the relacive imprecision of radiography

in detecting calcificanion.

{iv) Ouset of dinical signs
Th& anset of clinical signs of intervertebral disc disease has been reported in dogs as young
as one year and as old as 15 years of age, but according to Gage (1975)'% 81.3% of cases
occur berween three and seven years of age. This finding is in agreement with other authors™**
18229 The average time of onser of intervertebral disc disease in all dogs is five years of age™
PRI There is some evidence to indicate thae the peak clinical incidence varies between the

chorndrodyscrophoid and non-chondrodystrophic dogs, the former heing affected ar an earlier

agt_?ﬂ*.‘

1.2 CLINICAL SIGNS OF INTERVERTEBRAL DISC DISEASE

Intc—r\-&r{tbral disc disease is a consequence of degeneration of the nucleus pulposus of the
intervertebral disc, making it less resilient and therefore, less able to function normally.
Clinical signs are related to malfuncrion of the intervertebral disc and in some cases, rupture of

the disc and the herniation of nuclear material into the neural cana}?? 145256, 258,259

Two different disease processes are recognised in the development of interverrebral disc
degeneration'** ", Oneaffectsthe shore, bandy-legged dogsthar make up the chondrodystrophoid
breeds only, and is believed to be related to the inappropriate maturation of cartilage which
typifies these breeds'”. Almose all intervertebral discs will be affected in these dogs and violent

herniations are (ypical.

The other disease process is typical of all other dogs and is attriburtable 1o premarture aging of

126,127

a disc . Wich this latter form of disc disease, it 1s uncommon for more than one disc to be
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59,82,86,188

degenerate in the non-geriatric individual. The intervertebral disc disease of man and

other species'”* 7% 192 is similar to this disease process.

1.2.1  Clinical signs: chondrodystrophic breeds

The degenerative process which usually affects many intervertebral discs along the length

of the vertebral column in the chondrodystrophic breeds can render the discs quite rigid,
with most becoming cartilaginous by three years of age'*:'*>. Eventually, some discs may even
become calcified. Disc extrusions, when they occur, are explosive and the spinal cord is
traumatised by the sudden impact of this hardened nuclear material. (Figure 1.3) Frequently
the injury will develop after an apparently minor accident or activity, such as jumping off the
sofa, playing with other dogs or breeding. The amount of resultant hind-limb dysfunction
reflects the spinal level of the disc herniation, the degree of mechanical trauma and severity of
vascular interference to the spinal cord. In many cases the animal is acutely paralysed, unable

to support its weight wich its hind legs'®.

Figure 1.3: Photograph of a massive Type | disc herniation in a 5 year old Beagle. Note the complete failure of the dorsal
annulus with the extrusion of the hardened nuclear material causing considerable compression of the spinal cord within the
neural canal. Note also the calcification of nucleus pulposus in the adjacent intervertebral discs, and the developing spondylosis
deformans arising from the ventral aspect of the vertebral bodies.

Pain is a common component in all but the very grave cases of intervertebral disc herniations
and is commonlydescribed in the days immediately prior to an acute paralytic episode. Pain may

be due to minor compression of the spinal cord by a partially extruded disc or by stretching of
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the annular fibres. When in pain the animal will be reluctant to move and will cry out when
picked up. The abdominal muscles are often held taut and the animal resents palpation of this

region, leading to the frequent misdiagnosis of abdominal pain by the veterinarian. The back

cmlll”llllllll“lllllll|||||||||||”|||||l|||||||”L”"l|
8PECIMEN_.{A3L5"—7 | DATE——.

Figure 1.4. Severe haematomyelia in the spinal cord of a 5 year old corgi following an acute disc herniation.

may also be arched (kyphosis), probably in an effort to decrease the dorsal projection of the disc.
Occasionally, a lateral spinal curve (scoliosis) can be seen due to spasm of the epaxial muscles,

particularly when the disc has herniated to one side.

Lameness in one leg may be exhibited if the disc material impinges on the dorsal root ganglia
carrying pain fibres to the affected limb. This radicular, or root pain, is also known as the root

signature and occurs particularly if the disc herniates in a predominantly lateral direction.

Frequently, the animal may recover spontaneously from these acute episodes of pain and/or
q y y P :§ p p

paresis only to suffer one or more relapses. Alternately, sudden deterioration of a previously low
grade complaint may occur, reflecting the progressive extrusion of further degenerate nuclear

materiall26, 145, 222.

In most instances, the animal will remain systemically normal in spite of the severity of the
spinal injury. Rarely, a progressive, ascending vascular disturbance develops subsequent to very

severe disc herniations. In theseanimals, the acute episode is followed by a progressive infarction
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of the remaining portions of the spinal cord (Figure 1.4) which ultimately causes respiratory

failure, due to paralysis of the diaphragm and intercostal muscles'*¢2°¢:3%%,

1.2.2  Clinical signs: non-chondrodystrophic breeds
Disc degeneration in the non-chondrodystrophic breeds is associated with senile maturation
of the intervertebral disc'®. Traumato the disc can hasten this processand this premature
aging can result in the formation of a poorly functioning disc in an otherwise athletic animal.
Perhaps because of this traumatic aetiology, it is uncommon for more than one disc to be
degenerate in dogs less than eight years of age'*. This aetiology appears to be similar to the disc

degeneration which affects most other species, including man®:%.

Acute, explosive herniations of the disc are uncommon in these animals. Indeed, intervertebral
disc disease is typified by the slowly progressive development of clinical signs. Pain is the most
common manifestation and is associated with bulging of the dorsal annulus due to altered
biomechanical function and/or partial protrusion of the disc. (Figure 1.5) The pain in these
animals is considered to arise from three sources: pain receptors within the disc itself, the nerve
roots, and the meningeal coat of the spinal cord. Continued spinal cord compression from this
slowly developing lesion may ultimately result in more apparent neurological deficits?® (for

example, paresis, either from motor or sensory dysfunction, may develop).

Figure 1.5: This photograph shows a severe Type Il lesion in a 9 year old Border Collie. In comparison with Figure 1.3, note
the continued integrity of the dorsal annulus in the protruding disc, the fibrous nucleus pulposus, and the relatively normal,
gelatinous intervertebral discs of the adjacent spaces.
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Altered function of the intervertebral disc can also resule in changes to adjacent tissues, in
particular the vertebral body and the articular facet joints, Ventral spondylosis resules from
calcification of the surrounding soft tissue, particularly the ventral longitudinal ligamenc ™%
{Section 2.3.2). This calcification results in bony outgrowths from the cranioventral and
caudoventral edges of the vertebral body*®®. Tnsome cases, complete bony bridging of the veneral

intervertebral space can occur, 2

Degenerative joint disease of the synovial articular facec
joint can develop due to inappropriate load-bearing with continued dysfunction of the
intervertebral disc and vertebral column®®'?. In man, these two conditions are considered an
important cause of non-discal pain in the syndrome of back disease™ 1% 81 187,189, 234 Ry
comparison, in the dog the influence of ventral spondylosis and arricular facet archritis on the
development of clinical signs have been poorly investigated®”. Whilst similar lesions occur ro

8.237 rheir contriburion

a relatively high frequency in the older non-chondrodysrrophoid dog®
1o the ‘age-related’ factors of reluctance to exercise and slowness in rising is difficult to identify

in a species which does noc verbalise irs general aches and pains.

1.3 TREATMENT OF INTERVERTEBRAL DISC DISEASE

he treatment of intervertebral disc disease can be considered to comprise two general
T categories, based on the clinical effects of the disease. The differences in the therapeuric
protocol reflect the chronic (more typical of non-chondrodystrophic dogs and some
chondrodystrophic dogs) and acure {(more typical of chondsodyscrophic dogs) nature of disc

disease,

Treatment of clinical signs related to simple incervertebral disc degeneration is aimed ac
relieving the clinical signs atrributable to the disc as it bulges into the neural canal. The
principle objective of this treacment is to minimise che protrusion of disc material into the

neural canal, and thereby reduce the degree of spinal cord compression?* 232743,

Trearment of dogs wich sudden onser of neurological signs actributable to an explosive disc
herniation 1s similar, but is complicared by che massive spinal injury which has occurred. In
these cases, the objective of cherapy is toartempt to control and limit the self-perpetuaring cycle
of events which develop in the spinal cord asa result of injury through the use of decompressive
surgical techniques and pharmacologic manipulation'** "% #2 Concomitant retrieval of disc
material at the time of surgery is chought to permit a more rapid and complete resolution of

clinical signs in these dogs.
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Despite this slight difference in therapeutic philosophy for acute and chronic disc herniations,
treatment of intervertebral disc disease is achieved, in variable degrees, by a combination of
conservative and surgical regimes. The presenting condition of the animal, the experience of the
clinician, the facilities available and the financial status of the client dictate the treatment

ultimately given to the patient.

1.3.1 Conservative management
Conservative management of intervertebral disc disease consists of supportive nursing care
and medical therapy. Nursing care is aimed at relieving further herniation of the
degenerate disc by enforcing strict cage rest. The mechanical and chemical irritation of the
spinal cord, nerve root and meninges by extruded disc material is also alleviated by this means.
Resolution of mild clinical signs can frequently be achieved with this therapy although the
herniated disc material remains extruded and may continue to contribute to recurrent clinical

Sign822, 221, 232‘

The medical management of intervertebral disc disease targets the inflammatory process incited
in the spinal cord and surrounding tissues as a result of the distorted mechanical function of the
disc®® %%, Corticosteroids are most commonly used due to their potent anti-inflammatory

action. The beneficial effect of corticosteroids is well accepted in the veterinary profession'%:2

8 Most experimental work strongly supports the ability of corticosteroids to significantly
improve the speed and completeness of the functional recovery following spinal cord injury in
the dog'* 33512 Improvement can be noted even when the corticosteroid is given up to 24

hours after the injury®® €2,

Corticosteroids appear to limit spinal cord damage by suppressing the development of oedema,
enhancing the spinal cord blood flow, inhibiting the inflammatory response and stabilising cell
membranes, thereby limiting the development of free oxygen radicalsand preventing the release
of lysosomal enzymes® . Non-steroidal antiinflammatory products, for example aspirin and

phenylbutazone, can provide palliative analgesic activity for mild intervertebral disc lesions®®.

1.3.2 Surgical management
The basis of surgical intervention following acute or chronic intervertebral disc herniation
is to relieve excessive spinal cord compression and/or oedema. Retrieval of herniated disc
material from the neural canal should be attempted, provided this does not induce significant

iatrogenic spinal cord injury. The surgical management of intervertebral disc disease includes
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decompressive procedures (laminectomy) ! % and the removal of degenerared disc

marerial from wichin the confines of the intervertebral disc (fenescration)?H 2471 92.10%.227,253,508.
The indications for decompressive surgery include evidence of spinal cord compression on
myelogram, spinal cord oedema sufficient to cause constriction by the neural canal, a lack of
response (0 conservative management after 48 hours, ora suddenworsening in condition despite
appropriace medical treatment'* 2%, Technigues 1o achieve variable removal of the dorsal and

dorsolateral bony walls of the neural canal have been described” 2.

Many facets of intervertebral disc disease make an accurate assessment of che effect of trearment
unachievable. Itsvariable presencation and course, its propensity lor spontaneous resolurtion, the
individual animal response to drugs and surgery, the varying abilities of surgeons and many

239, 27

other factors preclude accuracy in chis assessment . However, it is reported that with
judicial use of pharmacologic and surgical cherapy, the chances of a paralysed dog regaining
ambulatory function is greater than 0% Up rto 90% success has been reported for
intervertebral disc lesions when appropriate management is instituted wichin 48 hours of
injury?® 199132078 Tven grearer success is reported for rreatment of siowly developing disc lesions

22¢

due to the propensity for the spinal cord to adjust withour serious compromise™®.

Medical creatment of intervertebral disc disease 1s palliative only and recurrence of clinical signs
is common®. Surgical relief of spinal compression, whilst frequentiy curative, is invasive and
associated with considerable post-operative painand management, potential complicationsand
financial commirment. For these reasons, removal of che degenerate material from within the
confines of the intervercebral disc is advocated for both the rrearment and prevention of further
episodesof this debilitating disease®. Surgical fenestration isthe currently accepted method but

considerable concroversy surrounds its use®.

The purpose of the present investigation is to compare surgical fenestration with a less
invasive and less expensive technique, where the disc is enzymarically dissolved with a
proteolytic enzyme administered percutanecusly. This procedure, called chemonucteolysis, has
been poorly accepted by the veterinary profession despite the favourable cheorerical basis for irs
use in intervertebral disc disease'™ ' ?* Concroversy surrounds its use in humans, despite

reports of clinical success®™ ™.

Tofully comprehend the problemsassociared wirth the treatmenc and preventionof intervertebral
disc disease in the dog one must have an undersranding of che structures of the vertebral column
and their contribution to the biomechanical funceion of the spine. This informartion will be

presented in the following chapters,
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2.1 INTRODUCTION

The mammalian skeleton can be divided into the axial part, which consists of the skull, the
verrebral column, ribsand sternum, and theappendicular part, which comprises the bones

of the limbs. The focus of this disserration is on the vertebral column,

The vertebral column surrounds and proteces the spinal cord. It is assembled from a number of
individual building blocks, or vertebrae, of which there are ar least thirty in the dog (not
including the rail). A variety of ligaments and muscles join the individual units together and
permiz slight tlexibility of the column, whilst assuring stabiliry 2gainst excessive movement.
Mobitity between adjacent vertebrae is governed by a2 hydraulic joint, called the intervertebral

disc and rwo diarthrodial joints, the articular facers.

For descriptive convernience the vertebral column can be divided into five sections: cervical,
throracic, Jumbar, sacral and cocovgeal (Figure 2.1). This discussion is mostly limiced to the
thoracic and lumbar regions and has, in the most pare, been taken from three comprehensive

anatomical reviews HF T

Figure 2.1: The thoracolumbar spine of the dog.

2.2 STRUCTURE OF THE VERTEBRA

2.2.1 Introduction
The doghas 7 cervical, 13 thoracic, 7 lumbear, 3 sacraland some 20 coccygeal vertebrae. Only
nurnbers in the latrter section are prone to significant variations in number. The rotal
length of the vertebral column, and thus individual vertebrae, will of course vary greatly

between breeds.
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All vertebrae are composed of the
same basic structure of a body,
neural arch, articulations and
processes. (Figure 2.2) As a
reflection of the differing
mechanical requirements, the
vertebrae in a given region have
certainanatomical characteristics
which distinguish them from
vertebrae of another region.
Moreover, some vertebrae have
distinctindividual characteristics
which allow them to be readily
identified.

2.2.2 The vertebral body

Spinous process
Q e

\‘ '/ Cranial articular process

«— Mamillary process

Neural canal

Transverse process i
Body

Figure 2.2: Structure of the fifth lumbar vertebrae, caudal lateral aspect
(from Evans and Christensen, Miller's Anatomy of the Dog™)

The body of the vertebra (Figure 2.2a) is a cylindrical mass upon which other parts of the

vertebra are constructed. The inner core of cancellous bone is surrounded by a shell of

Figure 2.2a: The Vertebral Body (adapted from Evans and Christensen,

Body

cortical bone. In cross section, the
trabecular pattern of this inner core
is roughly parallel to the long axis

of the vertebral body.

The dorsal surface of the body tends
to be a little flattened. This
represents the ventral boundary of
the neural canal, through which
the spinal cord passes. The ventral
and lateral aspects of the body are
in close association with various

muscles or mesothelial lining. The

Miller's Anatomy of the Dog™)

body is bounded cranially and

caudally by the fibrocartilaginous intervertebral disc.

2.2.3 The neural arch

The neural arch (Figure 2.2b)isattached to the dorsal surface of the body. In contrast to man,

in dogs it is bigger than the vertebral body, resulting in a comparatively spacious neural
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canal in this species.
Additionally, the size of the
canal is proportionately wider

in the smaller breeds of dog.

Each lareral half of the necral
arch consists of a ventral pedicle
and a dorsal lamina. Notches
cut into the cranial and caudal
borders of each ventral pedicle
contribute to the formacion of
the vertebral foramina when
paired with the ventral notch of

the adjacent neural arch. Spinal

S
f

—

Dorsal lamina

Neural canal

Figure 2.2b: The Neural Arch (adepted Trom Evans and Christensen,

Mitter's Anatomy of the Dog™)

nerves, Jymph and blood vessels pass through each vertebral foramen.

An important mechanical strut, the dorsal spinous process, projects dorsally from the centre of

the neural arch. This strucrure will be discussed in more detail later. (Secrion 2.2.60)

2.2.4 Articular jacet foints

The articuelar processes, or facets, project from either side of the borders of the arch (Figure

2.2¢). Two processes are present cranially and two caudally. The cartilage-lined surfaces

of the articular processes from adjacent verrebrae articulate with one anotherand are surrounded

Mamillary process

Figure 2.2¢c: The articular facets {adapted from Evans and Christensen,

Cranial articular process

—

Caudal articular
" Process

tMiller's Anatomy of the Dog®)

by synovial tissue. This 1s the only
true diarthrodial joint in the
vertebral column and its role in
providing stability and limired
flexibiliry to the spine has become
the focus of increasing

investigarion.

The orientation of the articular
surfaces of the facets change at the
tenth thoracic verrebra, the
so-called diaphragmatic vertebra.
At this site the horizonral

orientation ¢f the articular surface
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of the thoracic vertebrae changes to a vertical direction. This transition, which occurs over the
single vertebra defines the point on the vertebral column caudal to which rotation about the
longitudinal axis is no longer possible'*® %!3! The development of interlocking cranial and
caudal accessory processes in the lumbar region, and the lack of the roratores mm. (Section 2.5)

261

combine to form a very efficient wedge system®'. This renders significant torsional movements

almost impossible in the lumbar region of the vertebral column®.

2.2.5 Transverse process
Two transverse processes project laterally from the sides of the arch, or from the junction of

the arch and the body

(Figure 2.2d). In the cervical
region only, each process is
pierced by the transverse
foramen which allows passage
of the vertebral artery, vein and
a plexus of sympathetic nerves.
In the thoracic region each
transverse process has a facet for
articulation with the tubercle of

aribwhilstinchelumbarregion,

the transverse processes are large

] ; Transverse processes
and plate-like and are directed B

cranioventrally. Their size 5 ,
Figure 2.2d: The transverse processes (adapted from Evans and Christensen,

increases maximally to the sixth MR SRR R SN

lumbar vertebrae.

The transverse processes provide important attachment sites for the surrounding epaxial

muscles of the spine, including the ma/tifidus, longissimus and iliocostalis muscles.

2.2.6 Dorsal spinous process
The dorsal spinous process projects from the middle of the neural arch. It varies greatly in
form, size and direction in different vertebrae, due in part to its primary role as a

mechanical strut for the insertion of ligaments and muscles.

The eleventh thoracic vertebrae is the anticlinal vertebrae (Figure 2.3) and marks the transition
from backward sloping to forward sloping dorsal spinous processes. Animals with pronounced

angulation of the dorsal spinous processes at the anticlinal vertebrae typically have flexible
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Anticlinal vertebrae

oo Barvend”

Figura Z.3: The antciinat venebhra tfrom Evans and Christensen (1875)77)

vercebra! columns'®. The greatest motion of the vertebral column occurs abous this areat*™ 2%,
£

(see Section 3.3.2)
2.3 LIGAMENTS OF THE VERTEBRAL COLUMN

2.3.1 Introduction
Tm{: principlefuncrion of the ligamentsin the vertebral column is to permit motion between
individual vertebrae. Thev mustalso protect the spinal cord from injury by restricting this

motion to well-defined limits® #9,

Ligaments are bese sulred to withstand tensile forces and, like rubber bands, they buckle when
compressed*™ %, By surrounding the vertebral cojumn with sets of ligaments, resistance to
tensile forces can be assured even when it is subjected to loading from many different
directions®! #2638

There are seven ligaments in the vertebral column; three long ligaments traversing the length
of the spine and four short sets, which acracross each intervertebral joint (Figure 2.4). The long

and short ligaments will be described separacely.
2.3.2 Long ligaments of the Vertebral Colunmn

1) Ventral Longitudinal liganent: The ventral longiradinal ligament lies along the

ventral surface of the vertebral bodies and passes from the axis to the sacrum. It is most distingt
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over the thoracic region. Although firmly atrached to the edges of the vertebral bodies, it 1sonly

loosely connected o the annular fibres of the interverrebral disc.

1) Dorsal longitudinal ligament: The dorsal longitudinal ligament is larger than the
ventral ligament and lies on the floor of the neural canal. It acraches to the rough ridges on the
dorsum of the vertebral bodies and to the outer fibres of the intervertebral disc. This ligament
is of variable width, being narrowest over the middle of the vertebral bodies and wider over the
intervertebral disc spaces. It extends from the dens of the axis to the end of the vertebral canal

in the coccygeal region.

117} Nuchal ligament and the Supraspinous ligament; The nuchal ligament is 2
characteristically yellow, etastic gament which attaches to the heavy spinous process of che axis

and extends caudally, eventually

intermingling with the supraspinous
ligament to the level of the tenth thoracic Interspinous ligament

verrebra. Ligamentum flavum

The supraspinous Hgament extends from
the spinous process of the first thoracic
vertebrae tothe third coccoygeal vertebrae.
Itisaheavy band especialivinthe thoracic
region, and attaches to the apices of che

spines as it passes from one toanother. In

the thoracolumbar region, the fibres of  pgqal tongitudinal ligament

the supraspinous ligament blends with

Figure 2.4: The ligaments of the verighral column (from White and

R T, o
the dense lumbodorsal fascia. Panjsbi {16781, Clinical Biomechanics of the Spine®)

2.3.3 Short Ligaments of the Vertebral Column

f}Interspinons ligaments: The interspinous ligaments connecr adjacent vertebral spines
and consist of laterally compressed bands of fibrous tissue interspersed with muscle bundles of
the interspinalis mm. These ligaments run from the base of the spines and decussate as they insert

on the opposed caudal and cranial borders of adjacent spines near their tips.

i) Intertransverse ligaments: These ligaments consist of bundles of fibres which unite
the craniolaterally directed transverse processes of the lumbar vertebrae. In the dog, they are not

distinct in other regions of the vereebral column.

Ventrsal longitudinal ligament
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iii} Ligamentum flavum (Interarcuate ligaments): This ligament is a thin elasticsheet
which lies between the neighbouring arches of adjacent vertebrae, and i1 positioned dorsally 1n
the neural canal. In the thoracic region it is narrow, but are considerably wider in the cervical
section of the spine. Ventral to thisligamentis the epidural space, which separates the ligaments

and the arches of the vertebrae from the dura covering the spinal cord.

2.4 MUSCULATURE OF THE VERTEBRAL COLUMN

he function of the muscles that surround the vertebral column is to flex and extend the
T spine’® 137 2%1 Taceral movements are possible when the muscles act on one side only.
Cxrension of the spine is achleved by the action of the dorsal group of muscles, called che epaxial
system. The ventral hypaxial system peemits flexion of the spine. Though similar muscle
groupingsare present within all animal species, modificacion of the origin and insertion points
of the muscles, as well as various fusions berween individaal muscle bellies, have occurred 1n

1261

different species in response to the locomotory demands of the animal®®'. These variations are

covered in more derail elsewhere in this thesis (secrion 3.3.2)

2.4.1 The Epaxial Spinal Musculature

he dorsal epaxial muscle group comprises three longirudinal muscle masses which extend
T the length of the vertebral column. The most lateral muscle mass is the m. ifiocostalis group
and the m. longissimus system lies medial 1o this (Figure 2.5). The most medial group, the m.
transtersospinalis system rests between the articolar facets and the dorsal spinous processes

(Figure 2.6).

(1) Hiocostalis system: The iliocostalis muscle group (Figure 2.5) extends [tom the izl wing
tothe seventh cervical vertebrae and can be divided into twa reglonal divisions: the m. iliscoszalis
Jumborum (lumbar region) and the m. ifiocostalis thevacis (thoracic region). The m. iliocostalis
lumborum vriginates from the pelvic surface of the ilial wing, the iliac crest and partly from an
intermuscular septum, which itself has strong attachments to the tumbodorsal fascia. The
cranial portion of the muscle is quite distinct from the m. Jongissimus whereas the most caudal
portion of the m. tlivcostalis lumboram is fused to the m. lompissimus to form the m. erector spinae.
The m. ilivcastalis Tumborum inserts, through fleshy serrations, on the thirteenth, cwelfth,
eleventh and tenth ribs, Occasionally a long, delicate tendon provides insertion onto the ninth
rib. The m. ilivcostalis thoracis has its origins deep to this lumbar portion. Individual segments

arise from the cranial border of the vertebral end of the ribs, evenrually fusing into one long,
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Multifidus thoracis

Multifidus cervicis \\J Multifidus loumborum

Supraspinous ligament Interapinales Rotatores longi

Rotatores brevis

Figure 2.6: The deep epaxial muscias of the dog. {frorn Evang and Christensen (197917)
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narrow muscle belly. Terminal serrations arise from this belly to insert, via long tendons, onto

the cosral angle of the ribs and the transverse process of the seventh cervical vertebrae.

(ii) Longissimus system: This intermediate muscle group can be divided into chree regional
divisions: thoracolumbar, cervical and capital (Figure 2.5). The m. longicsimus thoracivet Lombaram
is the stronpest of the epaxial muscles and extends from the ilium to the caudal cervical
vertebrae. Fibres also arise medially from the dorsal spinous processes and supraspinous
ligament throughout irs length. In the flumbar region the surface of the muscie is particulariy
aponeurotic and is divided into several distiner tendinous bands. Berween the seventh and
eleventh thoracic ribs this aponeurosis serves as an origin for the m. gpine/is which courses
cranially. Throughour its length, the m longissimus thoracis et lumborum sends off serrarec
insertion fascicles to accessory processes, articular facecs and vertebral margins of the ribs. The
rerminal insertion of them. Jongissimus thavacis et Lomborum 1 1o the transverse process of the ixeh
and fifth cervica! verrebrae and che longissimus system s continued 1n the cervical region by
the m. longissimus certicus and m. fongissimus rapims. The former is composed of four yerrations
whichinsert on the transverse processes of the third tosixthcervical vertebrae, The s fongisiiins
capitii s a strong muscle which lies medial to the m, fongrosimus coviiois, To originates by separate

bundles from the cransverse processes of the firse three thoracio veniebrae and the caudal artcular

process of the seventh to foerth cervical vertebrae, The muscie narrows cranialiyv

means of 2 strong rendon, on to the mastoid process of the temporal bone.

(77f) Transtersospinalis systene: This most medial and deepest epaxial muscie mass consists of
a number of diiferent fascicies which juin one verzebra (Figure 2.6). Though the nomenclazure
varies between authors, the most consistently described members of this group include the
spinelis, semispinalis, multifidus, rotaraves (fongd er brevesy, interspinadis and murerrvaonstersarii muscles.

Due to the intimate relationship between the spimelis and semfipinalis muscles, they are

frequently described under the compound name: m. spinalis et semispinalis.

The m. spinalii et semispinalis arises from the aponeurosis of the m. longissimus thoraciy and the
spinous processes of the first few lumbar and first six thoracic vertebrae, Some fibres also arise
from the mammary processes of the first two lumbar and lase thoracic vertebrae. This muscle
passes unsegmented 10 the thoracic region but divides 1nto two muscles 1n the neck: the m.
biventer cervicis which courses medially toinsertulrimarely in the external vecipital protuberance
and the 7. complexus whose fibres run craniad toa tendinousattachmenc on che dorsal nuchal line.
The mm. multtfidus consists of lumbar, thoracic and cervical portions which lie on the sides of
the vertebral spines. (Figure 2.6) This muscle consiscs of numerous bundies which originare

from the transverse, articular and mamillary processes of the vertebrae. These fibres course
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craniodorsally and atrach to the caudal edge of the dorsal spinous process of at least the second

vertebra craniad to the point of origin.

The mm. rotatores consists of loag (mm. rotatores longi) and short (mm. rotatores brevis) bundles
which lie deep ro the multifidi in the cranial three-quarters of the choracic region. (Figure 2.6)
They are arranged like the multifidi bur are more vertical in orientation: the long bundles pass
between alternate vertebrae, whilst the short bundles run between adjacent vertebrae only. Due
to the orientation of the articular facets in the ceantal thoracic region, the action of these muscles

results in rotary movements of the vertebral column.

The mm. interspinales are present in all regions of the vertebral column. (Figure 2.6) Their
horizontal fibres pass berween contiguous edges of the dorsal spinous processes and aid in fixing

the vertebra! column.

The m. intertranstersarii are deep segmenss split off from the longissimus system and are present
inall regions of rhe verrebral column. Their bundles span one or two vertebrae, passing between
accessory, mamillary and transverse processes. This muscle group 1s more prominent in the

cervical region.

2.4.2 The Hypaxial musculature
Tiu: muscles of the caudal ventral vertebral column include the m. guadratus lumbsrum and
the m. ilwopsoas (Figure 2.7). The m. quadrarus lumborum originates from the last three
thoracic vertebrae. This thoracic portion of the muscle is composed of incompietely isolared
tendinous bundles bur these become more fleshy as the muscle passes caudolateraily, inserting
on the transverse processes of the lumbar vertebrae and the medial surface of the ilum.
Throughout its length 1t is covered ventrally by the m. i/igpsoas, bue the lateral portion may

overhang the transverse processes of the lumbar vertebrae.

The m. tlispsoas consists of the m. psoas major and the m. iliacas. (Figure 2.7) At its origin the m.
pitas major is narrow and attaches to the last six lumbar vertebrae. As is continues caudally it
becomes thicker and wider and 1s reinforced by muscle fibres from the ventral surface of rhe
ilium which constirute the m. #/facus, and together these muscles insert onto the trochanter
minor of the {femur.

The m. psoas minor is the most ventral of the sublumbar muscles. (Figure 2.7) It is widest at its
origin from the Jast thoracic vertebrae, which is more craniad than that of the m. psoas major. As

is passes caudally it becomes narrower and more tendinous, to insert on the shaft of the ilium.
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Psocas minor

Quadratus

fumborum

Quadratus
Psoas major
lumborum
lliopsoas
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Figure 2.7: The hypaxiat muscles of the dog {from Evans and Christensen {1978F°)

25 THE SPINAL CORD

2.5.1 Meninges
Tht spinal cord is surrounded and protected by three covenng layers: the dura mater, the

arachnoid membrane and the piz mater (Figure 2.8).

The dura mater is the most superficial of the meningeal coars. It forms a tough, fibrous shearh
thar encloses the spinal cord and nerve roots. It accompanies the spinal nerve roots and is
continuous with the periosteum at the intervertebral foramen. Thisattachment serves toanchor
the spinal cord larerally. Caudally, in the sacral and coccygeal areas, the dura mater tapers in the
shape of a cone and attaches to the periosteum of the caudal vertebrae. The epidural space lies
between the dura marer and the inner lumen of the verrebral canal. This space is filled with

epidural fat, but also contains the internal vertebral venous plexus.

The arachneid membrane is a thin, almost transparent sheath thar lies in contact with the

inner surface of the dura mater. The arachnoid is connected to the deeper fiia mater by web-like
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connective tissue projections which pass across the subarachnoid space, This space is filled with

cerebrospinal fluid which functions to protect the spinal cord during traumatic shock.

The pia materisahighly vascularised layer which is firmlyattached to the spinal cord and nerve
roots, following the contours of these struccures closely. The blood vessels passing within this
layer give off branches which penetrate deep into the spinal cord. They are accompanied by the
surrounding pig mater which ultimately forms the perivascular connective tissue. The pia mater
is thickened along the lateral margin of the spinal cord, forming the dentare ligaments. Fach
of these hasattachments to the duramater. Thisarrangement effectively suspends the spinal cord

in a liquid medium of cerebrospinal fluid.

Pia mater

Subarachnoid cevity

Arachnoid membrana

Subduratl cavity
Doraal and ventral
netve roots in
adherant meningea
tubas

Dura mater

Dorsal and ventral
nerve roots in
saparate meningesl
tubas

)‘-..
s

C1t0C3 .. Cd4caudad

Figure 2.8: Across-section of the spinal cord showing the individua! meningeal coats and related structures {from Evans and
Christensen {1878), Miller's Anatomy of the Dog™)

2.5.2 Spinal cord
The spinal cord is a part of the central nervous system which is continuous with the meduiia
sblonpata of the brain and exits from the cranium ar the foramen magnum. Throughout its

length, it is entirely enclosed wichin the vertebral canal. The spinal cord performs three general

functions®*:

L. It manitors receptors in the skin, muscles, jointsand visceraand discharges impulses
that control muscles and glands.
2. Jt functions as a reflex centre, continuously integrating afferent information and

initiating appropriate responses in muscles and glands.
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3. It conducts information to and from the brain through an elaborace syscem of fibre
traces, by which the central nervous system can regulate posture, movement, secretion

and afferent activiry.

As with other components of che vertebral cotumn the spinal cord can be broken into regional
sections: the cervical, thoracic, lumbar, sacral and caudal (or cocoygeal) parts, Turther 1o this,
the spinal cord can also be broken into segments named according to where a pair of spinal cord
nerve roots enter and leave the cord. Thus, there are eight cervical (C1 - C8), thirteen thoracic
(T1-T13), seven Jumbar (LY - L7) and three sacral (S81 - 83) segments. The sepgments bevween
C,ro T and L, 1o §, contribure nerve roots to the fore and hind limbs respecciveiy. The cord is

swoilen at these sites due 1o the high numbers of nerve [ibres and ceils.

The spinal cord isdivided into symmetrical halves by the dorsal and ventral median fissures. The
ventral fissure 1s berter developed io most species and distinet separation of the spinal cord 1nto

ovenrral funiculi isderectable. Inthe dorsal reri lvachin membrane of pra marer extends
twovenrral funiculs is derectable. Inthe dorsal region, only a thin membrane of pra mater extends
vensrally from the dorsal median fissure into the grev mascer enciecding the central canal, thus
sepregating the two docsal funiculi. The lateral marging of the dorsal and venral funicult are

delineared by the emergeace of the nerve rootlets. Anintermediare groove inthe cranial thoracic

and cervical regions of the cord, divides the dorsal funiculus inro gracile tmedial) and cuneare

(latera.) funicull,

In transverse section, the central grey matcer of the spinal cord, so named because of its gross
colouration, displays a butterfly shape - a central zone joining two wings. The central
inrermediate substance has at its core the central canal, which conrains cerebrospinal {iuid and
a proteinaceous material, Reissner’s Dibres. Immediately surroundiag the cenrral canal is a
concentrated accumulation of glal cells, and this region s termed the substantiu pelatinuia
cenrralis, Each wing of che grey matter is divided into venrral and dorsal horns. Occasionally, the
overlap between the ventral and dorsal horns is referred to as the lareral intermediate substance.

This is concinuous wicth the cencral region.

The cell bodies of the peripheral nerves are locared within the grey macter of the spinal cord.
Descending axonal fibres from the cerebra) correx interface wich these cells and transmit motor
control of the peripheral nerves, Sensory fibres from the body also terminate in the grey marccer.
Exrensive ramilications berween celisallow coordination of movement by a feed-back mechanism.
The grey mateer can therefore be viewed asan active electrical ‘swicchboard’ for signals coming
into a specific spinal cord segment. Reflex movementsare triggered through a locallyacting arc

within the grey matter, following inpur from receptors in che body via the sensory dorsal nerve
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raots. The segmental pattern of innervation to the body is an important concept in the
identification of spinal cord injury, and can be used to specifically localise the site of cthe lesion.
The hig's cellular content of the grey matter is nourished by an abundant capillary bed.

The white matter of the spinal cord completely surrounds the grey mateer, It is composed of
many densely packed axons, whose lipid-rich myelin sheachs furnish the colour for which this
tissue is named, Within each segment, the white matter is composed of nerve fibre traces which
comprise the dorsal and ventral nerve roots, and the longitudinal fibre tracts which carry
information to and from the brain. These long tracts can be more or less divided into bundles
{or fascicnli) which are closely related functionally and are named according to the site of origin
and termination of the fibres. In general, the ascending (sensory) tracts tend to be located maore
peripherally abour the spinal cord than the descending (mortor) tracrs. Only the major tracts

considered to have the greatesc clinical significance will be considered in this review.

(i) Sensory (ascending) tracts
Thrte main sensory rracts witl be discussed; the spinacerebellar, dorsal and spinorhalamic
tracts (Figure 2.9) . Apart {rom the more complex spinothalamic tract, information is
generally carried on the same {ipsilatera]) side of the spinal cord, ultimately crossing in the mid-

brain region.

The spinocerebellar tract consises of about four discrete fibre bundles ascending in the lateral
fuciculusof the white macter. These fibre bund!les carry unconscious proprioceptive information
to the cerebellum, and facilitate the coerdination and regulanon of motor function. Injury to
these tracts can result in araxia and 1ncoordination of cthe gait. Due to the superficial location
of these [ibre tracts inthespinal cord, these chinical signs are among the first co develop following
progressive compression of the spinal cord. Furchermore, traces from the hind limbs are carried

more superficially in the cord making them more susceptible to injury.

The dorsal sensory tractsare located in the dorsal funiculus of the spinal cord and carry conscious
proprioception infarmarion to the cerebral cortex, enabling theanimal to correct the limbs when
placed in abnormal positions relative to the body. Some large pain fibres, producing sharp,
localised pain may also ascend in this system. Division into fore and hind Himb traces is again
apparent, with the fascicalus pracilis (from hind limb and tail) passing medial to the fascicnlus
cunearus (from fore limb and neck), in some places separated by the dorsal intermediate septum.

Lesions in the dorsal funiculus produce ipsilateral proprioceptive deficics in che affecced limbs.
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The third sensory system is the spinothalamic tract, which carries fibres responsible for the dull,
non-localised ache characteristic of deep pain. This system is better developed in animals than
man, and comprises a2 complex, multisynaptic pathway, with frequent crossing-over of the
relared fibre tracts. Extensive ramifications of the spinothalamic tracts within the reticular
systern of the mid-brain crigger motivationally affected processes, through connections with the
autonomic reflex centres, limbic system (emotional control)and the cerebral cortex. In contrast
to other sensory tracts, the spinothalamic tract is located deep within the ventral funiculus of
the spinal cord, Consequently, interference to deep pain sensation occurs only afrer severe

bilateral, deep spinal cord disease,

(71} Motor (descending tracts)
The motor rracts can be divided into two functional groups: those that supply muscles of
voluntary activiry (flexors), and those supplying the muscles of postural suppore and
gravitacional-resistance (extensors). Two tracts ineach group are considered of clinical significance:
the rubrospinal and corticospinal tracts (voluntary activity) and the vestibulospinal and

reticulospinal traces (postural/involuncary activity) (Figure 2.9).

The rubrospinal tract descends from the red nucleus of the mid-brain. Crossing immediately,
it travels down the spinal cord on the same side to which 1t innervares, passing medial to the
spinocerebellar tracts. The rubrospinal tract is the most important motor tract for voluntary
movement. Loss of function following spinal injury resules in ipsilateral paresis and paralysis.

In progressive external compression of the spinal cord, these signs usually follow ataxia.

The corticospinal tract, also known as the pyramidal tract, originates from the motor area of the
frontal lobe of the cerebral cortex. While this trace is very important in man, ics significance in
other animals is less apparent. The corticospinal tract crosses over at the level of the mid-brain,
and descends in the lateral funiculus of the spinal cord. Because it is situated quite near the

rubrospinal tract, these two tracts are frequently affected rogether in spinal cord compression.

The vestibulospinal and reticulospinal tracts maintain postural tone within the body, allowing
it to actively resist the effects of gravity. Involuntary alterations in muscle tone ensure
preservation of balance following the inidation of a voluntary movement. This control is
achieved through extensive connections wich the vestibular system of the ear, cerebellum, and

ascending spinoreticular systems.

The vestibulospinal tractarises from the vestibularnuclei of the mid-brain following multisynaptic

connections with the oculomotor nerve providing sensory input from the balancing system of
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the inner ear. This tract descends uncrossed in the ventral funiculus of the spinal cord. Loss of
function in these tracts, which can happen early in the course of spinal compression, results in

the loss of ability by the animal to support its own weight (ie weakness).

The reticulospinal tractsalsoarise in the midbrain and descend uncrossed in the lateral funiculus
of the spinal cord. Though primarily associated with maintenance of postural tone, some parts

of the tract synapse with, and influence the effect of, the voluntary motor tracts.
2.5.3 Blood supply to the Spinal cord

(7) Arterial supply: In almost all species, three arteries traverse the entire length of the
spinal cord: one is positioned ventrally and the other two dorsolaterally. In the dog, these arteries
are continuous throughout their length, but appear to narrow significantly in the thoracic

regions.

Theventral spinal artery liesat the base of the ventral median fissure. It is supplied by radicular
branches (rami spinales) which accompany the spinal nerve through the intervertebral foramen
of each vertebra. In the cervical region the radicular branches are derived from the vertebral
artery as it passes through the transverse foramen of the cervical vertebrae. These radicular
branches, in the thoracic region, are supplied by the dorsal intercostal and, for the first three
thoracic vertebrae only, the thoracic vertebral artery. In the lumbar region, the lumbar artery
branches off the abdominal aorta. It divides, and one division, the ventral spinal branch, passes

through the intervertebral foramen to anastomose with the ventral spinal artery.

The number of radicular branches supplying the ventral spinal artery varies widely between
sections of the spinal cord. The cervical section has the greatest contribution of radicular
branches, with on average 14.2 of a possible 16 spinal arteries (88.8%) penetrating the
intervertebral foramen from the vertebral artery. The thoracic region in contrast is poorly
supplied, with less than a third of the 26 segments receiving radicular supply. The lumbar
region received only 45% of the possible maximum 14 spinal arteries, but frequently a large

artery can enter the L, intervertebral foramen (usually unilaterally).

The two dorsolateral spinal arteries receive radicular contributions from the ventral spinal
artery. The relative number of anastomotic branches in each section of the spinal cord shows a
similar pattern of distribution to that previously described, with 88.1%,49.6% and 60% of the

maximum occurring in the cervical, thoracic and lumbar regions of the spinal cord respectively.
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The parenchyma of the spinal cord is supplied by central arreries which arise from the dorsal and
ventral spinal arceries. The central arreriesare thin, torruous vessels which may supply only the
left, only the right, or both halves of the spinal cord in an apparently random fashion. This
irregularity s most commonly observed in the rthoracic region, where up to three untilateral
branches may be observed sequentially. Anarterial density of 4.5 arteries/cm? is described in this
region. In the cervical and lumbar regions, a maore alternate pattern of arterial distribution is

usual, with an arerial density of about 6.0 arteries/cm?.

Normal spinal blood flow to the grey matrer of the cord is approximately five times that of whice
matter reflecting the high merabolic requirementof this cellular region. This level of bload flow
is maintained within fairly narrow limits, despite fluctuations in mean arterial blood pressure.
This autoregulation of blood flow in the spinal cord is less efficient than the cerebral
arrangement, and begins to fluctuare markedly at meao arcerial pressures below 50 mm Hg,

stopping altogetherat 30 mm Hg. Blood flow also variesdirectly with the Pa . Autoregularion

02

will also be affecred by spinal cord trauma® %,

The significant variability in the location, size and arrangement of the arerial supply to the
spinal cord of the dog (and indeed, all animals) may be an important factor in the ability of the
spinal cord to respond appropriately to a pathological stimulus. This face will ulamarely
influence the degree and severicy of the resultant ischaemia in the spinal cord, and therefore the

degree of secondary disruption to spinal cord function™ %% 192,

Vertebral venous sinusas

Azygous vain

Figure 2.10: Thoracic and Lumbar verebral veins, right lateral aspect (from Evans and Christensen (1873, Miller's Anatomy of
the Dog™)
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(i) Venous drainage: Venous drainage of the spinal cord is accomplished by the paired
longitadinal vertebral venous sinuses, which extend from the skull to the caudal vertebrae
{Figure 2.10). These thin-walled, flattened, valve-less vessels lie on the floor of the vertebral
canal, nestled in the epidural fat. As they pass over the vertebral bodies, the left and night
vertebral sinuses widen and approach each other, but diverge over the intervertebral spaces.
Frequent anastomoses occur between the left and right channels. Significant contributions to
the venous sinuses are also provided by the interarcuare branches in the cervical and thoracic
regions. These branches drain blood from the epaxial musculature and enter the spinal canal
dorsally, through the interarcuate space. No interarcuate veins have been recorded between the

ninth thoracic and seventh lumbar vertebrae, nor in the caudal section.

Communication between the internal vertebral sinuses and the extravertebral veins is provided
by the intervercebral veins, which pass through every interverrebral foramen on both sides of
the spinal cord. Frequently these branches are dovble, providing a vascular cushion for the
emerging spinal nerve which lies between chem. The intervertebral veins will subseguently
anastomose with the main central veins adjacent to the emergent region, for example, the
vertebral, thoracic vertebral, azygous, caudal vena cava, internal iliac and giuceal veins. Because
of this broad anastomoric organisation, the vertebral venous sinus system can actasan alternate
route for the return of blood 1o the hearr, effectively bypassing the caval system. Being vaiveless,
blood within the spinal (and cerebral) venous sinuses can flow cranially or caudally, depending

00 pressure relations.
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2.7 THE ANATOMY OF THE INTERVERTEBRAL DISC

2.7.1 Introduction
An intervertebral disc exists berween each pair of vertebrae along the entire length of the
spinal column (except between C1 and Cz). The disc functions as a deformable section in
the spine, permitting slight mobility to occur between individual vertebrae. The thickness of
the disc is greatest in the cervical and lumbar regions, with the thickest being berween the most

caudal of the cervical vertebrae’ ™.

The external appearance of the intervertebral disc offers little insight to the inner strucrure and
function of this small, burt significant tissue. Dorsally and ventrally, the outer portions of che
intervertebral disc are bound by, and in places continuous with, the dorsal and ventral
longirudinal ligaments respecrively®® 1% Larerally, the smooth fibrocartilaginous surface of the

disc s visible.

Sectioning in the median plane reveals three distinct anatomical regions within the disc: the
annulus fibrosus, the nucleus pulposus and two cartilaginous end plates'™ (Figure 2.11). Each
distinctive portion imparts a unique functional characteristic to the disc. Collectively, this
results in a structure which 1s capable of resisting and providing stability against deforming
loads in six directions, vet scill permitting flexibility of the spine when these loads are within

physiological limies!™.

Nucleus pulposus

Annulus fibrosus

Figure 2.1 1: The Intervertebral Disc. Note the alternating arrangement of the annular larnellae (styifsed) as they pass befween
the end plates.
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2.7.2 GROSS ANATOMY OF THE INTERVERTEBRAL DISC

(1) Annrlus Fibrosus
The annulus tibrosus (Figure 2.12) is a fibrous basket that envelops the nucleus puiposus.
Intransverse section, it appears as concentric rings of fibrous tissue, encireiing rhe nucieus
pulposus. When transected in the median plane, these rings impart a banaed appearance to the

1 LR 3
annulus.ﬂ«i, P2t 197

.Each paralel layer is firmly anchored into the neighbouring castilaginous end
places. The obliquity of each layer increases towards the centre of the intervertebrai disc and,
in the depression revealed when the nucleus pulposus i1s removed, a mesh-like pattern can be
discerned.'*® Acche periphery of theannulus. che layers become parallel to, and continuous with,

2,57, 124,167

the tibres of the ventral and dorsal longitudinal higamencs

{ii) Nucleus pulposus
The nucleus puiposus (Figure 2.12) is an embryological remnant of the notochord® %,

which isan early phylogeneric development of the back-bone’™. Ina young animal, che
nuclens pulposus is a gelatinous globule, shghtly rranslucent in colour, persistently swearing
moisture from its cur surface’ . In most dogs, there isadistinct demarcation from che annulus
fibrosus. and the nucleus pulposus can be scooped our of a shallow depression 1n this surrounding
fibrous basket. The nucleus pulposus is bounded dorsally and venteally by the annulus fibrosus,
buc lies in close contact with the cartilaginous end plates at the cranial and caudal boundaries™™
%, In the cervical and fumbar regions especially, the nucleus pulposus is located slightly
eccentrically 1n the intervertebral disc su thae the ventral portion of the annuius fibrosus 15 two

co three times as wide as the dorsal portion™ ™%,

(tif) Cartilaginous End Plates
The carrifaginous end plates (Figure 2.12) represent the craniziand caudal boundaries of che
intervertebral disc and are tn contact with the associated vertebral body. In the young
animal, the surtace of the carrilaginousend plates is lined with a soft, transiucent material which
resembles hyaline (or articular) cartitage™. Being about 1 - 2 mm chick at the periphery, this
cartilaginous surface thins towards the middle of the disc and may become barely discernible.
Aslight concavity in this central portion of each cartilaginous end plate coincides with che zone

where the nucleus pulposus lies in intimate contact wich it
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2.7.3 MICROSCOPIC ANATOMY OF THE INTERVERTEBRAL DISC

(7)) Amnnulus Fibrosus
The banded structures visible in the gross specimen are revealed under the microscope to
be a series of intricate fibrocartilaginous lamellae, each composed of numerous parallel
fibrous bundles. Each lamella arises from the cartilaginous end plate and surrounding vertebral
body, and runs a roughly parallel course between adjacent vertebrae®® ' '?%, Each lamella is
quite separate and distinct from another, and no interconnection is visible at the optical
microscope level'? %" The directional arrangement of the fibrous bundles alternates in

sequential lamellae. (Figure 2.12)

The number and thickness of the
lamellar layers in the annulus fibrosus
of dogs is not known, but in human
lumbar discs between 15 and 38
distinct lamella layers have been

52,60,128,139.197 These layers are

reported
thinnest in the lateral parts of the disc
and thickest in the dorsal and ventral
areas. The lamellae become thicker in

aged SpecimenSSZ. 128,159,197, 288.

On average, about 53% of the lamellar

bands in the human lumbar

intervertebral disc do not form Figure 2.12: Scanning electron micrograph of the annulus fibrosus.

p The individual lamellae can be distinctiy seen. Note the altarnating
complete rings around the nucleus arrangement of the collagen fibre direction. (from Inoue (1973) Arch
E - Histol Jpn 36: 39 - 56)
pulposus and this percentage increases

197

significantly in the older disc'?’. These bands are interrupted most frequently at the dorsolateral

aspects of the annulus fibrosus and it is suggested that the high level of lamellar discontinuity

may induce an inherent weakness at this point'”’.

The lamellae are composed of numerous fibrillar bundles which are uniformly arranged within
each layer. The thickness of individual fibril bundles in the human intervertebral disc have been

60,128,138,159,288

variably described to range from 0.03 mm - 140 mm ,and so it is clearly apparent

that gross inadequacies exist in this aspect of knowledge on the intervertebral disc.
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Elastic fibres passing between the lamellar layers of the annulus fibrosus have been described
in the intervertebral disc of man® "% 128138 These structures are only visible at the electron
microscopic level and occur in all regions of the intervertebral disc. Johnson et al (1982)'*!
described a three-dimensional elastic fibre meshwork, with the fibres arranged circularly,
longitudinally and obliquely wichin the lamellae of the annulus fibrosus. Individual elastic
fibres pass between the lamellar layers and it is considered that they impart some dynamic
flexibility to the tissue. The elastic mesh is better developed in regions of the disc which connect
to the adjacent vertebrae, and thus are less commonly observed in the inner regions of the disc.

Similar investigations have not been conducted in the dog.

- . I o
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Figure 2.13: Photomicrograph (40x) of the normal annulus fibrosus, showing the junction between the lamellae and the
cartilaginous end plate (CEP). Note the intense staining with alcian blue between the individual lamellae.

Fibres from the annulus fibrosus insert directly into surrounding anatomical structures to form
stabilising attachments® (Figure 2.13) . Some of the fibres pass from the outer two-thirds of
the annulus fibrosus to become interwoven with the lamellae of the bony trabeculae of the
vertebral bodies, thereby forming a strong bond between the two structures'”. This intimate
weaving of fibrous elements of connective tissue and bone is typical of most soft:hard tissue
attachments in the body, and are known as Sharpey’s fibres®. Other fibres from the more
peripheral regions of the annulus fibrosus intermingle with the fibre bundles of the dorsal and
ventral longitudinal ligaments, and with the periosteal fibres of the vertebral bodies®®'**, Still
others, from the inner third of the annulus fibrosus, attach to the cartilaginous end plate of the

vertebral body by becoming intermingled with the collagen fibres of this structure'*.
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The fibrous rissue of the annulus fibrosus is produced and mainrained by the cellular elements
which are located between fibrous bundles®™ . The cells are bi-convex in shape and are typical
of fibroblasts found in other tissues about the body®”» %', Under electron microscopy, fibrils
can be observed to stream off from the ends of the cells into the general macrix. Towards the inner
margins of the annulus, cellular elements become comparatively more numerous and the
nucleus of the cell becomes bigger, and slightly rounded in appearance. Enmeshed in the fibrils
are dense granules which alse occur to a lesser extent in the interceliular matrix™. These
granules have been identified as proteoglycan'®. Whiist this substance is present in all regions
of the annulus fibrosus, it is predominantly localised pericellularly'® *.

The peripheral third of the annuius fibrosus in the dog and man is innervared by a number of
fine nerve endings®® %34 1% Dissection of the human lumbar intervertebral disc has revealed
that the posterior {dorsal) region of the annulus fibrosus is innervated by branches from che
sinuvertebral nerve which also supplies other structures in the vertebral canal. Innervation of
rhe lateral and anrerior (venrral) regions of the disc come from multiple branches of the ventral
primary rami which arises from the caudal lumbar plexus. Other branches may also arise from
the sympathetic trunk. In one study, these nerve endings were observed to penetrate to a depth
equivalent to one third the total thickness of the annulus fibrosus. No nerve endings have been

described in the inner regions of the annulus fibrosus or nucleus pulposus.

(i7) Nucleus Pulposus
Microscopically, the demarcation between the annulus fibrosus and the nucleus pulposus
is less distinct than that observed grossly'®®. The lameilae of the annulus fibrosus
progressively become more disorganised at the transitional zone between these two regions and
eventually disintegrates into an irregular, three-dimensional lattice of coliagen fibres'™.
Ground substance is present in greater quantity than seen in the annulus fibrosus, resulting in
wide spaces between individual fibrils®™ %, Granules of ground substance can frequently be

observed adherent to the fibrils'™.

The tibrils of the nucleus puiposus insert directly into the carrilaginous end plates, through
interconnectionssimilar to that described for the inner regionsof the annulustibrosus'™ . A more

orderly arrangement of fibres is present in che area immediartely adjacent to the cartilaginous
52,159

end place

Similar deficiencies as those described for the annulus fibrosus exist in the recording of diameter

of the fibriis of the nucleus pulposus. Nevertheless, it is generally agreed char che fibrils of the

60, 159,

nucleus are finer in diameter than those of the annulus fibrosus®™™ . Fibril diamerer is
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reported to increase with age in the nucleus pulposus®”-*®°. These findings are consistent with

the trends previously reported for the annulus fibrosus.

Water is the principal constituent of the nucleus pulposus and in early life, a water content of
80 - 88% is frequently reported®” " '*> Water is attracted to, and bound within, the disc by the
proteoglycan constituents of the ground substance® #1352 In the human, diurnal variations
in the height of the intervertebral disc, as measured by radiograph, have been reported. In the
morning, the intervertebral disc is thicker than the same disc measured at the end of the day'.
It has been shown that a constant flux of water occurs from the disc with constant load-bearing,
contributing to the reduction in disc width®'?. Removal of the load allows water, and thus disc
width, to be regained''*.

165, 287

A variety of cell types have been described in the nucleus pulposus . These include

chondrocytes, fibroblasts and notochordal cells. Intermediate cell types are also recognised'®.

The predominant cell type of the young nucleus pulposus is the chondrocyte’” 6126173287

Unlike thecells in theannulusfibrosus, these cellsare typically rounded, and the intracytoplasmic
granules are scattered throughout the periphery of the cytoplasm. (Figure 2.14) Sometimes, a

126

number of cells may form into groups'*®. The granular matrix between these cells is detecrable

under light microscopy and contains extremely fine fibres?”.

Figure 2.14: Electron micrograph of a cell from the nucleus pulposus of a normal, human intervertebral disc. Note the collagen
fibrils forming outside the cell (C), and the occasional globule of matrix products (arrow).
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In the very immarure disc, notochordal cells may persist, sole remnants of this phylogenetic
struccure in the vertebrarte skeleton® %% 2% Though uncommon, chese cells may be found in
clusters within the nucleus pulposus of the foetus, but such clusters decrease in frequency with
increasing age'® ¥ The disrinctive fearure of the notochord cell is the abundance of glycogen
found densely packed within its cytoplasm'®. The membranes of neighbouring cells commonly

interdigitate, and a variety of cell-to-cell junccions are described'®.

Fibroblast cells are also reported in the nucleus pulposus, but more frequently in the adult
disc®® 1% 28 Tr is suggested that their appearance represents a senile phenomenon. Further
credence tothis suggestion is the observation of many intermediace forms of mesenchymal cells
in the aging interverrebral disc'®. These intermediate cells have features common to both

chondrocyte and fibroblaseic cells.

Johnson ec al (1982)!° has also reported an additional cell type, whose location appears to be
confined to the matrix abutting the junction of the nucleus pulposus and the adjacent
cartilaginous end plate. These spindle-shaped cells resemble fibroblasts, but are characrerised
by unusually long cytoplasmic processes, terminating at bulbous swellings. Periceliular vesicles
in the matrix zbout these end-terminals appear to be similar to intraceilular structures. It is
suggested that these long cytoplasmic processes allow the cell to mainrain the marrix of the
central regions of the avascular nucleus pulposus, whilst keeping che cell bedy close to nurtrients

which diffuse through che cartilaginous end plare.

Wirh advancing age, the number of cells showing signs of degeneration, characterised by
pyknotic and disintegrating nuclei, begins to increase®™*, However, despite this rise in the
proportion of non-viable cells, the abso/ute number of cells in the nucleus pulposus appears to
increase with age®®?™ This finding is supported by analysis of the DNA content of the human
nucleus pulposus, which increases progressively with age from .30 mg DNA/gm in the seven

vear old disc t0 0.61 mg DNA/gm by 42 years of age’’*.

(171} Cartilaginous End Plate
The histologic appearance of the cartilaginous end plate is similar co articular cartilage.
Under electron microscopy the very tight collagen framework can be seen to be arranged
parallel tothe craniai and caudal surface of the vertebral body® %, Aside from the perpendicular
insercion of peripheral annular fibres into the vertebral body via Sharpey's fibres, no fibrillar
connection can be observed between the cartilaginous end plate and subchondral trabeculae of
the vertebral body'™. It is suggested thar this arrangement would impart a proficient shock

absorptive function o the carrilaginous end plate during axial loading™?. However, it would
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also render it susceptible to horizontal shearing forces, and segmental separacion of the

cartilaginous end plate from the vertebral body has been described in the human®?.

The cartilaginous end plate has frequently been implicated in the nutrition of the incervertebral

7, &40, 190, 20

disc through diffusion of nutrients through its surface In vitro and in ti1o

investigations have revealed that only the central portion of the cartilaginous end plare is

199,210,291 Brequently, vascular channels can be observed in this portion of

effectively permeable
the cartilaginous end plate and these appear to permit direct communication wich the marrow
spaces of the vertebral body™. Large venous sinuses are occasionally present wichin the vertebral
body, adjacent to the osteochondral junction at the central portion of the carulaginous end

plate’®,
274 MOLECULAR FRAMEWORK OF THE DISC

ull understanding of the functional design of the intervertebral disc requires separate
F consideration of the two integral components of its’ structural framework: collagen and
proteogivean. The following discussion is but a brief summary of the current knowledge on
these two biologically important molecules. Except where specifically stated, the information

has been obtained from two comprehensive reviews on this area''® %%,

(1) Collagen

ollagen js one of the most abundant molecules in the body. It is an important constituent
C of fibrous tissue, which is the single most prevalent tissue 1n the body. Ina variety of forms
such as bone, tendon, cartilage and fascia, it gives form and structural rigidity to the body.
Callagen also plays a significant role in reparative processes which oceur by the production of

fibrous rissue,

Collagen is made {rom numerous repeating units of a basic building block, the tropocollagen
molecule. The molecular weight of tropocollagen isapproximately 270,000 daltons, which purs
it In the class of large proteins. Each molecule is 1.4 nmindiameterand abour 300 nm infength.
The tropocollagen molecule has several fundamental qualities thar identifies it from other
protein molecules, thereby imparting the collagenfibres with several significant features. These

characreristics are:

1. Lach motecule consists of three linear peptide chains containing about 1000 amino

acid residues per chain and, due to the location of certain consistent amino acid
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residues, each strand is twisted in a right hand helix. This three chainassembly is itself

twisted into a left-hand ‘super-helix’.

2. The amino acid ‘glycine’ is located at every third position along the peptide chain,
resulting in the repeating triplet G/y-X-Y, where X and Y may be any other amino

acid.

3. The amino acids hydroxyproline and hydroxylysine are unique to the collagen
molecule. They occur only in the Y position of the tri-peptide G/y-X-Y and it is the
interaction of these amino acids on other molecules which impart the helical structure
to the molecule. The structural importance of these molecules is reflected in their

comparatively high content within the collagen molecule

Production of the collagen molecule begins within the fibroblast (or its related mesenchymal
counterpart) through protein synthesis on the endoplasmic reticulum. Each newly synthesised
peptide chain is longer than ultimately required for the collagen molecule, and this extralength
acts as a registration area, enabling three individual peptide chains to bind together. Once
bound, the proline and lysine residues become hydroxylated and the helical structure is adopted
through the influence of electrical forces. Ascorbic acid (vitamin C) acts as a catalyst for the
hydroxylation of lysine and proline. A deficiency of this vitamin can severely weaken the

collagen molecule, due to the lack of strong bonds between the individual peptide chains.

The helical ‘procollagen’ molecule is now secreted from the fibroblast and the registration ends
are cleaved by the action of two enzymes, resulting in the formation of the tropocollagen
molecule. Tropocollagen is the fundamental unit of collagen, but is short-lived as a singular
entity with the formation of collagen fibrils occurring spontaneously. Many tropocollagen
molecules arrange themselves in a staggered array, with the ‘tail’ of an adjacent molecule
overlapping the ‘head’ of another by about 10%. In cross-sectional analysis, the tropocollagen
molecules are arranged in a pentagonal fashion, which facilitates this quarter stagger array to
continue inall directions, resulting in the gradual increase in the thickness of the collagen fibre.
This polymer aggregate is stabilised by strong intermolecular covalent bonds between, in
particular, the lysine and hydroxylysine residues of adjacent tropocollagen molecules. These
covalent bonds will form only if the participating groups are within 14 - 15 A of each other. It
is suggested that with continued deposition of collagen molecules, the inner core of the fibril
becomes more tightly packed, facilitating the formation of these strong bonds. Until these

covalent bonds form, the polymer is held by comparatively weaker electrostatic bonds.
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Ultimate fibril diameter is dictated by the number of tropocollagen molecules which bond
together. This process appears to be coordinated in some way as each tissue and each species may
have one or more characteristic fibril diameters. The influence of the ground substance on the
control of fibril growth is becoming increasingly recognised, and is believed to occur through
electrical interaction with the binding sites of the tropocollagen molecule. The proteoglycan
constituents of the ground substance are considered particularly significant in this role due to

the interaction of their carbohydrate side-chains with certain amino acid residues.

Proteoglycans are also implicated in determining the orientation of fibre direction during
fibrillogenesis. It is suggested that the surface of the fibroblast hasa layer of proteoglycan whose
chargeand orientationdirects theaggregation and ultimate orientation of the collagen polymer.
Cellular shape appears to be significant in this respect. Further discussion of this is covered in

later sections (Section 4.5.2)

Due to their influence on fibril growth,
proteoglycans playan important role indictating
the ultimate qualities of the collagen fibril.
Many different types of collagen molecules have
been isolated from tissues throughout the body.
These types differ predominantly in the order
and proportions of amino acid residues in their

peptide chains. These differences appear to

A.
impart certain individual characteristics to each o 58
fibre type, resulting in variation in the solubility, g §
carbohydrate content, fibre size and organisation LA ST e B i S
of tropocollagen molecules. Different collagen B. -
molecules are designated numerically using £ w0
roman numerals. Only Types I and II are of % 2%
importance in the intervertebral disc, although § 20
small amounts of Type III have been isolated £
from the periphery of the annulus fibrosus. .§ 10
Type I collagen is the predominant structural ¥ s
proteinand is found in the skin, tendons, muscle FZ3SARTER B 12 W
and is the principal reparative collagen type in ragion

the body. Type II collagen is found
Figure 2.15: [A] Stylised graph portraying the relative
predominantly in cartilage throughout the bOdy amount of coliagen in the annulus fibrosus and nucleus
pulposus. [B] The nucleus pulposus contains considerably
more Type Il collagen than the annulus fibrosus, where
Type | collagen predominates.
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Tropocollagen

3000-4000A

Froteoglycan Hyaluronic Acid

A. B. Proteogiycan

Figura 2.16: [A} Drawing of the proteogiycan molecule (with the sidechain ghycosaminoplycans giving a bottle brush
2ppearancef linkad to a single hyaluronic acid molecule (aggregation). B Schematic representation af the protecglycan
aggregate and ils close relationship with the colfagen molecule. Such an arrangement, which is stabilised through covalent
hands hatween the carbohydrate moiatias of both molecyles, has impartant congaguences on the uitimate fibrit arientation,
diameter and qualities of the coffagen fibre. Type Il colfagen, in contrast te Type [ collagen, containg a high propertion of
proteogiyean, which may influence its ability to befer withstang compressive laads.

Collagen is the principal component of the annulus fibrosus and may comprise 70% of its dry
weight. The collagen content of the nucleus pulposus is, by comparison, significantly less.
(Figure 2.15a) The type of collagen present in the intervertebral disc varies between the
peripheral areas and che centre. At the periphery of the disc, Type I collagen exists, buta gradual
transition to Type IT collagen occurs as the more central regions are approached so that in the
nucleus pulposus, Type Il collagen predominates. {(Figure 2.15b) As will become clearer in
subsequent sections of this thesis, this organisation urilises the special properties of each

collagen type to protect the disc against the biomechanical forces acting upon it.

Two of the three peptide chains in Type I collagen are identical, and are referred to asal(I). Type
II collagen contains three identical peptide chains and these share some basic structural
similarities with the al peptide of Type I collagen. These chains are referred to as al(II}. Type
IIcollagen contains about nine times as much hydroxylysine, which is known o readily interact
with carbohydrate molecules, Because Type II collagen has a high degree of association with

protecglycan in comparison to Type I collagen, it is speculated that extensive glycosylacion of
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the hydroxylysine residues would promote collagen-proteoglycan interactions. It is anticipated
that this relatively high concentration of proteoglycan, intimately bound to the Type II collagen
fibre, would have a significant influence on the ultimate qualities of the tissue. (Figure 2.16)
To understand why this should be so, one must have knowledge of the structure and qualities

of the proteoglycan molecule.

(i1) Proteoglycans and the Glycosaminoglycans
The proteoglycan molecule, or monomer, consists of a protein backbone from which

numerous polysaccharide side-chains, or glycosaminoglycan molecules, arise. (Figure
2.16) Each glycosaminoglycan molecule is composed of an alternating sequence of two
monosaccharide units. One of these monosaccharide units isalways aderivative of anaminohexose,
usually D-glucosamine or D-galactosamine. Differences in the remaining monosaccharide will
alter the properties of the proteoglycan molecule. Seven different glycosaminoglycan molecules
aredescribed in thebody: chondroitin, chondroitin-4-sulphate, chondroitin-6-sulphate, dermatan
sulphate, heparin sulphate, keratan sulphate and hyaluronicacid. Each displays some specificity
tocertainlocations in the body. The glycosaminoglycans of importance in the intervertebral disc

include chondroitin-6-sulphate and keratan sulphate and, to a lesser degree, hyaluronic acid'®

45,49,77

The repeating disaccharide unit of chondroitin-6-sulphate includes galactosamineand glucuronic
acid. The galactosamine sugar is sulphated at the sixth carbon residue, which imparts a double
negative charge to each repeating unit. Chondroitin-6-sulphate has a molecular weight of 2 x
10*. Keratan sulphate isa smaller molecule, with a molecular weight of 5 - 20 x 10* and contains
the monosaccharides galactose and glucosamine. The glucosamine molecule is also sulphated

at the sixth carbon residue!'® 4477,

In all cartilaginous tissues, including the intervertebral disc, the basic structure of the
proteoglycan molecule is the same'®. This structure comprises many chondroitin-G-sulphate
and keratan sulphate glycosaminoglycan molecules, which are bound to a central protein core.
The chondroitin-6-sulphate molecules are not distributed evenly along the protein core, but
occur in groups or clusters of 2 - 8 closely spaced chains. Towards one end (the N-terminal) of
the protein core molecule, no chondroitin-6-sulphate are present, and a keratan sulphate-rich
region exists. Keratan sulphate molecules are also distributed throughout the rest of the chain.
The resultant appearance of the proteoglycan molecule resembles a bottle-brush, because the

negatively charged monosaccharide units repel each other'® 4477,
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The N-terminal end of the protein core has a binding site which allows the proteoglycan
monomer to aggregate with hyaluronic acid’?* ¥ "*? Up to 100 proteoglycan monomers may
bind to the hyaluronic acid chain, separated by a distance of 20 nm. The binding site on the
hyaluronic acid molecule is very specific, and this bond is srabilised by a glycoprotein link
fraction’. Aggregation occurs extracellularly, following the secretion of proteoglycan monomers
intothe pericellular environment by chondrocytes. There isevidence thar the rate of incorporation
of newly synthesised proteoglycan into stable aggregates diminishes in the skeletally marure
animal’®". The purpose of aggregation is not clearly understood, but it is believed that the
production of such a large molecule would help bind the proteoglycan subunics in the marrix.
Loss of aggregacion ability in the mature animal would therefore permit greater dispersion of

the proteoglycan monomers away from the matrix. (Figure 2.17)

Low molecular mass
protecglycan monomers

Maturation and ageing

Low molecular mass

1
. y_,.:/proteog,ycan monamers
k3tY s .._,_._m "r-:-‘:-‘-

Small hyaluronic acid chains

Figure 2.17: Scheme showing the major age-related changes in apgregating profeoglytan steucture. Note the shoner chainf
fengih of the side-chain pretecgiycans, the fragmentation of the hyaluronic acid 'hack-bone’ resuiting in smaller aggregates.
ifrom Scott JE {18590}
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Buckwalrer et al (1985)" found that the number of aggregares in the nucleus pulposus of the
human intervertebral disc decreases 46% from birth to the age of eight months. Similar work

intheadulr dischas corroborated these findings'™ %

,indicating a continuing loss of aggregating
ability with age. This loss appears to be associated with a loss of the binding region on the core
protein of the proteaglycan, as disc concentration levels of the link glycoprotein and hyzaluronic

acid remain adequare'!’ 7.

By comparison, the proteoglycans of che annulus fibrosus have a higher affinicy foraggregation.,
and Buckwalter et al (1985)* reported only a 20% decrease w eight months of age. The
aggregates that form in the annulus fibrosus were longer, wich wider spaces separating the
proteoglycan monomers on the hyaluronic ilament. About one-third of the aggregates in the
nucleas pulposusare similarto these long aggregates, whilst the remarning cwo-thicdsare shaore,

with densely packed proteoglycan monomers.

The mose significant quality of the proteoglycan aggregate is che very high nepative charge thas
they impart to the matrix under physiologic conditions'™*. This fixed charge density derermines

- . : ‘a0 . ,
the movement of charged solures between the matrix and plasma™, and directlyv infleences the

characteristically high water content of the cartiiagingus marrix. The varianion in the qualiny
of proteogiveanaggrepation in the immature and adult intervertebral disc would probuably have

important consequences on the movement of fluid within che intervertebral disc

In the following section it will become apparent how the quality of the collagen and

proteoglycan molecules can influence the biomechanical funceion of the intervertebral dise,
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3.1 INTRODUCTION

0%, 139,

The vertebral column must be rigid to support theanimal 2gainst the influence of gravicy ™
261 However, in order to faciitate focomorory movements, it must also be flexible

6 These seemingly opposing mechanical functions are achieved by its complex design.

Form and functionare inextricably linked inall mechanicai systems. Consequently, interference
to form will result in modification to the function of a particular structure, By understanding
the reason foraparticulardesign, one can begintoappreciate the anatomical requirements, both
scructural and ulrrastructural, demanded to fulfil a function. Furthermore, one can appreciate
the effects that damage or deterioration in structure may have on the ultimate function of the

‘machine’.

The form and funccion of the vertebral column has long been the subject of speculation and

301352680, 10

analysis® *? . Arigid horizontal beam provides the best support against gravitational

forces and in this context, the vertebral column has been likened to a bridge®” % 2%
Unfortunately, this theory did not provide for the flexibility required to enable locomotion®™.
The currently accepred theory of vercebral column function equates it to a bow and string %%
This theory incorporates the influence of the surrounding musculature on the vertebral column
and adequately reflects the dynamic nacure of the system. Nevertheless, the concepts of the
previous theories are worth reviewing, as they provide some added comprehension of the

requirements of intervertebral disc function.
3.2 THE VERTEBRAL COLUNN AS A HORIZONTAL BEAM

3.2.1 The Bridge Theory
In the early half of this century several pictorial analogies likened the verrebral columnto a

139.28! The theory which gained the most favour with the veterinary

variety of bridge designs
and medical professions of the time depicted the spine as a cantilever-bridge; the neural spines
represented the vertical braces rising from the road bed (the vertebral bodies), held by the
suspension apparatus of the nuchal and supraspinous ligaments. (Figure 3.1) Whilst these
analogies allowed graphical representacion of the profile of the vertebral column, che theories
failed to accurately iltuscrare che true design of the individual components of the verrebral
column. Moreover, movement of the vertebral column, one of its fundamental qualicies, was

completely ignored!®’
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Clearly the bridge theory, presenting a passive, static state was not commensurate with the
requirements for an active, dynamic living system. Nevertheless, certain theoretical aspects of

the bridge theory provide some insight into the form and function of the vertebral column.

——

Parabolic Bow-string bridge

Parabolic cantilever bridge

e ]

A ' A

Figure 3.1: The 'bridge theory’ attempted to graphically mimic the structure of the vertebral column of animals to enable an
explanation of function. The inability of the theory to accomodate motion led to its eventual rejection.

-

3.2.2 Theoretical Considerations

f the vertebral column is regarded as a rigid girder, the ‘fore’ and ‘hind’ limbs can be
I represented as supporting struts located at two points down its lengch. (Figure 3.2a) The
fore-leg support is located some distance from one end of the girder, resulting in a cantilevered
configuration at this point. Such an arrangement is similar in structure to a carpenters ‘saw-

horse’ and is characterised by considerable inherent stability®” 2!,

Two opposing forces can be considered toact on this structure: gravity, acting downwards upon
the whole structure, and an equal reactive upward force from the ground which is transmicted

solely through the two limb struts®’:13%:2¢!

. Between these two struts, the unsupported regions
of the girder have a tendency to dip; this becomes greater as the distance from the support
increases. The tendency for any particular point along the girder to bend can be calculated. This
‘bending moment’ is a product of the force applied to the girder multiplied by the shortest
distance from the point to of force application. A graphical display of the bending moment

versus distance along the girder represents the stress diagram for that structure. (Figure 3.2b)
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Bending moment D
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Figure 3.2: The trink of the dog is represented by a horizantal beam A - D145 cm fengl with a uniformly distributed load of 0.2
kg 'em, togetser with a concantrated Joad cranially af 2 kg {the head). The total weight is therefore 121 kg. With the limbs placed
25 shown, the oppOsing reaction forces are 7.9 kg in the foralimb, and 3.1 kg in the hindlimb. b} Bending moments alang the
vertebral cclumn are shown graphically in the lower figure. from Davies AS {13821%)

Ifbending momentsare calculated fora bypothetical vertebral column, a stress diagram (Figure
3.2b) can be produced®™ %27 QOver the fore and hind limb supports, the beading moment is
maximum in a positive sense due to the upwardly-acting reactive force ar these sites, resulting
in a ventrally-concave bend in the girder. As the distance from the supports increases, so does
the tendency for the beam to sag under the influence of the gravitational force. This dorsally
concave bend in the girder reaches a maximum abour two-thirds the distance berween the two

suppores (this theoretical mode] approximates the unequal [vad-sharing by the fore and hind

legs in real Life).

Effeccive counceraction of these inherent bending moments can be achieved by the application

fbasic engineering principles to the girder. Bending in the ventrally concave sense is opposed
by first aleering the shape of the beam ro produce a dorsally concave beam ar the forelimb
support. This curve is supported by a series of strucs (the spinous processes of the cervical and
thoracic verrebrae) and srays (the nuchal and supraspinous ligaments and the epaxial muscles
of the neck). Bending in a dorsally concave sense is opposed again by altering the shape of the
beam, thus providing a ventrally concave curve in the thoracolumbar region. In a similar
manner, this curve is supported by a series of struts (the rib cage and sacrum), and stays (the

ventral thoracicand abdominal musclesand the sacrotuberous Higament). Thus, whenan animal
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stands at rese, the vertebral column isin a state of equilibrium, and only slight muscularactivity

105,139,281 A fareral projectionof these curves in the verrebral

is required to maintain this posture
column of the resting animal is termed the efgenform, and this profile can show significant
variation between the species?, The importance of chese differences on ambulation wiil be

discussed later. (Section 3.3.2)

3.3 THE VERTEBRAL COLUMN AS A FLEXIBLE BEAM

f the rigid, borizontal girder presented in the previous analogy is broken into numerous
I individual segments, stability is lost and an almost snake-like flexibility is produced 1n che
beam_ Such a strructure would of course offer no resistance 1o gravitational forces, and it wouid
frecly collapse between the two supporting scruts. However, if this segmented unit is
surrounded by elastic stays, stability can be imparted o the structure without sacrificing ics

inherent flexibilicy®®.

This concept can be extrapolated to ilustrate the design of the vertebral column; the individual
segrnents are equivalent to the vertebral bodies and the elastic staysare che surrounding epaxia:
and hypaxial muscularure, ligamenrous supports and abdominal musculature, The combined
action of chis elastic apparatus at rest stabilises the vertebral column by adopting the balanced
eigenform particular to thar animal. Movement of the animal is possible by coordinared
contraction and relaxation of the surrounding muscalature. Such a design has been compared
to 2 bow-and-string, and this theory is currently accepted to provide suitable explanation of

vertebral column funceion'? 39261

3.3.1 The Boww-and-String theory
The bow-and-string theory considers the vertebral column and the pelvis, wich their
muscles, to represent 2 'bow’, bent in a dorsal directjon (ventral concave) by a 'string’,
consisting of the sternum, the abdominal muscles (especially the rectws abdvminus) and the
connective tissue of the linea alba. The weight of the abdominal organs and the elasticity of the
bow tries to extend the bow, but this extension is prevented by the stress or tension mainrained

130,206, 261

in the abdominal musculature . Hyperflexion of the vertebral column is resisted by the

ar, 226, 301

interspinous, dorsal spinous and longitudinal ligaments , as well as the epaxial

musculature’ 5 27

The significance of the abdominal muscles in maintaining the ventral concavity in the
thoracolumbar vertebral columau is clearly shown by the observation that, ina dead body, the

vertebral column extends only if the abdominal muscles are cur®®', Similarly, there isa definite
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sag in the vertebral column of young animals until the abdominal
musculature is properly developed: as tension is acquired in the
‘string’ with increasing age, this sag is transformed into a dorsal

curvature®!

A second bow can be considered 1n the cervical region. Here the

bow has a dorsal concavity, and the string consists of the nuchal

ligament and epaxial muscles of the neck. Again, cutting this

Figure 3.3: A beam. supported  |ioament in the dead animal has the effect of allowing che cervical
ar one end only by being bullt

into a wall, is given additional
support by 2 strecfched cord.
T stucture is anafogous to the
rofe of the nuchal ligament in
supporting the head.

vertebrae to scretch our, thusdemonstrating the tension maintained
in the string to fulfil its role®. This bow is designed to hold the

weight of the head. A comparable construction design is used

frequently in sign boards. (Figure 3.3)

3.3.1(i) The Bow-and-String theory: experimental models

sing human subjects, Morris (19617® was able to demonstrate the role of the venrral
U string during increased loadingon the vertebral column. Inhisexperiments, measurement
of intra-thoracic and intra-abdominal cavity pressures, and muscular activicy in the intercosral,
m. vectus abdominus, m. abdominus obligue, and epaxial muscles of che back were simultaneously
recorded whilst a range of sratic and dynamic loads were placed on the vertebral column.
Increased intra-thoracic and intra-abdominal pressure during loading oceurred, resulting in the
formation of two solid, sturdy cylinders: one contatning air (the thorax), the other containing
ftuid (the abdomen). Both these cylinders are capahle of transmitting part of the forces generated
during loading, thereby relieving the vertebral column of asignificant portion of the weight-

bearing burden.

Morris®® calculated that the actual force on the spine is much less than that which exists when
the effect of the intra-cavitary pressures, is omitted. He mathematically calculated this force to
be 30 - 50% less than would be present without such support. This finding has been

2067, 208, 205

corroborated by the exetnsive in vite and in vitre work of Nachemson , as well as other

investigatorsh 217031,

The function of the abdominal musculature could be considered as ‘taking the strain’ during
joading of the back®™ ' The mechanism of increased intra cavitary pressures through

contraction of the thoracic cage and related muscle is a reflexactivicy*™. Since the intervertebral

disc is capable of withstanding much higher loads in vitro, one may conclude that one of the most
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significant effects of the increased tension in the extrinsic support is to enhance the rigidity of

the vertebral column?®:208. 211,225

3.4 MOTION OF ANIMALS (ROLE OF THE VERTEBRAL COLUMN)

E mergence from the aquatic environment by the ancient ancestors of all current terrestrial
animals bought about radical changes in skeletal and other morphological structures.
Because of the need to acquire food and escape from predators, locomotory adaptation became
adominant feature of evolutionary development. Despite the wide diversity of habitatsavailable
to the terrestrial inhabitant, the evolutionary development of animal locomotion can be fairly
accurately traced to one or two distinct design concepts, which in more recent times
(evolutionally speaking) have undergone further modification to more appropriately adapt the

animal to its chosen environment'%139:200,

The typical gait of the early terrestrials consisted of undulating lateral flexures of the body,
reminiscent of the swimming motion of fish and otheraquatic species. This mode of locomotion
remains the normal gait of reptilesand otheramphibians whose limbsare arranged perpendicular

to the vertebral column!®® 139200,

The adoption of a parasagittal position of the limbs, attributed to the need to dig for food,
permitted significantadvances in locomotion to be made'®. The horizontal (lateral) undulations
of the spine changed to vertical flexures which permitted the progression of movement by a
series of jumps, with the hind limbs being propulsive and the fore-limbs shock absorbers.
Further development of this movement saw the inhibition of the forward drift of the hind limbs
whilst in the air, with the forelimbs adding a second propulsive input to the gait. This motion

is typical of the gallop!'%13% %!,

Animal species with a high degree of locomotory specialisation are termed cursorial'®'**. The
evolution of the cursors from simple walkers was the result of several selective advantages'®.
Cursors are able to forage for food over a wide area, seeking new sources of food or water when
familiar sites fail or when seasonal variations make a particular habitat unsuitable. It is possible
to segregate the evolutionary progress of the herbivores (prey) and the carnivorous (predator)
species. The requirements of their chosen habitats placed great demands on the development

of their musculoskeletal system.

Herbivores may spend up to 16 hours a day foraging for food and their habitat may be vast.

Standing is the customary posture for these animals and indeed sitting, although possible, isan
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unusual activity®'. To provide skeleral support with minimum expenditure of energy, the

verrebral column is comparatively rigid!® 139 200 261

. This rigidity is promoted by well-
developed ligamentous suppores and increased skeletal articulations. In the thoracic region,

mobility is chiefly limited

by the large dorsal spinous
processes which are
required to provide
mechanical strucs for the
inserrion of rhe nuchal
ligament and epaxial
musclesof the head tooffset

theeffect of the large heavy

head in these animals.
ewibelire e ir \
Figura 3.4: The thoracolumbar spine of the Ungulates (A: horse; B: Rizan!, Note I"I&mb‘hr} OF the splne an
how the dorsal spinous processes are very tall in the thoracic region, and are farerally - .
flattened in the fumbar area. Alse nete Row the anti-ctinal zone is Jess distinclive in L‘hé‘ C‘aUdaI thoramc and

these species comparsd {0 the dog (compare fo Frgure 1.7) . .
lumbar regions of che Sl

is further limired due 1o broadening of the dorsal spinous process, so that the interspace is
minimal. The interspinous and supraspinous ligaments are also thickened in this location,
Laceral flexures of the spine are resericted by the broad transverse processes. (Figure 3.4) The
only significant movementin the equine vertebral column occursat the incerspace of T, which

permits grazing activity, and at the lumbosacral area®® ¥

The unfortunate position of the
herbivoresinche food chain necessitares
the need for rapid retreat from predators.
Because of the comparatively inflexible
vertebral column, developmentof speed
in these animals has been achieved by
lengthening the stride through
modifications to the appendicular
skeleton®™ 192 13%. 20 (Fiopre 3.5) The

effective length of the limb has been

increased by the animal walking on the

distal end of the chird phalanx®®. In the

Figare 3.5: Fhylogenetic elongation of the distal end of the
mammalian limb. Comparison of the hind-timb of the bear {al, dog
b}, and deer {c] shows both a progressive efongation of the distal

specialist runner, in particular, the

skeletal complexity of the distal [imb is segmenis of the limb and a progressive incorporation of the distaf
; . segmenis inta the imb pendufum from the plantigrade (a/ to the
reduced and all weighr is borne by a digitigrade (b) and unguligrade {c) stance, as the limb becomes

cursorially adapted. (From Davies AS (198217}
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single digit; the remaining four digits become redundant. In other runners whose habirtar is
especially mountainous, muddy or uneven, this development of the hoof region shows some

10%,

variation to ensute a firm fooc-fall in the rough terrain’® %2 Endurance is enhanced by the

pendulum action of a comparatively lengthened antebrachial region whose motion is effected
by a large muscle mass abour the shoulder and hips acting over a shortened length®™ ™ %7,
Comparatively small contractions of the limb musculature createan increased stride length with

a resultant increase in speed.

The vertebral column of these animals can therefore be likened to the horizontal beam described
earlier. However, complete concrescence of the spine into a single unic has been prevented
because this would greatly diminish its’ shock absorbing role which is vital with high-sneed
gaits which have a scage where no limbs are weight-bearing (ie free-flight, typical of all forms

of gallop. The intervertebral disc is a central component in chis shock absorbent role'™,

e

Figura 3.6: Two different phases of the lsaping-gatlop fcat, dogl) and the horse-galicp (deer, horsel Note the comparative
straightness of the back throughout each phase of the galiop in the ungulate species. (from Siijper E4 (1846/7)
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In contrast with the herbivorous species, the development of the musculoskeletal system in the
predator species was dictated by the need to obtain frve food’®. The long chase, hot pursuit of
the vicrim at close quarters, prey-seeking in burrows, the catching of live fish, specialisation for
hunting small and large animals, group or solitary hunring and feeding on carrion al] created
special conditions dicrating the motion and limb morphology of the carnivore. The need for
manipulative funceions by the distal limb resulted in the retention of all digits and development
of a rotatory action io the fore-limbs'® ?®_ The morphology of this area is greatest in the car
because the claws are used o seize and hold prey'® !, The dog, on the other hand, is more likely

o seize prey in its teeth.

A characteristic feature of the carnivore is the flexibility of the spine'® 13281 This flexibiliry
1s most obvious during sealking, in che final lunge and struggle with the victim at the kill, and
in the pursuit of prey through winding burrows'®. The flexibility of the spine is also
adgvantageous during high speed running, when the considerable vertical mobility of the
verrebral column promotes an increase inthe length of the scride, thereby acceleraring the speed

of runaing® 9% 1928 (Fipure 3.7)

Figure 3.7: The gallop of the cheelah. lmpressive spead is gainad by the dramatic increase in stride length provided by the
tremendous flexibility of the vertebral cofumnn 2t the diaphragmatic region. (from Gambarnyan PP [1974 )'%)

The active vertical mobility of the spine is reflected in the structural design of the vertebral
column. The vertebral column of the dog is very mobile in the dorsal direccion and fairly mobile
in the ventral direction®. This mobility is especially large in the diaphragmatic region
(thoracolumbar junction). Pivoting of the vertebral column at the diaphragmatic region
provides a propulsive thrust to the hind [imbs, which are drawn under the body duriog the
gallop'® ¥ The mobility of the vertebral column is associated with a narrowing of the dorsal
spinous processes to increase the interspinous space and a poorly developed supraspinous
ligament. Intheir place,a complicated system of interspinous ligaments and muscles develops'™
139.2%.281 The epaxial musculature is 2lso quite fleshy and well-developed®®’. The intervertebral
disc plays an important role in the attenuation of the impacts passing through the vertebral
column during running, as well as conferring the spine with its’ distinguishing flexibility in

these species.
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The intervertebral disc in all animals must therefore be able to resist and atrenuare a variery of
forces. Interestingly, intervertebral disc disease is recorded most frequently at the most mobiie
region of the vertebral column in all animals. For example, degeneration of the intervertebral
discat T, and at the lumbosacral region is recorded in the horse®, and the latter region isalso
typically affected in the human® % (Figure 3.8) However, clinical disease associated with disc
degeneration is infrequently recorded in the horse; this is nor surprising due to the relative
immobility of the vertebral column. Indeed, the more rypical complaint is associated with
hyperextension of the spine, due to riding and excessive jumping, resulting in impingemeant of
the dossal spinous processes and asthritic changes in the articular facets®™. In the dog.

degeneration of discs abour the diaphragmatic region is more typical™ %"

Site of Lumbar Disc Degeneration in ManT

24
L

10

Percent (96)

T12-13 Li-2 Lz2.3 L34 L4.5 L5-51
Disc Space

Figura 3.8: Site of disc herniation in the human. Compare this with the disirihution in the dog [Figure 1.2] {twith dafs from
Hansen H.t (1958179

How the intervertebral disc arrenuares and resists a variety of biomechanical forces, and the

reasons why it degenerates will be presented in the following sections.
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3.5 BIOMECHANICS OF THE INTERVERTEBRAL DISC

To enable mobility of the vertebral column, the intervertebral disc acts as a deformable
tissue between the individual vertebral bodies'®’. This role requires it to be flexible
enough to permit the extremes of movement associated with locomotion, yer rigid enough to
withstand the normal physiological forces acting along the vertebral column. How the
intervertebral disc tolerates these apparently conflicting qualities has been the focus of

: ; erar o 142,1 L 187,198,208, 209, 2
considerable invest1g3‘:10n2'5‘4"'82'86'93’104']09'MC“ §2,158, 166,170, 171,187, 183, 187, 198,208, 209, 211, 21§, 244, 254, 295,

Aoz

When any structure is bent, the elements on the concave side are compressed whilst those on
the convex side are underastate of tension. A gradual state of transition berween these two states
exists and, at one place within the beam, the tensile and compressive forces are complerely
balanced. This neutral zone is also referred to as the axis of movemenc'®. Investigarions in che
horse and human have shown that, in the cervical and fumbar regions of the vertebral column,
the axis of movement passes directly through the centre of the eccentrically-locared nucleus
pulposus'®. In the thoracic region, the axis of movement (and accordingly, the nucleus
pulposus) is Jocated more centrally within the intervertebral disc, probably reflecting the

infiuence of the rib cage on vertebral column srabilicy®,

Under normal conditions, the intervertebral disc can be subjected to five possible loading
conditions: compression, tension, bending, shear and torsion’™. In most cases, a physiological
biomechanical force would probably be a combination of several, if not all of chese. The results

of investigations into the reaction of the intervertebral disc to these loads are summarised below.

The majority of experiments on intervertebral disc function have been performed on isolated but
intact disc units, bounded by thin sections of the adjacent vertebral bodies. In most cases, the
neural arch and associated soft tissue elements had been removed enabling the investigators to
focus solely on the activity of the intervertebral disc. In these experiments, the intervertebral
disc unic was subjected co a variety of controlled, compressive loading forces. The applied load
was classifled as static (asingle continuous load, often of increasing intensity, wich each loading
event followed by a period of recovery)ordynamic{repetitiveloading of many cycles per second).
The intervertebral disc has been found to react quite differently to these Joads, a quality which

is quite typical of other elastic or semi-elascic (viscoelastic) structures.

Loading of the intervertebral disc section along its axis resules in the generation of a purely

compressive force acting through the centre of the nucleus pulposus. The reaction of the disc
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toloading 1s examined by a} measuring the amount of positional displacement which occurs and

by changes in the disc morphology.

Under a gradually increasing static load, the intervertebral disc unir is initially quite flexible
and deforms easily. As the load increases, the disc becomes progressively stiffer, with a stable
state occurring afcer several minutes. The micromovement of the disc prior this equilibrium
state being reached has been rermed creep and is believed to be due to initial rearrangement of
the lamellar layers of the annulus, followed by the gradual efflux of tissue fluid from the

interstices of the disc. This flux of fluid is directly dependant on the size of the load'™ %%,

A number of studies have indicated that the nucleus pulposus s normally kepr undera constant
degree of compression® 8L TS 85225555 Thig normal incradiscal pressure, or preload, has been
measured 1n humans and dogs. As a compressive load is applied across the intervertebral disc
unit, the force isabsorbed mostly by the gelatinous nucleus pulposus, resulting in the generarion
of a hydraulic pressure wirthin the disc which is radiated in all directions™® ** (Figure 3.9) As

the nucleus puiposus is squeezed, the annular fibres react by stiding over each othertoforma

AT TN o AR o
’i{f-‘aﬁi‘fr&fa—lﬁ' DA L

-+ Tensile forces
—— Compressive forces

Figure 3.8 When a compressive load is passed through the normal interventebral disc, 8 hydraulic pressure is generated
within the gelatinous nucleus pulposus. This is radiated in alt directions, and is absorbed by the annular fibres. The compressive
force is, in this way, converted to a predominantly tensile force in the annular fibres. This tensile force is largest in the peripheral

layers of the annulvs. (from White and Panjabi (1078) ™7}
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more tightly packed arrangement, thereby rescraining the disc circumference in spite of the
reducrion in disc width'**. This action resulrs in the generation of large tensile stresses within
the lamellar fibres {estimated 1o be abourt four or five times the applied compressive load )y
which makes the annulus fibrosus very stiff, thereby preventing it from collapsing under the

35154302 Qince it has been shown thar the annular lamellae are

weight of the compressive load’
three times stronger when loaded along the direction of their fibres'®, it is presumed that the
alternating arrangement of the lamellae in the annulus fibrosus, together with the obliguity of
the lamellar fibres, enables them to align themselves in the most efficient manner to counteract

the forces generated in the disc during loading’? %4302,

Bending, torsional and shear loads are considered to more closely represent the normal
physiological activity of the disc than purely compressive loads, and indeed, experimental
studies suggest thar it 1s these Joading conditions which are more likely to result in traumatic
disruption to the intervertebral disc™. Resistance to these loads is aided by the activity of the
other stabilising elements of the vertebral column, including the long and short ligaments of
the spine and, in particalar the articular facers. Moreover, in the Live animal, physiological
function of the disc is aided by variations in thoracic and abdominal pressures, which have been
shown to dramarically influence the biomechanical function of the verrebral column and, in
170, 206,209, 211

particular, the interverrebral disc (Section 3.3.1). Thus the direct extrapolarion of

the results of 7w vitre Investipations to the live patient must be made wich care.

A degenerating nucleus pulposus can have serious consequences on the functioning of che
intervertebral disc and vertebral column of the animal. The changes that occur in the

intervercebral disc, and in particular the nucleus pulposus, is the focus of the following section.
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4.1 INTRODUCTION

. M : : L1 1 1A T, 108,127, M 4,2 A 2%6 268,75

Dc-gener&mon of the interverrebral disc in dog® 111112314 117, 128,127, 145, 245, 183, 205, 254, 236, 266,233
5,4,12,13,17, 35,50, 36,59, 0%, 135, 144, 136, 173, 158,213 18,228, 275, 286, 250, 567 e .

ﬁﬂd manf.‘h V2L LR I RS, 50, 04,50, 9%, 135,144,106, 173 186,213,214, 218,208 275, 280,280, 3 has bf:f:ﬂ (‘)bSEI“Ed

and described by many authors. Age-associated changes in the disc and 1its surrounding
structures have been the focus of considerable research. This isespecially so inthe human because
back disease, largely attriburable to premarure malfunction of the intervertebral disc, resulrs in
subsrantial debilitarion and s a considerable financial burden to healch sectoes throughour che
world ¥,

Disc degeneration isassociated wich loss of water from the nucleus pulposug®® ¥ 8126335238 (e

: . v 12,13, 55, 9%, TTORD, 18,12, V14,025, 135,213, 218, 228 :
in part to 2 lower concentration of proteoglycan® 12135539, 7 82 15 12 24 .213.218.22% This
rediices theahilitv of the disc to funced s hvdrauli Wi d juently interferes witl
reducestheabiliny of che disc tofunction asa hydraulic cushionand consequently interferes with
the normalaction of the vertebral column®™ 2% When thisoccurs, other structures associated
with the function of the spine, such as the articular facers, vertebral bodies, ligaments and

e Vne it bupap N TUUUNS IR S . e tTLUYRE VGG, R, TR TED, D34
musdaiatilre Can Sedome lﬂ\(}l\tu. 171 TAE disSease Process .

The term 'Intervertebral disc degeneration’ acommonly used buroften ingppropnate!y applicd.
The expression ‘degeneration’ has now come 1w convey a wide variety of cinical, radiographic
and parhologic changes that occur in the intervertebral disc. Indeed, Pritziker (197757 stated
that "the word is really only a symbol of our ignorance about disc disease”, maintaining thac it
fails ro distinguish between age related strucrural changes that would be expected to accur, and

trie disc disease.

Itis possible that the difference becween aging and degeneration js relared to the time of onset.
Agingofthe disc would thus represent a gradual maturation and development of the inherent
structures, enabling them to respond to changes in the funceional requirements of the animal.
These changes are directed and created by a viable cell population, which acrively secrere
sufficient collagen and matrix produces to allow the disc to function appropriately under the
altering conditions® #*, §imilar ultrastrutural and biochemical modifications are recorded in
other anatomical scrucrtures which are subjected to simitar loading circumstances 25 the

interevertebral digg?® 245,245, 230,247, 248,245,

2 Degeneration, on the other hand, would represent
adecaying of the disc seruccure and consequently, s higher population of non-viable cells would

be expecred.

Winldse the apparent morphological changes in aging and degeneracing discs are similar, some

mnacing factor results in an acceleration of the process in the degenerate disc. In man and most
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dogs, this factor appears to be trauma and the initial incitement is currently believed to be

tearing of the annular rings®* 5

Ifof appreciable size, these radial tears do nor heal adequately™
and, ultimately, degenerative changes eventuate in the nucleus. Thus, degeneration appears ro
begin peripherally, eventually causing central disintegration® %%, With progressive degeneration
of the nuclear region, the disc may begin ro bulge out from the confines of the vertebral space,
causing spinal cord or nerve root compression and the onser of clinical signs related 1o disc

. 101 I
dlseasel26, 131,135, :'0'2‘

A different form of disc degeneration from thac described above is known to be associated with
chondrodystrophic dogs. In these animals, degeneration of the disc is thought to be a
manifestation of che chondrodysplasia which typifies the skeleral defects of these dogs™. Inthis
form of degeneration. the inttial changes appear centrally within the disc, eventually extending
to the more peripheral annular layers in a centripetal fashion. The disruption to disc function
that resules tends to lead predominantly to complete rupture of theannular fibres and a massive
herniation of degenerate nuclear marerial. Hansen (1952)% classified this form of disc

herniation as Type I. The previousty described form he classified as Type 1L

and the pathoiogical changes thatoccur i the intervercebral dise. Where differencesare knoan

to oocur, these will be detailed.

42 DEGENERATIVE CHANGES IN THE NON-CHONDRODYSTROPHOID
BREEDS

The non-chondrodystrophoid dogs are those that do not have chondrodysplasia as a breed

characreristic. Clinical disease associared with the intervertebral dise in these breeds is less

126 14%, 713

common, and occurs 10 considerably older individuals Tes likely therefore char senile

remodelling is a factor in this form of disc degeneration'®,

4.2.1 Gross changes
In most non-chondrodystrophoid dogs, the mucoid nucleus described earlier (section 2.7.1)
is preserved for much of theanimal’s life'®, (Figure 4.1) Only insome older dogs (over seven
years of age) does the occasional disc become fibroid in character. These discs lose their
transparency, becoming rurbid and milky-white in colour. WWhen this occurs, the nucleus
eventually becomes indistinguishable from the inner layers of the annulus fibrosus. Dehydration
of the disc is associated with these changes and resules in a loss of disc width. Only occasionally

does calcification of the disc occur'% 143147,
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Fraquency of Mucoid, fibroid and calcified nuclei in Non-
chondrodyatrophic dogs of diffarent agest
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Figura 4.1: Graph showing the relative prapartions of non-chondrodystraphoid discs which may show some signs of
degeneration {as indicated by increased fibrosis or chondrification} with increasing age. (fwith data from Hansen HJ (185217¢)
Compare this with the chondradystrophoid disc [Figure 4.3]

4.2.2 Microscopic changes in the nucleus pulposus
The fiest feature of degeneration to be evident microscopically is a focal increase in cellular

mitortic activity, especially about the perinuclear region of the intervertebral disc'®. The
newly divided cells gather themselves into variable sized groups, their nuclei arranged in a
wheel-spoke pattern. These cellsappear to be metabolicallyactive, with collagen being the main
cetlular product, At times, aloose aggregation of fibrils can be seen surrounding the cells. The
concentration of proteoglycan in the matrix, as measured by staining intensity, decreases during
this period’?. The collagenisation of the perinuclear region eventually extends deeper into the

nucleus, dividing it into distinct lobules, separated by many collagenous seprae’®

. These septae
ultimately thicken, and soon the cells of the nucleus pulposus are locared in a net of fibrillar

bundles. In some of these isolated lobules, degeneration of the cellular features may be apparent.

The probability for these degenerative changes 1o occur increases in dogs over seven years of

age'”®,although nostudiesareavailable that reporc the incidence of non-clinical disc degeneration

in the non-chondrodystrophoid dog.

The above process of fibroid metamorphosis of the nucleus pulposus could be considered to be
a progressive maturation of the intervertebral disc. Viable cellular elements, actively secreting

matrix products are visible throughout the disc. Nevertheless, truly degenerarive changes are
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matrix products are visible throughout the disc. Nevertheless, truly degenerative changes are
observed to occur, and these are characterised by cellular and intercellular matrix changes.
Cellular death, as evidenced by progressive disintegration of the nucleus, predominates in these
degenerative areas. Though certainly more common in the older animal, focal areas of

degeneration may be observed in the intervertebral disc at any age'*.
4.2.3. Ultrastructural changes

(1) Collagen: The collagen content of the nucleus pulposus of the non-chondrodystrophoid
canine intervertebral disc is age related. In animals less than seven to eight years of age no
significant changes in the collagen content have been recorded'* %, Around seven toeight years
however, the collagen content of the nucleus pulposus of these discs increases dramatically,
rising to an average of more than 25%""%. This change is particularly pronounced in the nucleus
pulposus of discs from the lumbosacral region. No such differences in collagen content have been

noted in the annulus fibrosus!'.

A similar increase in the collagen content of degenerate and aging intervertebral discs has been
recorded in the human? !3:35.57.82,110,144,228273,293,307 T¢ has been determined that the increase in
collagen content is caused by a relative rise in the Type I collagen content, with a decrease in
the amount of Type II collagen throughout the disc*3%3": 114228 More significantly, Brickley-
Parsons and Glimcher (1984)* identified regional variations in the relative proportions of both
Type I and Type II collagen with age. They found that these ‘modifications’ could be related
to biomechanical forces passing through the intervertebral disc, with more Type I collagen
developing where tensile forces prevailed, and Type II collagen predominating when compressive
forces were more common. These variations appeared to be mediated by an active cellular
response to the prevailing internal stresses within theaging (and/ordegenerating) intervertebral

disc.

(11) Proteoglycan: The proteoglycan content of the non-chondrodystrophoid nucleus
pulposus is typically very high'!® 112113114293 However, significant variations occur throughout
thedog’s life. From the immature level of up to 40%, the concentration can fall to as low as 20%,

by 10 months of age. However, by eight years of age it has increased again to about 33%''%: 14,

Specific analysis of the variation in the glycosaminoglycan content of the degenerating
intervertebral disc in both the dog''? and the human*'? indicate changes that have been
associated with the normal aging process of other connective tissues in the body!!: 125167195, 1%6.
By five years of age, the predominant glycosaminoglycan molecule in the matrix has become

keratan sulphate, with concentrations localised about the cells''?. (Figure 4.2)
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Variations in the Glycosaminoglycan Content of the Non-
chondrodystrophic nucleus pulposus with Aget
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Figure 4.2: Graph showing the relaiive concantraliaons af the major glycosaminpglycans within the noan-chondrodystrophoid
fuclteus puiosus with increasing age. By 80 months (5 years) keratan sulphate is the predominant glycasaminoglycan, Compare
this with the chondrodystrophord dise (Figure 4.86] i hwiih data from Ghosh P Taylor TKF, Braung KG and Larsen LH (1878]"")

In the aging incerverrebral disc, greater concentrations of proteoglycan molecules can be

extracted from che marrix®® 7 161,229, 266,294

, implying reduced aggregarion of the molecule o
hyaluronic acid’ '*' 2%, As the concentracion of the glycoprotein-link molecule remains
relacively unchanged over this period™, this decreased aggregacion appears to be due to a loss

of the binding region on the giveosaminoglycan molecule.

(ii1) Variation in the ratio of collagen:proteoglycan: In the nucleus pulposus of the

canine intervertebral disc, the ratio of collagen:proteoglycan is fairly constant for much of the
114

dog's life''". By about 10 years of age it begins to increase, signifying a relative rise in the

collagen contenc*'

. However, in the 2nnular and perinuclear regions of the disc, the levels of
collagen:prorenglvcan can show considerable variation. Beginningar about two yearsof age, the
ratio can increase considerably, peaking at abour five years of age. A gradual decline is then
detected. Interestingly, asimilarcollagen:proteoglycan racios observed inall regions of the disc

by 10 years of age''*.
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4.3 DISC DEGENERATION IN THE CHONDRODYSTROPHOID BREEDS

hondrodysplasia isanaffliction which results ina disturbance of endochondral ossilication™
C $26.15 26,2607 It represents a faiture of the chondroblasts of the epiphyseal plate ro grow
and mature. Histological examination of the ossification zone in the Beagle, an example of a
chondrodysplastic animal, shows that the cells have failed to undesgo dissolution, the trabecula
pattern is immature, and calcification is minimal®®. The effect of this disturbance in growth is
a disproportionate dwarfism. The Dachshund is the classic example of this breed, with shorr,
deformed legs and a2 comparatively long body length. In some breeds, the bones of the head are

also affected (Pekingese, Bulldog).

Chondrodysplasia is 2 herirable disease of man, cartle, poultry and rabbirsand i is assumed that
the development of the chondrodystrophoid breeds of dogs bas been by the direct selection (by

human interference) of a pathological crait.

4.3.1 Gross changes
n the newborn individual, the cut surface of the intervertebrai disc is glistening and shows
I littie dissimiiarity to a disc from a nen-chondrodystrophoid dogs ac this age™™®. However,
changes in the disc occur rapidly and by one year, thus "'mucold’ nucleus has been replaced by
a cartiiaginous tissue which s grevish-whire or greyish-vellow in colour. with a consistency of

soft caramel™®, (Figure 4.3) Changes occur in the intervertebral discs of all regions almost

Frequency of mucoid, chondroid and calcified nuclei in
Chondrodystrophoid Dogs of Different Agest
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Figure 4.3: Graph showing the relative proportions of chondrodystroptioid discs which may show some signs of degeneration
fas indicated by increased chandrification or caleification) with increasing age. { twith data from Hansen HJ (19521'7") Campane
this with the non-chandrodysirophoid disc [Figure 4.1}
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simultaneously. The gross distinceion between the nucleus and annulus fibrosus gradually

becomes less apparent, and physical separation of the structures is nearly impossible.

Partial or complete calcification of the centre of the disc is the next degeneracive feature to
become apparent. This occurs most frequentdy in the thoracic region' . (Figure 4.4)
Calcified discs have been observed in puppies as young as five months of age but their incidence
increases with age.'? The incidence of calcified discs have been examined both by radiographic

T, I8

studiesi® 126, 143

and post-mortem . The radiographic studies indicated, on average, two o
three calcified discs per animal (10%), but the more accurate technique of post-mortem

examiration found between 60-70% of intervertebral discs are calcified in dogs over two years

of age.
Distribhution of Disc Protrusions and Calcification of
Intervertebral Discs along the Vertebral Column of the
Chondrodystrophic Dogt
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Figitre 4.4: The comparative distribution of disc caleification (linel and disc protrusions thistogram) along the fength of the
vartabrat column of the dog, as revealed at autopsy. Nole the peak incidence of disc protrusion and caicification ar rhe
digphragmatic Zone (Dhse 18 = TIAL1), and the fack of protrusions (but the prevalence of calcification) within the tharacic region.
(tfrom Hansen HJ (1952)%)

In some discs, the nucleus is composed of a greyish-brown or dirty-brown substance. Hansen
(19523% noted thar this kind of colouration was observed only when the disc centre has been
10 communication with surrounding tissues. In these discs, prolapse of the degenerate nuclear
marerial hasoccurred chrough completeruprure of cheannulusfibrosus. The browndiscolouration
is artribured to breakdown products of haemorrhage which results from this prolapse'?.

Prolapse has been found o occur in about 20% of discs that show calcification™. The most
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common direction for prolapse of nuclear material is dorsolateral’®. The tears in the annulos
fibrosus tend to be radial, beginning frequently in the inner layers and eventually radiate

towards the dorsal side of the disc!®.

The most common site for disc herniations that cause clinical symproms in thedog isat T, **
10T, 118,126,143, 247,199,334 Neighbouring disc spaces also show a greater likelihood of ruprure
compared to other regions of the vertebral column. One will recall thar this is the zone about
which greatest movement of the vertebral column occurs. Interestingly, clinical disc disease in
man is more common in the low lumbar region of the vertebral column (L, ), which is the zone

of greatest movement in this species (see Figure 3.8, page 57).

Whilst clinical disease is more commonly caused by prolapse of intervertebral dises abouc this
‘high-motion’ zone, autopsy investigations have shown that disc prolapses inchondrodystrophoid
dogs 1s uniformly frequent throughour the lumbar spine’®. (Figure4.5) It is suggested that the
severity of the clinical disease which results following failure of a disc is not determined by the
size or location of the lesion, bur rather by the duration and intensity of the herniation®. It is
possibie thae, with a slowly developing lesion, compensatory charges occur 1n che spinal cord

and acute paralvsis is less Jikely.

Incidence of Intervertebral Disc Protrusione in the Dogt
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Figure 4.5: Despite the high clinicaf incidence of disc herniations about the "high-motion’ diaphragmatic region, Hoertien found
a relatively uniform incidence of gisc protrusions along the length of the vertebrai cofumn at autopsy. (fwith data from Hoertign
BF (19531}




sve 70 4.0 INTERVERTEBRAL Di1sC DLGENERATION

4.3.2 Microscopic changes in the Nucleus Pulposus
A‘ s with the non-chondrodystrophoid dog, degenerative changes are observed inicially

within the perinuclear region'®

. An increased mitoticactivity in this area resulrs in the
formation of active cellular ‘nests’ and a subsequent increase in collagenisation. These events,
which histologically are similar co those described for the non-chondrodystrophoid dog, occur
at a much earlier age and may commence as early as two months of age in some dogs'**. By one
totwo years of age, the collagen conrent of the tissue has increased dramatically, the isolated ceils
adopt a haif-moon configuration and the tissue ultimately takes on the histological appearance

of cartilage'?®.

Progression of the perinuclear activity results in an increase in fibrous tissue which ultimartely
divides the nucleus pulposus inro lobules. In some of these lobules, cellular activity occurs
similarly to that described for the perinuclear region, and cartilage-like tissue may develop, In
other lobules, degenerative changes are observed, with karyolysis and pyknosis of the nucleus,
accompanied by disintegration of the intercellutar matrix™. In some animals, no intetlobular
degenerative changes occur and the whole of the nudleus is transformed into a homogenous

cartilagincus-like tissue'?,

The development of cartilaginous regions in the intervertebral discoccurs rapidly and theabove
changes are generally complete by one year of age. This process appears to be mediated by
cellular acrivity and viable cells are still apparent within the tissue. With continued aging of
the disc, extensive further changes occur, and signs of cellular degeneration become more

widespread .

Focal calcification of areas of the perinuclearregion follows cellular degeneration and disintegration
of the intercellular substance. As these small foci enlarge and coalesce, the ceneral chondroid
portion of the nucleus ultimarely becomes surrounded by a moar of calcified rissue'®. Cellular
features may complecely disappear, or they may remain as pyknotic shells, engulfed in a sea of

calcified matrix.
4.3.3 Biochemical changes

(1) Collagen: The collagen content of the nucleus pulposus in the chondredystrophoid
dog isconsiderably greater than that found inasimilarly-aged non-chondrodystrophoid dog'*.
Though already high at birth, the collagen content rises rapidly and by 11 months of age the

114

nucieus pulposus at all spinal levels contains an average collagen content of 25% ', However,
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following this initial rise from birth to matunty, the concentration of collagen in the disc does

not change substantially in the following few years''*.

(i) Proteoglycan: In the chondrodystrophoid disc, the concentration of proteoglycan is

more variable with age although, excepr in the annulus fibrosus, no overall trend is detecrable.
n the annulear region there is a general decline in proteoglycan concentration from birth up to

5 yvearsofage. Atall ages, the quantity of proteoglycan in the chondrodystrophoid intervertehral

disc is below that reported for the non-chondrodyserophoid diset™.

The development of keratan suiphate as the dominant glycosaminoglycan is almost complete

in the chondrodystrophoid disc by two and a half years of age'''. (Figure 4.0)

-
Variation in the Glycosaminoglycan Content of the
Chondrodystrophic Nucleus pulposus with Aget
i,
<

0 1-5. G-160 11-20, 21-30 31290 =40

Age {(in months)

Chondroitin su]phate ——C—— Keratan au]p]‘n&tc

Eigure 4.8: Graph showing the refative concentrations of the mayor glycoasarminogtycans within the chondrodystrophais
nucleus pulosus with increasing age. By 30 months (2.5 years) keratan sufphate (s the predominant glycosarminoeglycan,
Compares this wilh the non-chondrodystrophoid disc [Figure 4.2] (twith data from Ghosh P, Taplor TEF, Breund K5 and Larsen
LH(1876)7

(i1) Ratio of Collagen:Protevglycan: The variation of collagen and proteoglycan in the
chondrodystrophoid disc shows significant quancitative differences to the non-
chondrodystrophoid disc. Even from birth, rthe nucleus pulposus of the chondrodystrophic disc
can contain up to twelve times more collagen than proteoglycan. Similar proportions are
recorded in the annulus fibrosus and the collagen content continues w increase further wichage.
Collagen and proteoglycan concent have not been measured beyond 6 vears of age in the

chondrodystrophoid dog.
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'STAGE 1

The normal intervertebral disc. Apart from a stight increase in

i stiffnass in the disc with age, associated with 2 rise in the collagen
. content of the nucleus pulposus at B years of age. significant

i degenerative changes do not oceur in the majority of non-
chandrodystrophoid intervenebral discs.

'STAGE 2

Traumatic injury to the disc /s befieved o be the initial incitement
far degeneration of the non-chondradystrophoid intervertebral disc.
The most injurious force is torsion, especially when the disc is
already under 3 compressive foad. Torsion causes the radial
separation of the outer lameflae and this loss of cohesion between
the individual layers affects the abifity of the annuius fbrosus to
absorb the tensde and shear foroas transmitted to it by the nucleus
pulposus,

'STAGE 3’

The disruption to the normal biomechanical properties af the
annulus fibrosus causes adaptive changes in the nucleus pulpasus.
These modifications are mediated by a viable celi population in
response to the altered bromechanical forces passing through the
disc. The uitimate effects of this ceflufar remodetiing is the divisiaon
of the nucieus inta distinct lobules due te the invasion (or
praliferation) of fibrocartifaginaus seplae passing between celiular
groups.

'STAGE 4'

in time, more severe degeneration of isolated nuclear lobules may
eocur resulting fn progressive disintegration of the nucleus. These
depgenerative changes are charactarised by cellular death, necrosis
and calcification. In other places, progressive fibrosis is occuring
through profiferation of fibrocartilage. The continued disruption to
the biomechnical function of the disc beacuse of the stiffer nucieus
causes bulging of the dise, and the cuter annular fibres constantly
stretched beyond their elastic limit. Failure of the fibres uftimately
coours,

'‘STAGE &'

Confinved biomechanical loading of the degenerating interveriebral

disc may finally cause complete failure of the annular fibras, with

extrusion of huclear material in a dorsal, or dorsoiaters! direction,

Typically, this rype of herniation is slow in onset 50 the resultant

ciinical signs may be mild dus to compensatory nature of the spinal
. €ord.

Figura 4.7: A schematic represantation of the development of disc degensration in the nonchondrodystrophoid disc.
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‘ 'STAGE 1

The normal chondrodystrophoid intervertebral disc. Although the
outward appearance of the immature disc is similar to the non-
chondrodystrophoid disc, biochemical analysis reveals that the
immature chondrodystrophoid nucleus pulposus contains up to
five times more collagen than a similarly aged non-

i chondrodystrophoid disc. The proteoglycan content is also

‘ considerably below the level found in the non-chondystrophoid
disc. Not surprisingly therefore, it would be expected that the
chondystrophoid disc would lack normal hydraulic properties from
birth. The rapid development of degenerative changes in these
discs may therefore be a consequence of the cellular response to
the normal biomechanical loading of the discs, to which they are ill-
suited to withstand.

'STAGE 2'

The initial histological changes in the nucleus pulposus are similar
to those described for the non-chondrodystrophoid disc, but occur
at a much earlier age (and may commence as early as two months
of age). These changes are characterised by lobulisation of the

| nucleus by a thickening of fibrocartilaginous septae which pass

\ between cellular 'nests’. Individual degenerative changes also

develop within the separate lobules due to active cellular

remodelling, and as a consequence of premature cellular death.

i 'STAGE 3'

| By one year of age, chondrocyte proliferation within the nucleus
causes the tissue to take on the histological appearance of cartilage,
with the cells residing in individual lacunae which are arranged in a
pallisading manner.

'STAGE 4'

[
‘ With continued aging of the disc, focal areas of the nucleus begin to
| show more extensive signs of degeneration, characterised by

[ cellular necrosis, disintegration of the intercellular ground
substance, and calcification. These foci ultimately enlarge and
coalesce, and the central chondroid portion of the nucleus becomes
surrounded by a moat of calcified tissue. The poor biomechanical
properties of the nucleus pulposus is also causing disruption to the
annulus fibrosus, and individual lamellae may become separated or
may rupture completely. Small protrusions of degenerate nuclear
material may start to push through the inner margins of the annulus
fibrosus also.

'STAGE 5'

Progressive disintegration of the lamellar fibres ultimately creates a
path through the dorsal annulus fibrosus. The stiff nucleus pulposus
may explode through this weakened zone and the hardened,
calcified tissue impacts suddenly on the spinal cord and lacerates
the venous sinuses. The resultant spinal cord injury, vascular
disturbance and continuing spinal compression can cause severe
neurological problems in the animal.

Figure 4.8: A schematic representation of the development of disc degeneration in the chondrodystrophoid disc.
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4.4 CHANGESINTHE ANNULUS FIBROSUSWITH DISCDEGENERATION

ﬁ. Ithough inittally 2liuded to by Coventry er &/ in 1945%%, only recently have medical
researchers agreed that, in man at least, degenerative changes in the intervertebral disc

may frequently begin in the annulus fibrosus®® %8 190 223

. Unfortunately, the histological
description of changes within the nucleus pulposus are more completely described than chose
in the annulus fibrosus largely because nuclear degeneration is more grossly apparent and
hernjations, when they occur, are more noticeably composed of degenerate nuclear material. In
many reports, changes wichin the annulus tend to be Jumped in with the general descriprion
of nuclear degeneration. Similarly, in those papers that do describe changes in the annulus

fibrosus, concomitant changes in the nucleus pulposus are often inadequately described.

According to Hansen (1952)'%, chere are differences in che changes char occur in the annulus
f:brosus between che chondrodystrophoid and the non-chondrodystrophoid dog. He found that
in the chondrodystrophoid dog, changes in the outer portions of the annulus fibrosus are never
present without comprehensive changes occurring 1n the central region. This is in contrast to
the non-chondrodystrophoid dog where foci of degeneration are frequently observed within the

annulus fibrosus before there are any significant changes within the nucleus pulposus. This has

B4, BE, 15 4, 191,262

also been reported in the human ¥ and confirmed experimentally in rabbits’ and

223

sheep

4.4.1 The non-chondrodystrophoid dog
Onf of the earliest changes to occur in the annulus fibrosus of man® and the non-
chondrodystrophoid dog'® is slight separation of the lamellae at small foci around che
disc;the iamellae remain organised into layers but within each lamella there are gapsand fissures
between the collagen bundles. This radial separation is preceded by a disintegration of the
ground substance into granular material. Investigations in man have shown that this material

contains an increased glycoprotein and decreased proteoglycan content™ '8,

Concomitant changes in the collagen fibres also occur. These include hyaline degeneration,
characterised by swelling of the fibres, homogentsation and subsequent fragmentation of the
lamella strucrure'®. However, complete cross-rupture of individual lamellae is generally
infrequent. Human discs, especially from individuals over the age of 65 years, show similar
changes®®. By the age of 73, only a few individual lamellae are intact and discernibie. Increases
in glycoprotein and a decreased proteoglycan content are recorded in the associared ground
subsrance. Thisalteration in the collagen scructure is similar co what has been described forother

aging human cissues, notably the periodontal ligament and the gingivae?'®.
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Cellular changes in the annulus eventually parallel those which are seen in the perinuclear
region'®. In the human disc, 329 of the cells show some signs of degeneration by the age of 30
years?'®. The remaining cells, over the following two decades, undergo similar chondroid

changes as have previously been described. Calcification of the tissue can occur occasionally®
126

Initially, onlyisolated, focal areas of annular degeneration occur inthe disc. With age, however,
individual foct may form a linear passage between the centre of the disc to the periphery.
‘Intradiscal protrusions’ of nuclear material are frequently seen projecting along this ramified
communication berween lamellae in all directions'®. Complete venrral protrusions tend to be
prevenced due to the greater resistance of the outer annulusfibrosus in thisregion, Nevertheless,
the presence of nuclear material about the ventral longitudinal ligament following intradiscal

herniations is implicated in the formation of osteophytes at this site’* ¥ (Section 4.5.1).

Dorsal protrusions of nuclear material can reach further towards the periphery, Frequently the
outer famellae, or the dorsal longirudinal ligament, bulge due to the presence of the underlying
prolapse. Reversal of the orientation of the inner lameliae is also reported in conjunction with

these protrusions™ #5118

The dorsal bulging of the disc due to the presence of intradiscal prolapses of nuclear marerial
was classified as a Type 1I herniation by Hansen'*®. (Figure 4.9) Type II protrusions are

characeerised especiatly by their occurrence in more aged individuals,

TYPE | % TYPEN

Frgire 4.3 Hepresenianon of IypiCal lype 1 and type I inlervertenrs) Oisc Rermisbions. In Tyoe |, nole the herniation of ng
nucleus pulposus through the gnnuius fibrosus and into the neural canal. in type I, note the buiging of the nucieus and annulus,
without protrusion of the nucleus. (From Hoerfien BF (15781 "%
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4.4.2 The chondrodystraphoid dog

he degenerative changes that are observed in the anoulus of the chondrodystrophoid
T animal are similar, but more extensive, and occur at a much younger age, than those in
the non-chondrodystrophoid animal’®. These changes involve the lamellae, the ground
substance and the cells and have only been described in detail in chondrodystrophoeid dogs by
Hansen (1952)126,

Changes in the collagen fibres occur at all regions of the annulus fibrosus. In the cuter regions,
however, hyalinisationof the fibres predominace initially burt, eventually, complete disintegration
and fragmentation of the lamella layers is observed. Ruprure of disintegrated inner fibres occurs
early and, in contrast to the non-chondrodystrophoid dog, cross-ruptures of the fibres are
common. At these sites, the ends of the fibres become club-shaped. Because of these ruptures,

significant disruption to the continuity of the annular lameflae occurs at an early age.

Degenerate nuclear matertal may occasionally protrude through the annulus fibrosus in all
degrees, ranging from small cross ruptures of the inper fibres with a penetrating narrow poing
of nuclear marerial, through to complete disintegration of the annulus fibrosus, particularly in
the dorsal direction. Some protrusions may simply follow a dissecting path, finding
commuaications berween focal areas of separation. Commonly, however, complete separation
ol the inner [amellae occurs and the ruprured ends of the {ibres protrude cogether with che
herniated nuclear material. These ruptures, which appear more explosive in character, with toral
cleavage of the peripheral layers of the annulus, occur more typically in the dorsal direction.

(Figure 4.9)
45 THE PATHOPHYSIOLOGY OF DISC DEGENERATION

It is clear that disc degeneration and subsequent herniation of the intervertebral disc in the
chondrodystrophoid dog follows a significantly different course to that seen in the
non-chondrodystrophoid dog. The most important difference is the order in which degenerative
evenrsoccur.(Figures4.7 and 4.8) In the chondrodystrophoiddog, a poor srructural differentiation
of the intervertebral disc is present from birth. In comparison to the non-chondrodystrophoid
dog, the collagen content of the chondrodystrophoid disc issignificantly elevated (Figure 4.10)
and the proteoglycan content of the disc is reduced. Degenerative changes, which appeat
initially to be mediated by active cellular remodelling, predominate about the perinuclear
region and the cissue rakes on an increasing carcilage-like quality, becoming calcified in many
places. From our knowledge of the biomechanics of the disc, it would be possible to say thac che

chondrodystrophoid disc would probably respond poorly to normal biomechanical loads from
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Variation in the Collagen Content of the Canine Interyertebral Disc
with Aget
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Figure 4.10: Reoresenialion of the variation in tne collagen content of the nucleus pulposus of both chondrodystrophic ang
non-chondrodystrophic discs, Nate the considerably high collagen content of the chondradysirophaoid dise from Birth. and
throughout iife, and the very fow collagen content of the non-chandrodystrophic dise up until 100 montas of age (8.5 yrs! fwil
data from Ghosh P, Tayior TKF, Braund KG and Larsen LH (1875

h

an ezrly age. It would be less flexible and exhibit very little of the viscoelastic properties that
characterise a normal, hydrated disc. Unfortunately, biomechanical testing of the

chondrodystrophoid disc has not been performed.

Herniation of degenerate nuclear material occurs following complete faiture of the annular
rings, providing commuanication with the neural canal. In the chondrodystrophoid breeds,
failure of the annular fibres may be due to two causes, although it is possible that both processes

occur concurrently. These processes are:

1. Associated ‘chondrodystrophic’ abnormalities resulting in aberrant differentiation

of the annular fibres.

2. A poorly functioning nucleus which, as a consequence of its compararive inflexibility,

would result in a large proportion of the biomechanical load passing through the

annular ring.
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In the non-chondrodystrophoid dog however, degeneration is a more gradual affair. In most
animals, the changes that occur in the disc are associated wirh senile remodelling, and are the
result of cellular remodelling of the substrate. Changes in the annulus and nucleus appear to
occur simulraneously in some dogs, whilst in others, significant annulardegeneration is present

when the nucleus is comparatively normal.

Specific invesrigation into the pathophysiology of degeneration in the chondrodystrophoid disc
has not been made. In comparison, considerable investigations have been made 1nto the causes

of degeneration in the human disc® 127138, 188,189,150.151,223,262

, whose disc structure and reported
degenerative changes closely resemble those described in the non-chondrodystrophoeid dog''™
% This work, which has utilised post-mortem and animal model material, has identified a
number of individual factors, including trauma ro the annulus, excessive cellular remodelling

and nutritional effects which together probably contribure tothe ultimate degenerative process.

It isprobablethar these influences also play arole in the degeneration of the chondrodystrophoid
disc but, due to the inherent differences in structure, occur more rapidly and to a greater degree

than they do in the non-chondrodystrophoid disc.

4.5.1 Aunular Tears
The recognition of concentric fissures or tears in the annular lamellae before the onser of

substantial changes in the nucleus pulposus has been made by several authors®® % 144223
The suggestion that the link berween annular ruptures and disc degeneracion represented a
separate entity from the normal physiologic aging process of the disc was originally presented
as early as 1948, Investigations over the following 40 years have determined thart, in the
human, two distinct annular tears exist®. One occurs in the inner layers of the annutus and is
the resulr of faiiure of the fibres following degenerative changes. The second occurs towards the
periphery of the annulus and appears to be a traumatic racher than a degenerative process.
Biomechanical studies have identified that the tensile strain in the lamellar fibres during
compression and rotatory stress is highest in the outer regions of the annulus'® 20% 202,
Experimental work by Farfan created surprisingly similar peripheral tears in intervertebral disc
sections which were subjected ro failure with torsional loads®. These tears, which represented
a loss of cohesion between the layers of the lamellae, were limited to the outer region of the
annulus; the inner regions remained undisturbed.

Furcher experimental work in rabbirs™ 191, 262

223

and sheep?’ has shown that the resultant
histological appearance of the disc following an artificially creared rear in the annulus closely

mimics the changes that are observed during clinical degenerarion. These models of disc
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degeneration thus allowed closer analysis of the biochemical changes which occur in the disc

immediately after trauma.

In these models, the proportions of the collagen, proteoglycan and water content which
ultimately developed in the ‘degenerate’ disc reflected changes previously described for in vivo
degeneration. However, analysis of the peracuze changes in the disc provided considerable insight
into the response of the disc to injury'®'*'. Immediately following injury, there is an acute loss
of water from the disc. Within four days, however, the water content returns to near normal
levels. These changes are paralleled by changes in the proteoglycan molecules''. A loss in the
aggregating ability of the proteoglycan molecules occurs immediately after injury, but this

ability is fully restored at about two weeks.

The restoration of proteoglycan and water content to pre-injury level is short lived, and a
p Y p jary

progressive decline of the aggregating proteoglycans occurs seven weeks after injury'”. A

corresponding gradual loss of water also begins at this time'® "', These observations have been

recently confirmed using magnetic resonance imaging (MRIY?.

It has been suggested that the biochemical changes that occur in the intervertebral disc after

injury could be attributed to a reparative process'®

. This process is mediated by the cellular
elements of the disc which, as have been discussed, are sensitive to changes in the mechanical
forcesacting through the disc?*?*. A tear in the peripheral region of the annulus fibrosus would
probably affect the confined fluid mechanics of the intervertebral disc, and this is revealed by
the immediate loss of water and proteoglycan aggregates from the disc. However, the increased
synthesis of proteoglycan by the cells immediately after injury results in the rehydration of the
tissue and, if the lesion is small enough, this swelling could effectively close and heal the defect,
resulting in a reinstitution of closed fluid dynamics of the disc'®'. If the lesion cannot be sealed
by this means, continued derangement of disc function results in theacceleration of degenerative
changes, characterised by collagen deposition, alterations in the proteoglycan matrix and

continued loss of water'!.

From the findings of these experimental models, it would appear that dehydration of the nucleus
occurs late in the development of disc degeneration, and is the consequence of progressive
biochemical changes in the disc. These biochemical changes are in turn mediated by altered
cellular turnover of the proteoglycan components of the matrix due to a shift in the forcesacting

through the disc.
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Figure 4.11: The ‘seif-healing’ hypothesis whick suggests that the peracute increase in proteoglycans in the injured disc
causes swelling of the disc which may close and seal the defect in the snnulus, thereby restoring the normal hydrodynamics 1o
the disc. Failure to close the defects results in the ultimate degeneration of the disc, as the cells respond to the altered
biomechanics by laying down mere collagen, perhaps in an atternpt to 'stiffer” the disc,

The importance of the cellular elements on the maintenance of the intervercebral disc is thus
apparent. Malfunction of the cellular components of any organ system will result in some
disruption to irs performance. Maljunction, in this instance, could be considered to be a} a
consequence of normal subsrrate remodeliing or b) the result of cellular death. The cellular

influence on disc degneration is the focus of the nexr section.

4.5.2 Cellular influence on degeneration

he cells of the intervertebral disc produce and mazintain collagen and other components of
T the intercellular matrix (ie proteoglycan, including the glycosaminoglycans). Asdiscussed
earlier (Section 4.2.3 (1)), active reorganisation of the regional distribution of Type 1 and Type
I collagen appears to occur in the intervertebral disc, with a significant rise in the amount of

Type I collagen developing in the nucleus with increasing age™.
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It iswellaccepted that mechanical forces can influence the type of tissue formed by mesenchymal
cells. Intissues subjected to tensile forces, elongated fibrous-type cells form (fibrocytes) whereas
those designed to withstand compressive forces develop ovoid cartilaginous cells (chondrocytes).
One of the characteristics of connective tissue cells is the mobility of its membrane, so it is not

difficult to visualise the influence a predominating force may have on this ‘compliant’ cell wall.

Scapinelliand Little (1970)**! reported that mesenchymal cells of different shapes also produced
differently staining matrix, and that the change in the shape of the cells preceded the formation
of pericellular matrix. Frequently, at the ends of cells they reported “multiple ‘onion-skin’
striations”. They considered these to be due to the abnormal production of matrix from the ends
of the cells which occurred during the transition of predominantly tensile force to compressive
forces. Hansen (1952)'*described similar structures occurring in the perinuclear region of both

the chondrodystrophoid and the non-chondrodystrophoid disc.

The observation of the above cellular changes occurring in the degenerating intervertebral disc
is in accord with the concept that a greater proportion of a compressive load passes through the
annular regions with increasing dysfunction of the nucleus. The alteration in collagen
distribution, glycosaminoglycan concentration and proteoglycan structure can probably be
attributed to this modification of cellular function. Similar transformations in the matrix
components have been recorded in other tissues within the body which are subjected to
changing biomechanical loading situations during their lifetime!®’4!:243.289. 293 3nd recently,
Scott and Haigh (1988)** suggested that low oxygen tension may cause the increased synthesis

of keratan sulphate rather than chondroitin sulphate?®.

The contribution of biomechanical forces to degeneration of the intervertebral disc (and the

subsequent effect of degeneration on biomechanical function) is the focus of the next section.

4.5.3 Effects of Degeneration on Biomechanical Function

isruption to the biomechnical function of the degenerating intervertebral disc can be
D related to ultrastuctrual changes within the disc, including the increased proportion of
Type I collagen, a higher concentration of keratan sulphate and a smaller population of
proteoglycan molecules, many of which have lost theirability to aggregate with hyaluronicacid.
As we have seen, many of these changes can themselves be induced by abnormal biomechanical
loading of the disc, which perhaps indicates that degeneration may be a self-perpetuating

process.



+ses g2 4.0 INTERVERTEBRAL DI5C DEGENERATION

The effect of these ultrastructural changes is apparent when a degenerate intervertebral disc is
placed under static load*® 75 141,142, 138. 181,287,213, 219,302 The creep behaviour that is reported in
the normal disc under similar loading conditions is drastically altered in the degenerare disc.
Here, the immediate deformation that occurs upon application of a load is more instantaneous
and of a greater degree than thar observed in the normal disc, and the final equilibrium srate
is arrained over a shorrer time interval. This deterioration in creep behaviour is partly
atrributable to the loss inaggregating ability by the protoeglycan molecules, whose consequent
smallersize renders them more likely to diffuse from the discunder compressive loading®™?. The
rapid loss of proteoglycan from the disc during loading renders it unable to function effectively
as a hydraulic cushion, because the degenerate nucleus cannot develop sufficient fluid pressure
to resist the load'®®. The load transferring mechanism is thereby affected, which significantly
reduces the development and maintenance of resistive tensile forces in the annular fibres. A
greater proportion of the compressive load must therefore be borne by the annular fibres, to
which they are ili-suited 1o respond. Type I collagen fibres, as has been mentioned, are unable
to withstand compressive loads, and tend o buckle® #4392 Experimentally, this buckling
can be observed in the degenerate disc by the increased bulging of the outer circumference of

the annulus fibrosus during loading®® 143 144187, 302

. Assuming similar behaviour occurs in the
clinical parient with a degenerare disc, it has been suggested thart the rescliant impingment of
spinal nerve roots emerging from the inetervertebral foramen by this bulge may explain some

of the clinical signs seen' 1%,

4.5.4 Nutritional effects on degeneration
The possible role of nutrition in the development of intervertebral disc degeneration is the
last influence to be investigated in this section on pathophysiology. Investigations into
thisaspect of intervertebral disc funcrion have revealed chat nutritive supply to the centre of the

disc is probably quite tenuous!®! 173199, 210,219,264, 291

The intervertebral disc is one of the largest avascular scuctures in the body®' 52156262 \hilse
the ourer annulus is reasonably well nourished from peripheral biood vessels, supply via this
route decreases rapidly within a few millimetres into the annulus®®. The predominant route for
nutrient transport into and through the disc has been shown to be largely due to diffusion® &
199,210,198, 291 Experimental studies show thar both the cartilaginous end plate and the outer
annulus are important regions for the exchange of nutrients, but the cencre of the endplate, the

area adjacent to the nucleus, is much more permeable than the periphery'™ 210 291,

Diffusion gradients are established in the disc due to the metabolic activicy of the cells in the

disc creating an imbalance berween the glucose, oxygen and warer levels at the centre of cthe disc
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as opposed to the outside’ ™73 199.264.251

. Using an indirect estimate of the metabolic rate of the
cellsinthe intervertebral disc, Maroudas (1975) ® theoretically determined that,evenassuming
the most desirable situation of diffusjon and glycolytic rate, there remainsa portion of the centre
of the nucleus pulposus which would be deprived of glucose. Though this is practically
improbable, it does emphasise the point thar, whilst articular cartilage is determined to have
a 50% excess of supply over demand'®, in the intervertebral disc there isonly justa balance when
both routes are considered and even if the most optimistic conditions are assumed. The diffusion

of other solutes into the intervertebral disc is similar to that of glucose’! 264 21,

The availability of oxygen is the next most critical factor in the nutrition of the intervertebral
disc. Inotheravascular tissues, a high level of anaerobic metabolism is reported. Unfortunaceiy.
little information is available concerning disc metabolism. However, the pH of the disc is very
low, and this has been correlared with an increased concentration of lactic acid®*. This SUPPOITs
the suggestion of the significance of anaerobic metabolism in the intervertebral dise because

lactic acid is a by-product of anaerobic glycolvsis.

Diffusion of smalt solutes into the disc is dependant on the watery-nature of the martrix®®, The
passage of water chrough the discisdependanton the effective fixed charge densicy of the martrix.
The fixed charge density 1s an expression of the concencration of the negative charge prevailing
in the discat any time, which is imparted 1o the matrix by the glvcosaminoglycan molecule™
#5270 Chondroitin sulphate has a double negative charge whereas keratan sulphate has onty
one . It has been shown that the effective fixed charge density in the nucleus pulposus of a disc
statically loaded with a 30 kg weight increases to about five times higher than that of the
unioaded disc®’”, probably due to the refative concentraring effects of a reduced internvertebral
space and the loss of water. The osmotic drive of this high negarive charge carries water and
dissolved solutes into the centre of the disc when the load is released ™™ #19#19:2%%.2% Wrich keratan
sulphate becoming the predominant glycosaminoglycan in the degenerate disc (Sections 4.2.3
and 4.3.3), cthe fixed charge density of the nucleus pulposus will be considerably reduced and,

as a consequence, a smaller osmotic gradient will develop.

Disruption to the normal diffusion of nutrients inco the intervertebral disc will have significant
effects on cellular homeostasis. Two perceived disruptions ro normal diffusion are (i) the

degeneration of the cartilaginous end plate and (ii) the fibrosis of the intervertebral disc.

(1) Degeneration of the Cartilaginous End Plate:
Ithasnot been reliably determined whether the main route of diffusion into the centre

of the disc i1s the cartilaginous end plate or the annulus fibrosus!'® 219 219, 2%
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Nevertheless, Pritzker (1977)%* has reported that the cartilaginous end plate becomes
progressively ossified with age, and the vascular channels seen in younger specimens
(Section 2.7 .4 (iity) become obliterated. Such changes would be expected to hinder the
passage of water and solutes through the cartilaginous end plate, but this has not been

confirmed experimentally.

(i7) Fibrosis of the Intervertebral Disc:
The increased collagen content of the disc, which in advanced cases of degeneration
progresses to calcification of the tissues, would probably reduce the passage of warer
through the disc. Similarly, the reduced proteoglycan conrent would result in the
overalldehydrarionof the discand with it,adecrease indissolved solutes. Furthermore,
the predominant tendency for the pericellular localisation of newly synthesised

proteoglycan wouid serve to further isolate the cell from solure!®.

The observed degeneration of isolated pockets of nucleus pulposus following the increased
lobulisation may perhaps be explained by the above processes. Once cellular degeneration is
initiated, further acceleration of changes would occur due to the loss of maintenance of the

collagen and proteoglycan matrix.
4.6 SUMMARY: INTERVERTEBRAL DI!SC DISEASE

As presented in the previous sections, two types of disc prolapse are recognised: Types Land
II. Type I prolapses are typically of considerable size and at (imes their height may be
more than half of the neural canal, extending cranially and caudally to the disc space. These
prolapses are characteristically explosive and associated with significant haemorrhage and the
associated inflammatory response may result in fibrinous adhesions berween the degenerate
marerial and the dura. By comparison, Type Il prolapses are considerably smaller, having a more
limited and regular shape. Dural adhesions are uncommon, and the surface of the prolapsed

material is smooth and even.

It is clear that the aeticlogical development of each type is quite different. Type I procrusions
are confined to the chondrodystrophoid breeds of dogs (and, interestingly, chondrodystrophoid
human dwarfs) and their occurrence reflects the poor differentiation of the intervertebral disc
in these animals. This congenital malformation, combined with the disproportionate nature of
their skeletal anatomy, influences the rapid development of degenerative changes in the disc,
Progressive failure of the surrounding annular fibres occurs and, whena critical point is reached,

the griccy, degenerate nucleus may extrude through the weakened annular fibres with relatively
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mild stress or trauma. Due to the eccentric location of the annulus and the typical ventral
concavity which develops in the vertebral column during ambulation, the nucleus usually
ruptures in a dorsal direction, impacting on the spinal cord wich considerable force. Laceration
of the vertebral sinuses may also occur, causing haemorrhage and exacerbation of the inflammarory

IESPONSE.

Type I protrusions may occur in {generally) geriatric individuals of any breed. They are also
typical of the protrusions which develop in man, cats and mose other species. The slow
progression of degenerative changes in the disc gradually alters the normal discribution of
mechanical loads. As the disc becomes dehydrated, its hydraulic funcrion is lost and i¢ is unable

to develop the pre-load tension 1n the annular fibres which resist the compressive Joad.

The effect the prolapsed disc material has on theanimal depends on the size of the extrusionand
the duration over wiiich the disc exrruded. Type I extrrusions are typically explosive resuiting
in severe spinal cord injury. Treatment of these cases is direcred at resolving the spinal trauma,
with recovery of the disc marerial a secondary objective. In other cases, particularly Type 11
protrusions, removal of partialiy or fully exrruded disc material from the neural canal is the
principal objective of therapy.

A complete discussion of the clinical aspects of inrervertebral dise disease. with respecr o
diagnosis and trearment options 18 beyond che scope of this thesis. However, a review is provided
in Appendix A for interested readers. The remainder of this thesis will focus on the technigques

available for retrieving nuclear material from the surrounds of che annulus fibrosus.
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5.1 INTRODUCTION

Fenescration isa surgical procedure which was initially described for the dog in 195177, The
objective of fenestration is to remove degenerate nuclear material from the annulus
fibrosus. The raticnale for this is a) to relieve spinal and nerve root compression due to protrusion
of annulus and/or dorsal longitudinal figament (therapeutic) and b) to prevent the potential
violent herniation of the nuclear marerial in the furure (prophylaxis). The policy of fenestracion

is fraught with controversy. More on this matter wi e presented in a subsequ section.
fraugt h v. M h tt Il be p ted subsequent sectio

5.1.1 Techniques for fenestration of thoracolumbar discs
The technique of fenestration entails making an incision into the annulus fibrosus of the
disc, removal of a portion of the annulus and subsequent curettage of the nuclear material

through chis ‘window' (L: fenestra). The intervertebral disc may be accessed via ventral™ **,

52,255, 50

121, 10
L

lateral#* and dorsolatera surgical approaches.

Ventral fenestration is accomplished through a paracostal incision wich the parient in
righr lateral recumbency. After entering the abdomen, the left kidney and peritoneum are
reflected ventrally and the abdominal viscera packed off with damp laparoromy sponges. The
iligproas muscle is elevated and the short transverse process of L is tocated for orientarion. The
interverrebrai discs of L, through L, can be fenescrared chrough this incision by digically

depressing the aorra and sympathetic trunk.

After fenestrating cthe lumbar discs, the abdominal muscularure is closed with an absorbable
suture material. The skin incision is then advanced cranially ro the teath intercostai space, and
athoracoromy is performed. Acchis time, ventilation must be controiled bvan anaeschetist. The
intervertebral discs of T, through T /L are identified and dissected free of pleura. The

sympathetic trunk, the aorta and the intercostal vessels areavoided inthis dissection. These discs

can then be fenestrated. The incision is closed in a routine manner.

The advantages of this approach are that only a small amount of haemorrhage is produced and
spinal nerve roots are avoided. The disadvantages include the need for a thoracotomy and
therefore ventilatory assistance, dissection near major blood vessels and the risk of forcing

nuclear marterial into the spinal cord.

Latcral fenestration is performed with the animal in right lateral recumbency for right
handed surgeons and left lateral recumbency for left handed surgeons. An area from the caudal

aspect of the scapula to the greater trochanter and from the dorsal spinous processes to a few
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inches below the transverse process is clipped and aseptically prepared for surgery. The skin
incision follows an oblique line from the dorsal spinous process of T, to the ventral aspect of the
wing of the ileum. This incision is extended through the subcutaneous fat and lumbar fascia
until the fibres of the longissimus dorsi and the iliocostalis lumborum muscles are seen. At this time

the tips of the transverse process are palpable.

With the index finger placed on the transverse process a curved Kelly forcep is bluntly forced
through the muscle fibres of the iliocostalis lumborum, which lie dorsal to the transverse process.
Care should be taken to avoid the blood vessels which run cranial and caudal to the transverse
process. Elevation of this muscle is continued with the index finger until the lateral aspect of
thevertebral lamina can be palpated. The muscle can be retracted dorsally using adeep-tongued,
blunt retractor to facilitate exposure. If retraction is inadequate and vision poor, failure to

fenestrate the disc without injury to the spinal nerves may result.

The intervertebral disc lies immediately cranial and slightly ventral to the junction of the
transverse process and the vertebral body. The disc is covered by loose fascia containing a blood
vessel and spinal nerve. These structures should be carefully retracted cranially using a blunt
instrument. The lateral surface of the annulus fibrosus is identified by its white fibrous sheath.
A rectangular window is then cut into the annulus with a *11 scalpel blade. The dorsal border
of this incision should not extend above the junction of the transverse process and the vertebral

body as this may result in penetration of the spinal cord.

The excised portion of annulus can be removed with haemostatic forceps and the nucleus
pulposus removed using a curette passed in a downward, inward and outward fashion to reduce

the potential for forcing nuclear material dorsally into the neural canal.

The thoracic intervertebral discs can be fenestrated in a similar fashion, but the surgical
approach is more difficult due to the proximity of the rib articulation. After separating under
the iliocostalis lumborum muscle and the rib, an index finger follows the rib to the insertion on
the vertebrae. The muscle is retracted dorsally as for the lumbar region. The remaining
musculature on the cranial aspect of the rib is retracted ventrally, exposing the lateral aspects
of the annulus fibrosus. The thoracic pleura is immediately ventral to this dissection and should
be avoided. Rupture of this pleura will result in a pneumothorax. The incision into the lateral
annulus and the fenestration of the thoracic intervertebral discs should be below the arch of the
rib. Dissection or fenestration above this level will penetrate the spinal cord. Because of the

limited visibility on this region, a smaller window is created.
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The advantages of the lateral approach include the muscle separation approach, therefore
reduced soft tissue trauma and haemorrhage. It can also be easily combined with a concomirant
decompressive procedure. The disadvantages are the need for a good and moveable light, good
assistance for rissue recraction, the poor visualisation in muscular or obese animals, thedifficulty

of exposing the thoracic discs and the dissection near spinal nerve roots and vessels.

The dorsolateral approach for fenestration of the thoracolumbar intervertebral disc is
similarto the approach for laminectomy procedures. The patient lies in sternal recumbency and
is clipped and aseptically prepared from the mid-shoulder to mid-pelvic region down to about
two inches below the transverse processes on both sides. A skin incision is made on the dorsal
midline from the ninch thoracic vertebrae to the fifth or sixth lumbar vertebrae. The incision
1s continued through the subcutaneous far ro expose the thoracolumbar fascia. An incision in
the thoracolumbar fascia is made using a scalpel blade beginning on the dorsal midline berween
the ninth and tenth thoracic vertebrae and continuing as near to the latera] aspect of che dorsal

spinous process as possible. This scalloped incision is continued to the fifth lumbar vertebrae,

Using periosteal elevators, the thoracolumbar musculature is dissected from the lateral aspece
of che dorsal spinous process of each vertebrae on the side nearest the surgeon. Tendinous
artachments to the dorsal spinous processes are severed with scissors. This muscular elevation
is continued to below the level of che articular facets. Dissection about the facet joinrs s best
conducted 1n a caudal 1o cranial fashion. Scissors can then be used to sever the remaining
tendinous arrachment to the articular process. Curting che tendon close to the bone minimises
haemorthage. When this muscie dissection is complete, Gelpi retractors canbe used to maintain

exposure.

Continued elevation of musculature from the dorsal aspect of the transverse process and the
cranial surface of the ribs permits visualisation of the lateral aspect of the annulus fibrosus. The
spinal nerve and vessels are locared in the muscular atrachments to the accessory process of the
verrebrae and these scrucrures should be retracted cranially in order to preserve them. The

intervertebral disc can then be fenestrated in the manner described above,

The advantage of the dorsolareral technique is that it can be combined with lamineccomy
procedures. The disadvantages include extensive soft tissue dissection, frequent haemorrhage

and potential damage to spinal nerves.
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5.2 FENESTRATION AS A TREATMENT

The role of fenestration in the treatment of thoracolumbar intervertebral disc disease is the
focus of considerable debate in both the veterinary and medical communities?!:7%90:101.252
The reason for the dissension is the inability of the fenestration procedure to remove herniated
disc material from within the neural canal”®?. Most surgeons accept that fenestration alone is
inappropriate following an acute disc prolapse. Decompression, which allows the removal of
both disc material and the constricting confines of the roof of the neural canal, is essential and

must be performed within 48 hours for greatest success.

Proponents of fenestration cite the following clinical criteria as indication for surgical therapy

21, 24,101, 255.

by this technique

1. Back pain attributable to a degenerate intervertebral disc
2. Back pain, with or without mild proprioceptive and/or paraparetic deficits
3. Recurrent episodes of back pain, with or without paresis, non-responsive to

conservative management

These criteria fit the clinical signs which would be expected with either a Type II, or very early

Type I disc lesion.

It is generally conceded that pain syndromes related to disc degeneration are likely to arise from
one of three sources®: local inflammation produced by the chemical irritation of prolapsed disc

material; nerve root attenuation and ischaemia (radiculopathy); and ‘discogenic’ pain.

Inflammation of nerve root sheaths or the epidural sac is unlikely to cause neurological deficits
but could conceivably be a focus of considerable discomfort**?. The inciting factor for the

inflammatory process has not been determined but an autoimmune basis has been suggested®*°.

Chronic, mechanical displacement of nerve roots and spinal cord, combined with ischaemic
changes within the affected structure, can contribute to the production of significant pain.
There is considerable evidence in the human??%:131.135.156.160. 166,181,202 y n 4 yeterinary?® 126.127.205.
222,233,232 |jrerature to support this modality of neurogenic pain production. Prompt relief of the
clinical signs of pain can be achieved by the decompression of the affected structure'® %2, In
relation to intervertebral disc degeneration, such compression may come from partially
extruded disc material, bulging of annulus fibrosus due to the presence of underlying nuclear

material or distortion of dorsal annulus and/or dorsal longitudinal ligament due to altered



see 52 5.0 FENESTRATION

biomechanics. Tt has been suggested thar fenestration is ineffectual in the relief of pain

atcribucable to this type of lesion” ***

. Clinical reports reveal that, whilst a positive effect is
frequently seen in these patients following fenestration, the response to treatment may take
several weeks??. Conversely, dramaticand immediate relief of clinical signs occurs within hours

o days after decompressive surgery of these relatively mild compressive lesions.

Fenestration may however be effective in dogs with disc related pain, but without either
prolapse of nuclear material nor herniationor bulging of the nucleus. Such dogs may be suffering
from discogenic pain®®. Discogenic pain implies pain resulting from the biochemical and
anatomical derangement of the disc due to degeneration, without any externial compression of
overlying structures. The mediaror of this pain may be the receprors of the sinuvertebral nerve,
which penertrates the outer third of the annulus fibrosus™ ?'*°. The exact stimulus that excites

these nociceptors has not been elucidated.

A definitive diagnosis of discogenic pain would entail negative findings of compressive disc
herniation on plain and contrast radiographs, as well as positive finding on discography™
Very few dogs with clinical ssemptoms would fulfil these criceriz and therefore, the clinical use
of fenestration as a sole therapeutic procedure cannot be generally recommended®. Because the
vast majority of dogs with disc-refated signs of pain can be demonserated to have bulging or
extrusion of disc fenestration will offer, at best, a protracted course of convalescence compared

to the generally rapid and complete recovery seen after definitive decompressive surgery™™.

53 FENESTRATION AS A PROPHYLACTIC

Whilst the use of fenestration as a treatment for intervertebral disc protrusion s not strongly
advocated, prophylactic use (o prevent further episodes of disc related clinical signs has wide

27,24,%6,72, 83,90, 101, 143, 149,179, 186, 232, 242

support . Prophylactic fenestration is advocated for several

reasnns.

1. To prevent repeat episodes at the same intervertebral disc space
2. To prevent repeat episodes at other levels
3. To eliminate clinical signs related to mechanical derangement of disc function

(discogenic pain).

A prophylacric fenestration procedure is most commonly performed at the time of adecompressive

procedure, with extension of the incision and appropriate muscular dissection to allow access
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to the thoracolumbar discs most prone to rupture (T . - L, ). Occasionally, prophylactic

10/11
fenestration may be performed as an isolated procedure in a dog considered to be at high risk

of developing an acute disc herniation.

The proponents of prophylactic fenestration contend that the procedure will be successful
because of the removal of all degenerate and potentially extrudable nuclear material from the
disc. It is also stated that fenestration will encourage prolapses, should they occur, to follow the

path created by the incision into the lateral aspect of the annulus fibrosus?* 101221,

Though widely practised and advocated by many, the use of prophylactic fenestration is still a

controversial area of intervertebral disc disease management®!3%:72%.179.186,232

. The arguments
for and against focus on the relative risk of the occurrence of disc prolapse, the efficacy of the

procedure, and the morbidity associated with the procedure.

5.3.1 Recurrence of Disc Prolapse
The rationale for performing prophylactic fenestration is to reduce the incidence of the
animal developing or redeveloping clinical signs attributable to disc degeneration. From
our knowledge of disc degeneration in the non-chondrodystrophoid breeds, prophylactic
fenestration would seem unwarranted in these animals due to the infrequent nature of their
development. For a similar reason, fenestration of remaining thoracolumbar discs at the time
of adecompressive procedure need not be performed in this breed because the chances of a second

disc developing a clinically evident protrusion is extremely low®.

The incidence of disc degeneration in the chondrodystrophoid breeds however is very high.
Whilst this fact is well accepted, the true frequency of disc related clinical signs in the
chondrodystrophoid population is unknown. In a retrospective study on an isolated population
of Dachshunds, intervertebral disc disease developed in 79% of dogs with radiographicevidence
of disc degeneration (calcification)'**. However, other studies have shown that only 23.5% of
Dachshunds in a population may have one or more calcified discs'®?%®. On the basis of these
figures, the overall incidence of intervertebral disc disease in a population of Dachshunds could
be estimated to be only 19%2%.

However, it has not been established whether a individual dog, having already developed a
clinically apparent disc prolapse will beat a greater risk for a future recurrence than a dog which
has remained asymptomatic. Whilst a familial basis of intervertebral disc degeneration
apparently occurs in Dachshunds'®, the influence of environmental effects is likely to be

considerable. It is reported that 30.5 - 83% of dogs presented with an acute prolapse have had
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$39.101179. 186 These episodes may have been related to disease in

previous episodes of ‘back pain
other discs. More likely however is the progressive prolapse of a single disc producing recurring
clinical signs until ultimate failure of the annulus causes development of more severe

neurological deficits. This protracted course has been described by many authors' % %%,

Many surgeons recommend that a prophylactic fenestration of the intervertebral discs adjacent
to the site of an acute prolapse (or in some cases, all thoracolumbar discs) be performed in all
chondrodystrophic dogs which suffer an acute prolapse, due to a presumed increase risk for
future clinical problems related to disc degeneration. Unfortunately, this supposition has Liccle
objective, scientific support. The development of further clinical symptoms suggestive of
prolapse of eicher 2 previously treated or ‘virginal thoracolumbar disc has been addressed in
several retrospective studies over the last 36 years®® 6717292100103, 148.179. 186 W foyoe of these studies
purported that recurrent disc profapse is common, and fenestration was successful in decreasing

the incidence.

Unforrunarely, mostof these studies can be criticised for their inability to definitively prove thar
the recurrence of clinical signs was related to 2 new disc prolapse, and not on-going irritation
from a previous disc prolapse or indeed, one of the other differential diagnosis for this condition.
Severalof the reporeg®® 72 80190179186 haged cheir findings ontelephone repores or questionnaires
from owners, an often unreliable means of measuring clinical results. Furthermore, despite
advocating the use of fenestration on the basis of their figures, the investigarors failed to
definitively prove the involvement of a second disc in most of the animal's included in their
study. In one study, plain radiographs, which provide merely presumptive evidence of a second
disc prolapse®’, were available in only 13 of 33 cases."™. Myelography or surgery provided
confirmatory evidence of a second dise prolapse in only three of these cases. In another study,
documented recurrence of a second disc prolapse was available in only five of the 29 cases
included in the retrospective investigation®,

Conclusive proof of additional disc prolapses is essential if prophylactic fenestration is to be
strongly advocated. Recurrence of disc-related clinical signs is just as likely to be a consequence
of continued hernlation of a previously prolapsed disc, or persistent nerve-root attenuation due
ro inadequacy of 2 decompressive procedure® %, Reliable decompression is only achieved after

complete evacuation of the extradural mass**

. Failures may be due to poor surgical exposure,
or lack of experience with the chosen technique. The recurrence of clinical signs in these cases

therefore, constiturtes surgical failure, rather than the reherniation of disc material per se.
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5.3.2 Efficacy of Fenestration
The basis of fenestration is to effect removal of degenerate nuclear material to prevent its
prolapse into the spinal cord??. It is supposed that following curettage of the majority of
the disc material, intraoperative chiropractic manoeuvres would squeeze remaining material
through the fenestration incision. This window would also remain as a ‘weak’ point in the
annulusand in the unlikelihood of subsequent prolapse of this disc would present a ‘path of least

resistance’. Only recently have these suppositions been investigated®! 1°22%,

One of the more significant observations that came from these studies is the apparent lack of
inflammatory response which follows fenestration of the intervertebral disc?®®. Due to the
avascular nature of the intervertebral disc, establishment of an inflammatory process is reliant
upon the ingrowth of vessels along the wound created in the annulus during the fenestration
procedure. After six months the defect in the outer regions of the annulus fibrosus is completely
closed with organised scar tissue and there is a variable degree of invasion of this fibrous and
vascular tissue into the central portions of the nucleus pulposus. The remaining nuclear material
does not appear to incite further fibrous reaction and the overall picture following fenestration

is one of ‘quiescence’. Occasionally, proliferation of chondrocytes may be seen.

Based on these observations, therefore, it is apparent that the completeness of removal of nuclear
material is dependant upon surgical technique. Most authors stress the importance of the
thoroughness and deliberate action necessary to perform fenestration appropriately’' 72592143,
The limited exposure and poor vision associated with all fenestration techniques can frustrate
eventhe most conscientious surgeon. Investigations conducted on human subjects has determined
that, even after the most thorough fenestration performed by experienced surgeons, relatively
little disc material is removed®'. In this study, which was based on theoretical calculations of
disc volume, the average percentage of nuclear material removed wasonly six percent. A similar
investigation in the dog compared the efficacy of manual and power-assisted fenestration of

thoracolumbar intervertebral discs'*?

. In this study, the average amount of nucleus pulposus
removed by manual curettage was only 41%. The use of a power-assisted burr introduced

through the fenestration wound increased disc retrieval by a further 24%.

5.3.3 Morbidity
The intervertebral disc is located in a position which is not easily approaced surgically.
Fenestration requires extensive soft tissue dissection, with elevation of the epaxial muscles
from transverse and dorsal spinous processes; transection of tendinous insertions from accessory
processesand articular facets; and the occlusion and laceration of spinal blood vessels and nerves.

Post-operative morbidity and discomfort is high. Potential complications include laceration of
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the aorra, pneumorthorax, iatrogenic disc prolapse and spinal cord compression, infecrion and
wound breakdown?t 22243971, 90, 62, 101, 103, 179, 186, 255, 300, 305, 308 Aqy gverall complication rate of

30.79% has been reported following routine dorsolateral fenestrarion®®,

5.4 SUMMARY

It is apparent, therefore, that fenestration as a prophylactic procedure is fraught with
criticism. It is contended that, given a possible recurrence rate of 20- 40919 fenestration is
avery invasiveand rraumatic procedure to perform, in order to reduce the recurrence rate toonly
about 10 - 209%°, Nevertheless, it has been suggested that che inefficacy of surgical fenescration
techniques to completely remove 100% of the nuclear material is the reason for continued

development of clinical signs, albeir ar a reduced incidence™®.

If evacuation of nuclear marerial could be conducted in an atraumatic and complete manner,

greater acceptance of prophylaxis for intervertebral disc disease may resuir.
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6.1 INTRODUCTION

E nzymatic dissoiurion of the nucleus pulposus was first proposed in 1959'", and the term
chemonucieolysis was coined to describe cthis process. The attracrion of chemonucieolysis
is that it dissolves the nuclear material of the intervertebral disc. The enzyme can be injected
into the inrervertebral disc via a needle introduced through the skin and guided to che centre
of the disc by fluoroscopy. Invasive surgery can therefore be avoided, rthus reducing the
morbidity and costs associated with this procedure. A number of possible chemnical agents are

86,9775, 13 To products to gain

capable of converting the intervertebral disc to scar tissue
acceptance and undergo clinical use are chymopapain and collagenase. The pharmacology of

these two enzymes is quite different, and is presented below.
6.2 CHYMOPAPAIN

O tiginally isolared in 1941%%, chymopapain is the major proteolytic component in the latex
of the papava fruit. Its effect on carrilaginous tissues was graphically demonstrated by
Thomas who injected the enzyme into the ear veins of rabbits®. Following chis injection the
ears wilted and appeared 1o lack cartilaginous support. However, this effect was temporary and
normal structure returned, indicating that che enzyme did not permanently alter the straceural
elementsof the ear. Subsequent investigation®™ found that the proteolyticactivity of chymopapain
is direcred at the protecglycan molecule breaking it into its component parts: keratan sulphate,
chondroitin-6-sulphate and protein. These small fragments readily dissolve out of the disc and
their excretory products can be derected in the urine for several days following intradiscal

Ly o 200
INjECtIon” .

6.2.1 Pharmacology

S ince chymopapain was first injected inco the intervertebral disc of rabbits, dogs and man®™!,

subsequent investigations have atrempted to determine the effect of this enzyme on disc
scructure. Grossly, the most obvious effect is complete dissolution of the nucleus pulposus™™ %%
193,201, 265,303 Frequently a cavity, which includes some fibrillar material, is all that remains?™*,
No gross or histologic changes are seen in the annulus fibrosus, cartilaginous end plate or
surrounding structures. The magnitude of nuclear digestion is dose dependant and optimal
chemonucleclyticconcentrations of chymopapain have beendetermined as 1 mg/discand 2 mg/

108,393 and man?®"* respectively. Injection of ten times the opuimal dose can resule

disc for dog
in focal defects to the cartilaginous end plate and occastonally, intradiscal haemorrhage may
occur?™® 33 However, disruption of annular fibres is not observed and no adverse clinical effects

are recorded at these dose levels.
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Histochemical examination of the intervertebral disc two weeks after injection with a clinical
dose of chymopapain confirms the loss of proteoglycan from the matrix, as indicated by the loss
of staining to Safranin-Q:197-108.193.3% Proteoglycan loss is not confined solely to the nucleus
pulposusas Safranin-O staining is absent throughout the annulus fibrosus and cartilaginousend
plate?® >, Biochemical analysis of the injected disc has determined that the total
glycosaminoglycan content of the disc can decrease to less than 20% that of non-injected discs
by two weeks post-injection®'’. The loss of proteoglycan from the matrix of the intervertebral
disc reduces the water holding capacity of the disc and the disc collapses. This loss of disc widch
is observable radiographically within hours of disc injection®*?%?. The disc width continues
to decrease following injection and by two weeks may be less than one third its original

measurement. The magnitude of this change is dose dependant.

Six months after injection the disc will have regained up to 66% of its normal width® and this
progressive increase is paralleled by a return of safranin-O staining throughout the matrix of the
intervertebral disc?®2”'. Biochemical analysis of the disc during the postinjection period shows
that regeneration of proteoglycan has begun by two weeks?'*. Initially these newly synthesised
proteoglycan molecules are of smallersize than the pre-injection controls. Continued proteolytic
digestion of these newly synthesised proteoglycans occurs, but is unclear whether chis is due to
residual chemonucleolyticactivity of chymopapain or due to intrinsic tissue enzymes associated
with tissue remodelling. By three months of age the structure of the newly synthesised
proteoglycan molecules more closely resembles the untreated disc. Keratan sulphate is the major

glycosaminoglycan in these new molecules™.

Biomechanical analysis of the intervertebral disc reflect these changes in the matrix composition
of the nucleus pulposus!™®742%”_ At three weeks post-injection, the canine disc showssignificant
loss in compressive stiffness and an increased ‘creep rate™”’. These findings are consistent with
a reduced hydraulic performance by the dehydrated disc. However, by three months the
biomechanical properties are beginning to return to normal, indicating restoration of the
viscoelastic properties of the nucleus pulposus as proteoglycan, and thus water content, of the

disc is restored.

The mechanism by which chymopapain relieves the symptoms of lumbar disc herniation is
attributed to the release of nerve roots entrapped in herniated disc material as the disc shrinks
following the loss of proteoglycans’'*:2%!_ Shrinkage of nuclear fragments distorting annular
fibres is also thought to be beneficial due to reduced stimulation of the pain receptors within

the annular rings.
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6.2.2 Toxicity of Chymopapain
T'ne enzymatic activity of chymopapain is not specific to proteoglycans of the intervertebral
disc and proteolytic activity may occur in other tissues®™?®'. The predominant effect of
chymopapain on other tissues is massive haemorrhage and vascular disruption due to enzymatic
digestion of the bonds berween endothelial cells of capillaries®™ 8% € %200 28 Inrravenous
injection of high concentrations of chymopapain can result in massive and diffuse haemorrhages

throughourt the lung, liver, pericardium and peritoneum?®” %!

. Dose related peripheral nerve
conduction impairment may occur following injection direcely into the nerve substance®”. The
artenuated nerve conduction is associated with haemorrhage of the microvasculature of the
nerve. In reality however, these systemic effects are unlikely to be a clinical concern because
although potentially fatal, the median lethal dose of intravenous chymopapain is over 1000

times the optimal chemonucieolytic dose®™ ™",

The potential for leakage of the enzyme from the disc after injection, or irs inadvertent
placement into spinal ligaments, epidural tissue, dura, subarachnoid space, spinal cord or nerve
roots necessitated investigation into the effect of chymopapain on these peridiscal tissues. Once
again there salargedifference berween the maximal non-lethaland the optimal chemonucleolyric

Fooa 98, 20

dose in all locations except the subarachnoid space . Indeed, unless the dura marer is
inadvertently ruprured, injection of chymopapain into the intervertebral disc has a margin of
safecy of over 2000 in the dog®®'. Because chymopapain has been found to bond irreversibly to
the local substrate, leakage of the enzyme from the disc following accurate needle placement into
the nucleus pulposus is unlikely to occur. Furthermore, protease inhibitors within serum
rapidly inactivate free enzyme. Chronic toxic effects have not been observed in man or dog

following intradiscal injection of chymopapain.

In conrrast, injection of large doses of chymopapain into the subarachnoid space produces acute

.64 The source of the

haemorrhage and elevated intrathecal pressure, leading to death
haemorrhage comes from rupture of the numerous thin-walled vessels of the pia-arachnoid.
Death can sometimes be averted if intrathecal pressure is relieved by draining the bloody
cerebrospinal fluid®®, Vascular integrity is soon regained indicating that enzymatic activicy
does not persist. The margin of safety for chymopapain in the subarachnoid space is less than
three’®', and therefore is of significant clinical concern. Complications can develop following
chemonucleolysis with chymopapain should there be communication between the nucleus

pulposus and the subarachnoid space due to unrecognised rupture of the dura mater.
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Chymopapain is an allergenic substance'?*'?* 2%, Severe, and potentially fatal, anaphylactic
reactions can occur in up to 1% of human patients'?’. Presensitisation to the enzyme is a
significant problem in man because chymopapain, and other papaya derivatives are used
extensively by the food industry in products such as meat tenderisers, toothpaste, chewing gum
and beer. Cutaneous and serological testing are effective in identifying the majority of
immunologically sensitive patients and these tests are performed routinely in most institutions

prior to chemonucleolytic therapy'?

. Performance of chemonucleolysis under local anaesthesia
not only reduces the incidence of anaphylactic reactions, but also permits rapid detection of their

occurrence'?', Rapid institution of appropriate therapy is therefore possible.
Allergic reactions have not been reported in the dog.
6.2.3 Clinical results with Chymopapain

1) Human: The use of chymopapain in the treatment of lumbar disc herniation in the human
has been surrounded by controversy since its introduction by Smith in 196975 216.217. 292,
Federal Drug Administration (FDA)approval of chymopapain has been revoked twice since that
time, once because of fatal complications following injection, and again after a double-blind
study failed to demonstrate a significant level of efficacy of chymopapain over a placebo™'. This
study was later criticised and discounted for a number of reasons, including inadequate dose

levels and premature code-breaks. FDA approval has subsequently been regained.

The success of chemonucleolysis with chymopapain in the treatment of lumbar disc herniation
in the man has been variably reported as 49 - 90%, though the majority of investigators report
a success rate between 60 - 709538 61:69.121.137.163,193,216.217.29%2 Hwever, critical analysis of these
studies reveals significant inadequacies in protocol, with most studies being uncontrolled and
non-randomised. Moreover, the definition of treatment ‘success’ is open to subjective
interpretation. Patient psyche is so central to recovery that it is not surprising therefore to find
that private and non-compensation patients (who have a significant financial commitment in

their therapy) report significantly superior success rates to public or compensation patients'®,

In reliable double-blind studies, chemonucleolysis with chymopapain achieved successful cures
in significantly more patients (72 - 80%) than a placebo injection (42 - 57%)'*" %", In these
studies, a clinical cure was interpreted as return to normal or light work, although pain was not
always relieved in these patients. (Though ‘significantly’ inferior, it is remarkable that placebo

injections effected so many successful ‘cures’!)
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Post-injection back pain and muscular spasms are reported by up to 50% of human patientsand

*8.163 On the other hand, some partients reporr

this pain may persist for up to three days
immediare relief of pain. This response is ateributed to direct neurolysis of the annular pain

reCepLors.

Acure disc herniation following chemonucleolysis has been reported, but does not appear to be

a common complication. Discitis, either aseptic or bacterial, is a complication seen after

153

discography in 1 to 3.49% of cases, and is a recognised complication of chemonucleolysis®™

192,235

Where chemonucleolysis 1s deemed o have failed, subsequent surgery is not hindered by the

5,20

previous enzymatic therapy

2) Dog: There are few reports which can be used to reliably estimare cthe value of chymopapain
as a trearment of 1ntervertebral disc disease in dogs. The repores thar do exist fack pertinent
clinical informarion, although most of the investigators consider it causes effective

chemonucleolysis and achieves success rates comparable to surgical decompression™ 8192558797

240

The prophylacticuseof chymopapain for interverrebral discdisease in the dog has been recorded

in too few cases to allow an accurate assessment of its efficiency for this purpose to be made.

6.2.4 Discussion of Chymopapain
The use of chymopapain in man and dog remains controversial. The critics of chymopapain
poinroutavariable therapeutic efficacy and state that che resules are frequently equivalent
to conservative treatment 0. A cynical view suggests chat thesuccessattribured tochymopapain
is largely due to the propensity for the patient to follow more closely the post-operative

conservarive management guidelines simply because 'something has been done’.

Failuresof chemonucleolysis can often be areributed ro the inappropriate selection of candidares™:
24,200, 2628 Tn the human patient, clinical signs must be associated with an identifiable disc
lesion. Spinal stenosis, and other extra-discal lesions are unlikely to respond to chymopapain
therapy, for obvious reasons. Herniated disc material, sequestered between annular fibres and
nuclear material extruded into the neural canal is inaccessible to the enzyme, thus making
digestion unlikely. Leakage of chymopapain into the subarachnoid space due o unrecognised
rupture of the dura marter can be a serious complication, resulting in a haemorrhagic

myelopathy. Dural lesions would be expected following anacure Type I herniation, due to the
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explosiveness of the event. Dural tears are probably less likely with the slowly developing Type
I lesion. As a consequence, pre-injection discograms are frequently performed in man to enable

recognition of this potentially serious complication®.

The strongest criticism against chymopapain is its inactivity towards collagen. As previously
presented, the degenerate intervertebral disc of man, non-chondrodystrophoid and
chondrodystrophoid dogs contains proportionately higher levels of collagen (up to 25%) and
lower concentrations of proteoglycan than the normal disc. The ability of chymopapain to effect
mass removal, and therefore provide relief from its compressive effects, is understandably
questioned. Moreover, regeneration of the matrix after three months returns the disc to its pre-
injection morphology®. It has not been elucidated why clinical signs do not always return with

restoration of disc size.

A strong critic of chymopapain proposed the use of a collagenase enzyme®”®, because collagen

is the predominate structural element of the degenerate disc.
6.3 COLLAGENASE

ollagenase is a proteolytic enzyme extracted from a culture of Clostridium histolyticum and
C C. welchii. For many years it has been utilised in the debridement of dermal ulcers, necrotic
tissue and burns. In the research laboratory it has been used to assist in the elucidation of the
molecular structure of the collagen molecule and as a cell dispersion agent in tissue cultures.
Purification of the collagenase enzyme for medical use is achieved through chromatographic

techniques after its isolation from pure cultures of C. histolyticum.>® **?

Collagenase appears to be unique in its ability to attack native collagen under physiological
conditions of pH and temperature. This proteolytic activity is highly specific for Types I and
II collagen, breaking the molecule at several points along its length at the peptide bond.
Collagenase will not attack other protein substances and has no effect on cellular membranes.

It is rapidly inactivated in serum®.

Collagenase was first injected into the intervertebral disc of dogs in 1969%™. Since that time,
experimental and clinical use of collagenase enzyme for chemonucleolysis in dog'??": 20265271

and man®®?° have provided some insight into its effect on disc structure.
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6.3.1 Effect of Collagenase on the intervertebral disc
njection of collagenase enzymeinto the intervertebral disc results in a dose-related dissolution
I of the nucleus pulposus and inner margins of the annulus fibrosus? 7 2% %927 Changes in
the cartilaginous end plate and surrounding ligaments are not seen. Mild digescion of the inner
margins of the annulus fibrosus occur following the administration of 500 units of collagenase

into the intervertebral disc?’ 10 %8, 271

. Such changes are not seen at lower doses. Progressive
digestion of the inner margins of the annulus fibrosus occurs at higher concentrations of
collagenase but defects are rarely recorded in the outer annulus or cartilaginous end plates'™.
Due tothe minimal effectson the annulus fibrosus, 500 unitsof collagenase is the recommended

chemonucleolytic dose for collagenase in che dog.'™

Grossexaminationof the non-chondrodystrophoid canine intervertebral disc following injection
of 500 units of collagenase reveals complete solubilisation of the nucleus pulposus, leaving a

19372 The widch of the disc space

cavity which may contain some white fibrous material.
collapses following injection, and this is detectable radiographically. Discs in the cynomolgus
monkey treated with collagenase consistently had radiographic narrowing from 17 - 67% of its
initial widch®*. Unlike discs injected with chymopapain, this dis¢ narrowing appears to be

permanent. Similar narrowing has been reported in the dog'” #*.

Histological descriptions of the disc following collagenase injection have been made in the

7,265, 271

canine disc (both non-chondrodystrophoid’® and chondrodystrophoid®®) for periods up
to three manths afrer injection. However, these reporrs fail to accurately describe the structural
changes which occur to the cellular elements or collagen fibres of the nucleus pulposus and
annuius fibrosus, nor do they provide information on the influence of collagenase and collagen
dissolution on the proteoglycan content of the disc. It is presumed that proteoglycan will be lost

in association with the loss of collagen.

Adaptive changes have been reported in the canine non-chondrodystrophic intervertebral disc
three months after injecrion®. Narrowing of the disc space persisted and rhe annulus fibrosus
became flattened with inward bulging of the central annular rings, thereby reducing the size
of the nuclear defect. In some discs, complete replacement of the nuclear deficit wich

fibrocartilage occurred.

6.3.2 Toxzcity
T(Jxlcity studlies have demonstrated a wide marginof safety for collagenase, both systemically
and in the local tissues'® 1% 2% Ag with chymapapain, the toxic effects of collagenase

are related to disruption of vascular integrity. However, haemorrhagic phenomena have not
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been observed until the intravenous injection of over 4000 units of collagenase’®. Eight times
the recommended dose can therefore be injected without risk of complications. Extradiscal
tissues, including peritoneum and paraspinal musculature are also tolerant to very high doses
of enzyme®”. Whilst small (1 - 2 cm), well-localised necrotic changes were observed to occur at
the site of injection of high doses of collagenase into paraspinal muscles, no clinical effects were
described®’, Extradural injection enjoys the same margin of safety, with localised haemorrhage
occurring in one dog following the injection of 5000 units of collagenase into the extradural
space®’. Injection of collagenase into rabbit tibial nerves caused mild perineural oedema, but
effects on microvasculature and conduction velocities were not noticed®®. Systemic effects
following the intradiscal injection of clinical doses of collagenase have not been documented.
Dogs appear to tolerate subarachnoid injection of collagenase less well than other species® %%,
Administration of doses less than 600 units resulted in some degeneration of cellular elements
of the ventral horn and varying degrees of demyelination®®. However, no clinical changes were
observed in these animals. Injection of increased doses of collagenase resulted in progressively
severe changes in the ventral horn and extensive demyelination. Pial and subarchnoid
haemorrhages developed at very high doses. Worsening neurological deficitsaccompanied these
pathological changes, but were frequently only transient following injection of less than 1200
units. Permanent and progressively severe paraplegia occurs following injection of more than

1500 units. In some animals, subarachnoid injection of doses greater than 1500 units may be

fata]'®37.106

Allergenicity to collagenase has not been reported ineither experimental or clinical trials indog

or man.

6.3.3 Clinical use of Collagenase
Chemonucleolysis with collagenase has ridden the same wave of controversy as chymopapain
since its institution®®. Unfortunately, the few experimental and clinical trials documented

suffer the same inadequacies in protocol as previously described for chymopapain.

Inone retrospective study on clinical use of collagenase, complete relief from pain was achieved
in 6 out of 29 (21%) patients’™®. Improvements were noted in a further 18 (63%) patients and
17 of these were able to return to work. Four patients who failed to respond to collagenase
chemonucleolysis underwent surgical operation and all were found to have extruded disc
fragments in the neural canal. The previous enzymatic therapy did not detract from the success

of this surgery®'.
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Use of collagenase in the dog is limited and clinical use has only been reported by one author'®.
Thisauthor considerschemonucleonlysis with collagenase to be an effective alternative tosurgery
for the trearment of intervertebral disc disease and reports comparable success rates for

laminectomy and chemonucieolysis (83%).

Prophvlactic injection of collagenase into up to 7 thoracolumbar discs has been performed® burt
the efficacy of this procedure has not been documented. Injection of 800 units of collagenase into
a calcified disc resulted in che relief of clinical signs associated with thisdiscand, as determined

by radiographic evaluation, its subsequent decalcification.”

Complications and fallures associared with collagenase chemonucleolysis are similar to those

idencified with chymopapain®.
6.4 CONCLUSIONS

hemornucleolysis is a procedure which has a number of attractions. It is easily performed
C under fluorescopy and can, in most cases, be completed in less than one hour', Transient
pain and muscle spasm is the most common post-operative complaint and in the human, this
procedure can frequently be performed onan oucpacient basis®® . In experienced handsand with
injection of accepted dose rates, systemic and focal toxicity s negligible. Anaphylaxis with

chymopapain is the most serious potential complication associated wicth chemonucleolysis™ .

The clinical success of chemonucleolysis wich either chymopapain or collagenase is the focus of
much debate. The trearment of human disc disease is so affecred by patient psyche that
objectively appraising the effectiveness of a procedure is difficulr. This is demonstrated most

graphically by the high Jevel of ‘cures’ effected by placebo injections,

Clinical use of chemonucleolysis in the dog has mainly been for the treatment of acute disc
herniations, This may be a misguided application of this procedure, particularly in the
chondrodystrophoid breeds, and more appropriate employment may be reflected in improved

clinical successes.

As we have learned from previous sections, treatment of acute Type I herniations in the
chondrodystrophoid dog is best achieved by immediate decompression of the spinal cord and
appropriate medical management of the spinal cord injury which has ensued. Numerous studies
with chemonucieolysis have emphasised the inability of the enzyme to digest nuclear marerial

within the neural canal. Rapid decompression of che spinal cord is therefore unlikely to occur.

& Biggart JF. (1992} Personal Communication
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Reported success following this practice may be explained by the influence of conservarive
management. It is probably reasonable to assume that recovery would have been more rapid and
more complete had immediate surgical decompression been performed. Further to this,
trearment with chymopapain is potentially hazardous following such an acure injury, due to the
likelihood of dural tears being present. Leakage of enzyme through annular tears could easily

result in potentially fatal subarachnoid haemorrhage.

Type II herniations would seem to be more amenable to treatment by chemonucieolysis.
However, if clinical signsare related to the presence of herniated disc material withinthe neural
canal, chemonucleolysis is probably unlikely toachieve the speed and completeness of resolution
thar surgical decompression may provide. This argument concerning mass removal has been

resented previously for fenescration, bur is equally applicable to chemonucleolvsis.
P I } g yapp !
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7.0 RESEARCH OBJECTIVES AND HYPOTHESIS

emoval of degenerate nuclear material by fenestration has been the accepted technique for
R both the treatment of mild clinical signs related to altered intervertebral disc function,
and for the prophylaxis against massive disc hernation and, as a consequence, acute paralysis.
In the latter case in particular, the use of fenestration is fraught with criticism. Fenestration is
invasive, traumaric, painful and costly, and its efficacy at eliminating the occurrence of disc
herniations has not been conclusively proven. It has been suggested that the reason for the
continued development of clinical signs, albeit at a reduced incidence, is related to the inability
of surgical fenestration techniques to completely remove all of the degenerate nuclear material

from the intervertebral disc.

The use of chemonucleolysis for the prophylaxis of intervertebral disc herniations would appear
to be an as yet unexplored aspect of this therapy. Collagenase enzyme is the more appropriate
agent for this application, due to the permanence of its effect and the targeted proteolytic
activity on the predominant component of the degenerate disc, collagen. It has been shown that
the intradiscal injection of S00 units of collagenase causes the complete dissolution of the
nucleus pulposus and, if used appropriately, causes no side effects. Chemonucleolysis is an

attractive technique because it is atraumatic, simple and relatively painless.

This study will investigate the histologic effects of fenestration and collagenase on the
intervertebral disc six months after treatment. It is hypothesised that the morphological
changes in the intervertebral disc six months after injection of the nucleus pulposus with
collagenase enzyme will be similar or greater than after fenestration. Were the hypothesis to be
upheld, it could be reasoned that the intradiscal injection of collagenase enzyme might provide
similar or greater prophylaxis against the herniation of nuclear material as fenestration. Further

clinical use of the technique could then be tested.

The hypothesis will be tested on the thoracolumbar intervertebral discs of eight,
non-chondrodystrophic young adult mongrel dogs. Four of the dogs will be subjected to either
percutaneous, intradiscal collagenase injection or surgical fenestration. The remaining four

dogs will act as controls (placebo injection and untreated).
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8.1 EXPERIMENTAL ANIMALS

ighr dogs were used 1n this study. Six of the dogs were similar sized, one year old mongrels
E weighing, on average, 25 kg (range 24.8 - 25.2 kg). They came from two litrers (A and
B) sired by the same animal and had been kept under similar conditions since birth. The
remaining two dogs were young adult mongrels, weighing approximately 20 kg. These dogs
were clinically normal, and were being euthanased for behavioural, rather than medical
concerns. The spines from these dogs were used to providea reference for the normal histological

appearance of the young, non-chondrodystrophic thoracolumbar intervertebral disc.

The intervertebral discs from T, to L in the six related dogs were treated with one of three

procedures 6 months prior to euthanasia. Only one treatment category was used in each dog.

Twoof theanimals (from litrer Ay were used for the percutaneous injection of 0.99% sterile saline
into the nucleus pulposusofthe thoracolumbar intervertebral disc (controls). The thoracolumbar
intervertebral dises of a further two dogs (one from litter A, one from licter B) were injected
wirh collagenase enzyme (treatment 1). The remaining twoenimals (one from hitrer A, one from

litter B} were treaced surpically by thoracolumbar fenestration (treatment 23,

Physical and neurological examinations were completed onall dogs at the start of the study. Ar
this time, blood samples were submirtted for haematological evaluacion, blood urea nirrogen,

creatinine, aspartate amingtransierase, alanine transferase, sodium and potassium levels.

The dogs were maintained for 28 weeks after the experimencal procedure and examined at
periodic intervals. Between examinations the dogs were housed in private kennels. No

modifications were made to the established kennel routine during the study period.

Final physical and neurological examinations were conducted in the week prior to euthanasia,
Theanimals were euthanased using an intravenous injection of sodium pentobarbitone®. Within

2 hours of euthanasia, final radiographs of the thoracolumbar spine were taken,

ar Sodium pentobavbitone 300 mp. Chemsiock Ansmal Health, Avckland, Naw Zasland
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8.2 EXPERIMENTAL PROCEDURE

8.2.1 Anaesthesia

nimals were premedicated with a subcuraneous injection of acetylpromazine® (0.04 mg/
A kg), atropine“(0.02 mg/kg)and morphine® (0.4 mg/kg). Prior to induction, an intravenous
fluid line® containing lactated ringers solution’ was connected toa 22 g over-the-needle Jelco
catheter® which had been inserted into the cephalic vein. Anaesthesia was induced with an
intravenous injection of 2.5% thiopentone sodium"” (8 mg/kg)and the dogs were then intubated
with a No 12 endotracheal tube. Anaesthesia was maintained with a halothane'/oxygen mixture
delivered by a vaporiser-out-of-circuit circle system. Throughout the anaesthesic period,

lactated ringers solution was administered at a rate of 10 ml/kg/hr.

8.2.2 Radiographic assessment

adiographs (two lateral and two ventrodorsal) of the thoracolumbar spine using medium
R rare earth screens and a grid were taken in all animals pre-operatively, immediately post-
operatively, at 2 days, 2 weeks and each month after the experimental procedure’. An attempt

was made to centre the x-ray beam over T , and L, in each view to minimise parallax errors.

Following euthanasia of the dogs, two lateral and two ventro-dorsal radiographs were taken of

each vertebral column using a cabinet x-ray machine.

8.2.3 Injection technique
“ocrith the animal in right lateral recumbency the left paravertebral region from the
scapula to the ilial wing was prepared for surgery by clipping the hair and then
scrubbing the skin surface with 0.5% chlorhexidine solution. Afterisolating with sterile drapes,

the area of skin overlying the intervertebral disc of Disc T, . was identified by fluoroscopic

10/11
imaging. Under sterile conditions a 1 cm skin incision, 10 cm lateral to the dorsal midline, was

made with a scalpel blade at this site.

Acetylpromazine 2%. Delta Vet Labs. Australia

Atropine sulphate (0.65 mg/ml). Phoenix Pharmaceutical Distributors, Auckland, NZ
Morphine sulphate (15 mgiml)

Travenol Laboratories, Deerfreld, 1llinoss, USA

Abbot Hospital Products, Australia Pty Ltd, Sydney, Australia

Critikon, Tampa, Florida, USA

Intraval sodium, Pitman-Moore, Palmerston North, NZ

Fluothane, ICI, Auckland, NZ

Picker Explorer Mobile, Medical Systems Ltd, GEC, Australia.

BT T N S W T
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A 3.5" 20 g spinal needle* was inserted through this incision and gently passed immediately
ventral to the dorsal convexity of the rib cage. When the needle was felt to contact the vertebral
column, further imaging provided guidance for accurate penetration of the intervertebral disc
and positioning of the needle tip in the nucleus pulposus. Preliminary investigations in cadavers
with methylene blue had determined that accurate injection into the nucleus pulposus was made
with the needle tip positioned slightly dorsal to the midpoint of the intervertebral disc. (Figure
8.1)

Figure 8.1: Preliminary investigation of the injection technique in cadavers showed that consistent injection of the nucelus
pulposus was possible. In this cross-section of an intervertebral disc, the nucleus pulposus is stained blue from a percutaneous
injection of methylene blue.

Once the needle was accurately positioned, the skin overlying the next caudally adjacent disc
was identified and another spinal needle was inserted ina similar fashion. In the lumbar region,

the needle was inserted immediately ventral to the transverse processes.

When all needles had been accurately positioned in the intervertebral discs oleom, T ¥y

13 114/L, L, ,and L, , the fluoroscopic unit was repositioned to allow ventrodorsal imaging. This

facilitated accurate positioning of the needles within the centre of each nucleus pulposus.

k: Yale spinal needle, Becton-Dickinson & Co, Rutherford, New Jersey, USA
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Thehigh intrinsic pressures within the intervertebral disc made injection of even small volumes
of fluid difficule. To enable precise delivery of fluid despite these pressures, 1.0 ml glass syringes
with Leur lock adaptors were used. The volume of fluid contained in the bore of each spinal
needle was 0.05 ml. Therefore, to ensure accurate delivery of 0.1 ml into the intervertebral disc,

0.15 ml of agent was aseptically drawn into the glass syringe immediately prior to injection.

8.2.4 Injection of collagenase
The glass vial containing a freeze-dried preparation of collagenase enzyme' was maintained
at -18°C until the commencement of the study. Immediately prior to injection, the
enzyme was mixed with 0.3 ml 0.9% sterile sodium chloride solution™ providing a collagenase
concentration of S00 units per ml. The latex injection port of the enzyme vial was swabbed with
chlorhexidine in 70% alcohol and 0.15 ml of solution was drawn into the glass syringe and

injected into the intervertebral disc. (Figure 8.2)

Figure 8.2: Once all the needles were positioned within the intervertebral discs, a leur-lock glass syringe was attached and
injection completed. Note the delineation of the operating site with sterile drapes.

Following injection of fluid the needles were removed from the intervertebral discs. The skin

wounds were closed with simple interrupted sutures of monofilament nylon®.

I Collagenase Vils, Sigma Laboratorses, USA
m: Abbott Hosprtal Products, Sydney, Australia
n: Dermalon, Davis & Geck, Auckland, New Zealand
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Post-operative radiographs were obtained and the animals allowed to regain consciousness.
Fluid administration was discontinued and the catherer removed from the cephalic vein. The
injection site was covered with sterile gauze, Following extubarion, the dogs were left to recover

in heated cages. When full consciousness was regained the animals were placed in larger runs.

8.2.5 Injection of saline
Concrol animals were anaesthetised and prepared as described above. When spinal needies
T /L,L, and

L,,,. 0.1 mlofacontrol injection of 0.9% sterile sodium chloride solution was injected into the

were accurarely positioned in the intervertebral disc’s of T T T

it o2t T3t

intervertebral disc using a glass syringe as previously described.

Post-operative management of concrol dogs was identical to the collagenase treatment group

of dogs.

8.2.6 Surgical fenestration

Following induction of anaeschesia, the animals were clipped and prepared for surgery as

described above. The surgical procedure used was similar to that described for lateral
fenescration of the thoracolumbar discs by Flo and Brinker (19757 Fenestration of an
intervertebral disc was achieved using a small curette introduced through a scalpel incision into
the lateral annular wall. The currecce was twisted one quarter turn downwards several times, to
remove as much nucleus pulosus as possible. Following fenestration of all discs, the separated
muscie layers were closed with absorbable polydioxanone® and the skin with a locking loop
suture of polyethylene?. The incision was bandaged in one dog for 3 hours but was left
unbandaged in the other. The post-operative management of these dogs was similar to that

described for the injected dogs.

ar PDS, Davis & Gerk, Auckland, New Zealand
b Dermalon, Davis & Geck, Auckiand, New Zealand
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8.3 POST-OPERATIVE EVALUATION
8.3.1  In vivo examinations
(1) Physical and neurological examination

Physical and neurological evaluarions were repeated in each of the six related dogs at 24 and

48 hours, two weeks, and every 28 days after the procedure.
(it) Anaesthesia

( ; eneral anaesthesia was deemed necessary to permir accurate positioning of the animal for
radiographic evaluation. The dogs were given acetylpromazine (0.04 mg/kg) 30 minutes

before anaesthesia was induced using an inctravenous injection of short-acting barbirurate’.
8.3.2  Post-mortem analysis

(1)  Gross pathology
All eight animals were submitred for post-mortem examination within 2.5 hours of death,
and the vertebral spine from T, to L, was collected from each animal. The epaxial and
hypaxial musculature was dissected from the vertebral column. During this dissection, the
vercebral column and surrounding tissues were examined for the presence of gross lesions. Care
was taken not to damage the ourer fibres of the annulus fibrosus and ventral longitudinal

ligament.

Following fixation of the vertebral column in 107 buffered formalin, the intervertebral disc
unitsof T T, 7T

10117 7111

: : . . .
vony Tl Lo Ly were identified and isolared by cutting through the
centre of the adjacent vertebral bodies with a hacksaw blade. These individual bone-disc-bone
units were uniquely identified with a code number and transferred to individual jars containing

10% buffered formalin, where they were fixed for a further 7 days.

8.3.3  Histological preparation
Decalciﬂcation of the individual intervertebral disc units was for the most part achieved
using 5.5% ethylene diamine tetraacetic acid (EDTA) in a 0.1M phosphate buffer.

During the decalcification process, the container was gently vibrated to ensure constant mixing

g Intraval sodinm, Rhore-Merisex, o/~ Pitman-Maore, Paltmerston Novth, New Zealand
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of the EDTA solution. The samples were placed in fresh EDTA solution every month, with
decalcification taking from three to five months. Periodic radiography of selected samples was

used to monitor the decalcification process.

When decalcification was nearing completion, samples were transferred toa solution containing
equal parts of 8N formic acid and IN sodium formarte. This acidic solution caused rapid

decalcification of the samples within 7 days.

On completion of the decalcification process, the samples were rinsed overnight in running tap
water, before being placed in Bouin's fluid for 48 hours. The samples were rinsed again in

running tap water before being stored in 70% echanol.

Within two days of being placed in ethanol, each block was cut in halfalong the median plane
using a new razor blade. Only one half was used in subsequent processing: the other half was

returned to che ethanol solution.

Fach incervertebral disc half was embedded in wax using a standard extended programme. At

the end of this programme, the block was placed inavacuumoven at 28 psiand 60°C for 4 hours.

Six Smm histological sections were cut from each block. Two sections were stained with alcian
blue/haematoxylin and eosin (H&E) and cwo were stained with van Gieson. The remaining two

slides were stored.

8.3.4  Histological analysis
Single—b%ind examination of all histological slides was conducted, and the observations
compared and concrasted with the appearance of the intervertebral disc retrieved from the
rwo uncreated dogs. Only when an impression of all variations from the normal had been gauged
was a grading system developed which enabled subjective quantification of the individual
variations seen. This grading system permitted quantification of variations in 20 discinct
morphological features of the intervertebral disc. Each slide was graded twice by the examiner

0N Separate OCCasiens.

The basis of the grading system is described on the following pages.




8.0 MATERIALS AND METIIOD *er 110

NUCLEUS PULPOSUS

1. Normal structure

Grade 1:

Grade 2:

Grade 3:

Normal nuclear tissue could be readily discerned occupying the nuclear space, wich

little to no disruption to its structure.

Normal nuclear tissue was present wichin the nuclear region bur its organisation

was fragmented due to the action of some other reactive tissue.

Nuclear region had been replaced entirely by other tissue substance, and no

evidence of normal nuclear tissue could be seen,

2. Compiunication with annulus fibrosus

Grade 1:

Grade 2:

Grade 3:

The inner rings of the annulus fibrosus were intact, and there was a clear
demarcation between theannulus fibrosusand peri-nuclear tissue. This observation

is typical of the normal disc.

There was some collapse of the inner annular rings into the nuclear region, or there

were some areas of nuclear herniation.

No clear distinction could be made between the annulus fibrosus and the nucleus

pulposus.

3. Protegglycan content

Grade 1;

Grade 2:

Grade 3:

On the basis of the staining intensity of the alcian blue and van Gieson stains, the

proteoglycan content of the nuclear region was approaching nil.

Intense proteoglycan staining was observed about the majority of the celiular
elements of the nuclear region only, with only pale staining of the intercellular

matrix. This grade was typical of the appearance of the normal disc.

Thepericellularand transcellular regions of the tissue occupying the nuclear region
of the disc stained intensely for proteogiycan. This tissue was similar to the normal

histological appearance of cartilaginous tissue.
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4. General matrix content
This described the nature of the acellular matrix of the nuclear region of the disc. This matrix

was amorphous in narure, and srained weakly with alcian blue.

Grade I The nuclear region contained very lictle typical of this matrix tissue.

Grade 2 Occasional pockets of matrix were observed berween ‘nests’ of cellular elements.

This grade was typical of the normal scruccure.

Grade 3: The nuclear region contained large amounts of this poorly staining matrix,

5. Collagen fibre content

Grade 1:  Noevidence was seen for the presence of collagen fibres in the nuclear region of the

intervertebral disc, on the basis of the collagen fibre affinity for van Gelson stain.

Grade 2:  Only fine, occasional collagen fibres could be seen throughout the nuclear region
of the disc. These collagen fibres appeared to have no noticeable organisation to

their fibre orientarion. This grade was typical of the normal inrervertebral disc.

Grade 3:  The nuclear region of the intervertebral disc contained extensive and well-
organised collagen fibre bundles. Typically, these fibre bundles were continuous

with the fibres of the annulus fibrosus.

6. Cell nest formation
This described the tendency for the celiular elements of the nucleus pulposus ro accumulate in

‘nests’, with each nest separated by a zone of acellular martrix and collagen fibres

Grade 11 The nuclear region of the disc was relatively acellular compared to the normal disc,

or if the cells that were present showed no clear organisation into isolated ‘nests’.

Grade 2:  This grade was typical of the normal disc and was given if the cellular elements of

the nuclear region of the intervertebral disc were organised into clear ‘nests’.

Grade 3:  Thenucleuscontained many cellularelements which did not show clear organisacion
into ‘nests’. Typically, these discs contained tissue similar to the appearance of

cartilaginous tissue with some columnar organisarion of che cellular elements.
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7. Presence of cartilaginous tissue
Thisobservation described theappearance of tissue within the nuclearregionof the intervertebral
disc which resembled hyaline cartilage ie intense proteoglycanstaining and round cellsarranged

In columns,

Grade 11 No sign of cartilaginous tissue could be seen in the nuclear region of the

intervertebral disc. This grade was typical of the normal intervertebral disc.
Grade 2:  Small, isolated pockets of carrilaginous tissue could be seen within the disc.
Typically, this cartilaginous tissue occurred at the perimerter zones of the nuclear

region, and along the cartilaginous end plate.

Grade 3:  The nuclear region of the intervertebral disc was entirely replaced by cartilaginous

rissue,

ANNULUS FIBROSUS

The following observations were recorded separately for both the dorsal and ventral region of

the annutus [ibrosus.

8. Lamellar organisation

Grade 1: The lamellae of the annulus fibrosus displayed a normal organisation.

Grade 2: The inner layers of the annulus fibrosus were collapsed inwards, but still showed

some separation from the nucleus pulposus.

Grade 3:  The lamellae of the annulus fibrosus were completely collapsed into the nuclear
region of the intervertebral disc and there was no clear separation between the

nucleus pulposus and the annulus fibrosus.
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9. Lamellar thickening

Grade I;

Grade 2:

Grade 3:

The lameliae of the annulus fibrosus displayed a normal organisation,

Areas of thickening were observed at focal locations in the lamellae of che annulus

fibrosus.

The annulus fibrosus showed large zones of destruction with reorganisation of the

lamellae into ill-defined layers.

10. Iuterlamellar ground substance

Grade 1:

Grade 2

Grade 3:

The lamellae of the annulusfibrosus displayed anormal organisation of interlameliar

ground substance.

Increased matrix staining incensely with alcian blue was present ar focal zones
within the annulus fibrosus, This staining was predominantly peri-cellular in

location.

Large areas of the annulus fibrosus displaved increased amounts of matrix staining

intensely with alcian biue berween the lamellze.

11. Cellular marphology

Grade 1:

Grade 2;

Grade 3:

The cells of the annulus fibrosus possessed a normal spindle-shaped morphology

typical of fibroblasts.

The inner regions of the annulus fibrosus contained large numbers (> 20 per field)

of cells whose shape was rounded in character, more typical of chondrocytes.

The annulus fibrosus contained occasional areas of tissue with the histological

characteristics of hyaline cartilage.
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12. Nuclear berniation

Grade 1:

Grade 2:

Grade 3:

The lamellae of the annulus fibrosus displayed a normal organisation with a

distinctive separation from the tissue of the annulus fibrosus,

Focal areas of nuclear tissue could be observed wirthin the lamellae of the annufus

fibrosus.

The inner layers of the annulus fibrosus had collapsed and large amounts of nuciear

tissue had herniated through the disrupted layers of the annulus fibrosus.

DORSAL LONGITUDINAL LIGAMENT

13, Dorsal longitudinal ligament

Grade 1:

Grade 2:

Grade 3:

The dorsal longirudinal higament was normal 0 appearance,

Focal areas of disruprion could be observed within the dorsal longitudinal
ligament. Typically, these changes consisted of thickening and chordrification of
the ourer lamellac of theannulus fibrosusand paraverrebral regions of the ligament,

These changes were presumed to represent early spondylosis deformans lesions,

Complete disruption of the dorsal longitudinal ligament was observed. This
disruption was generally associated with dorsal herniation of nuclear tissue,

resulting in disruption of the fibre organisation.
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VENTRAL LONGITUDINAL LIGAMENT
14. Ventral longitudinal ligament

Grade 11 The ventral longitudinal ligament was normal in appearance.

Grade 2:  Focal areas of disruption could be observed within the ventral longirudinal
ligament. Typically, these changes consisted of thickening and chondrification of
the outer lamellae of the annulus fibrosus and paravertebral regions of the ligament.
These changes were presumed to represent early spondylosis deformans lesions.

Grade 3:  Complete disruption of the vencral longitudinal ligament was observed. This

disruption was penerally associzred with ventral herniation of nuclear tissue,

resulting in the disruption of the fibre organisation.

CARTILAGINOUS END PLATE
15. Cartilaginous end plate
Grade 11 The cartilaginous end plate appeared normal.
Grade 2 The cartilaginous end plate had focal areas of thickening along its length.

Grade 3: The cartilaginous end plate was completely disrupted, with herniation of nuclear

material 1nto the interstices of the vertebral trabeculae.

8.4 HISTOLOGICAL DESCRIPTION

l ?ollowing the breaking of the identification code, each slide from a particular treacment
group was reexamined, and the changes observed described and analysed. No changes were

made to the recorded grades at this time.




RESULTS

J
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9.1 PRE-OPERATIVE EVALUATION

Q- ilanimals were apparently healthy at the time of examination.. Haemarological, biochemical

and electrolytic measurements were all within normal ranges.

9.2 EXPERIMENTAL PROCEDURES

9.2.1 Anaesthesia
ﬂ- Il animals, except for one of the collagenase treated dogs, recovered uneventfully from

general anaesthesia.

This one dog remained semi-comarose for up to nine hours following anaesthesia. Over the next
24 hours, this dog was responsive to touch and voice, but remained very depressed. By the third
day, however, the dog was walking, but had a mild hind-limb ataxia. Intravenous fluids and

supportive nursing care was given during this recovery period,

9.2.2 Pre-operative radingraphic assessment
The pre-operative radiographs in all except one dog in the fenesrration group revealed no
abnormalities. In this dog, mild degenerative changes were observed about the articular

farers of’fw#”r

9.2.3 Injection technique
In all four animals, considerable difficulty was experienced in cleanly penerrating the

intervertebral discs of T T,.,andT

ot Lo due to the close proximity of the rib-head

12113

articulation with the intervertebral space.

9.2.9 Injection of collagenase
Coliagenase was injected into the intervertebral discs of both dogs withour complication.
However, up to 30 minutes was spent before the needle tip was located within the centre

of the nucleus pulposus of T, in one dog.

Ha
9.2.5 Infection of saline

, to L, were injected without

In one of the dogs, the inrervertebral discs from T,

complication.
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In the remaining dog, all discs except T, were entered without difficulry. In chis one dise,

10:11
the needle could not be precisely located within the intervertebral disc and after repearted

attempts, the procedure was abandoned in this disc.

9.2.6 Surgical fenestration
A. il interverrebral discs, except T, | in ane of the dogs, were fenestrated. In this dog, the
proximity of the ribhead to the intervertebral disc space prevented access ro this site. No

nuclear material was observed to extrude from any of the intervertebral discs during curettage.

The surgical wound of one dog broke down 4 days afrer surgery. This wound was left to close

by second intention.
9.3 POST-OPERATIVE EVALUATIONS

9.3.1 In tive examinations

(1) Physical and neurological examinations

[

Two ol the animals (one saline injected and one collagenase injected) had no changes to their
physical and peurological evatuarions for the encire period of the scudy.

The twodogs subjected rofenestration demonstrated a mild resentment toabdominal palpation
in the immediate post-operative period only. For the remainder of the study, no changes were

seen in the physical or neurclogical examinations.

In the remaining two dogs, some variations in physical or neurclogical staze were recorded

during the study. These changes are outlined helow.

One dog, who had been givenasaline injection, was physically and neurologically normal at the
24 and 48 hours observation periods. However, at the one montch post-treatment period, this
dog displayed an exaggerated response to postural reflexes in the right hind leg and there was
some resentment to cranial abdominal palpation. No other problems were discovered. By two
months, the dog had again become neurclogically normal although he remained sensitive to
cranial abdominal palpation for the remainder of the experimental period. No clinical or

behavipural changes were observed in association with this finding.



ese 128 9.0 RESuLTS

Theremaining dog, who had been treated with coliagenase, remained depressed at 24 hours after
the procedure and was unable 1o support his own weight. The forelimbs were held in rigid
extension, and there was a slight crossed extensor response in both forelegs. A normal
withdrawal and flexor response was present in the hind legs and pain sensation was normal. The

animal occasionally vocalised when lifred and frequently turned his head to his back region.

By 48 hours, the dog was improved and able to walk when supported. The forelimbs were
neurologically normal, but the dog remained weak in the hind quarters, with no voluncary
motor function evident. By 72 hours the dog was walking unaided, though he remained ataxic
in the hind-quarters and walked with a crouched stance. Normal movement rerurned over the
remaining 24 hours and no further problems were recorded through the remainder of the

experimental period.
(i) Radiographic examination

t | oradiographicchanges wereobserved in the thoracolumbar spineor treated interverrebral
discs of three dogs {rwo fenestrated and one saline injected) during the entire study.
Radiographic changes were observed at some stage during the study in the thoracolumbar spine

of both collagenase treated and one saline injected dogs.

Inone saline injected dog, a lytic defect was observed within the disc space of L, at one month
following injection, This lesion included destruction of the central zonesof the cartilaginousend
plates of the adjacent vertebral bodies. This lytic zone was bounded by a small zone of increased
radiographic density, or sclerosis, within the vertebral body. During the remainder of the study,

this lesion did not progress and by 6 months the lytic zone had increased in radiodensity.

In one of the collagenase dogs, osteophyte deposition was evident about the ventral border of

disc space T, at 6 months This osteophyte build up was especially prominent on the cranial

12113
border of T|,. In the high definicion radiographs taken at post-mortem, ventral osteophyte

deposition could also be seen about the disc spaces of T, T, ., and T

i 123"

In the remaining collagenase dog, a small lytic region was observed within the central zone of
the cranial cartilaginous end plateand extending abour Lem into the body of L two moachs after
injection. At three months this lytic area was surrounded by a small zone of sclerosis but by six

months the lesion was resolving, with increased radiodensity of the previously lytic zone.
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In only one dog, treated wich collagenase, all treated intervertebral disc spaces were observed
1o be narrowed at two days post-injection. By six months, the observed disc width had rerurned
to pre-operative levels in this dog.

9.3.2 Post-mortem examindtion

(1) Gross pathology

D Io gross findings were observed during post-mortem examinauion of the animals.

(ii) Histological grading and description

T'nf: histological grades, and a description of the histological findings within each dise, are
outlined on the following pages. It was clearly apparent that each crearment caused
visually identifiable changes in the disc architecture and this was confirmed by the repearability

of the grading system, whose results were 1dentical for each disc on both occasions.
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Q.0 RESULTS

NUCLEUS PULPOSUS:

1. NORMAL STRUCTURE
| Di
isc Number
i Treatment
group T:ou Tn-rz Trz-ra Tra'L: Lr-.? Lz-s
i
! A/B A B|/A B/ A B/A B/'A Bl A B
| Collagenase 2 3 :3 34+3 3.3 3 /3 3:i3 3
| -
. Fenestration 1 272 tgp2 2%Vv2 o211y 22 2
[ .
. Saline 1 202 21 2432 212 3|2 2
. Normal 1 1 1 1 1 1 1 1 1 1 1 1
noniy one of the twelve discs injected
- KEY: Normal structure
with collagenase could normal nuclear

tissue be seen remaining within the disc. Grade 1 MNormal nuclear cissue could be readily

. . . discerned occupying the nuclear space, with
In this one disc, the nuclear marerial liczle o na disruption o its structure.

.- o ; Grade 7 Normal nuclear tissue was present within
remaining was confined to one focal : . T

the nuclear region, but its organisation was
area, surrounded Dy the rep]accment frepmented due to the action of some other
: reactive tissue.

r1ssue. (Figure 9. Grade 3: Nuclear region had been replaced entirely

In most of the fenestrated and saline

by another tissue substance, and noevidence
of normal nucicar tissue couid be seen.

injected discs, tissue resembling that

seen in the normal disc was visible throughout the nuclear region. In five discs (three fenestrated

and two saline injected), the normal architecture of the nucleus pulposus remained, although

there wasa noticeably increased fibrosis of the intercetlular matrix. {Figure 9.4) Inthe remaining

majority of discs, islands of tissue resembling normal nuclear material were distributed

throughour an amorphous martrix which stained moderately with alcian blue. This tissue was,

in most discs, undergoing a transformation to fibrocartilage. (Figure 9.3)

In one of the saline injected discs (L, ) the nuclear tissue had been almost complerely replaced

by well-organised fibrocartilage. Only a small pocket of tissue resembling chat seen in the

normal disc was present, and this tissue was also showing some evidence of transformation to

bib

rocartilage.
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2. COMMUNICATION WITH ANNULUS FIBROSUS

i Treatment Disc N?mber ; | ;
| group Tm-n LTSy, T2 f Tr:ff': | Lz.z L ’
A/B A B/A BIA B'A B!A B/ A B

| Collagenase | 3 3 |3 3[3 2,3 3 /2 3|3 3|
| Fenestration| 3 1 |1 11 1 |1 1.1 2|2 1.
| Saline O N T % RS S U S S S S N R
' Normal SRS T O T U U U A S T TS O R U O
i i i : i

nall of the collagenase injected discs, . e .
I Bt i J KEY: Communication withannulus

a clear distincrion berween the fibrosus
annulus fibrosus and the nuchear region Grade 1: The tanee rings of the annulus fibeosus were
! intact, amd there was a clear demarcation

e et wert = inner L ar of the &
Was I0st, wita the mnner lamellae of the hetweenrheannulus fibrosus and peri-nuclear

annalus being aimost continaous with e Thssobservation s eypicel nf the normal
LilAr.
the replacement tissue 1n these discs.
Grade 2: There was some cotlapse of the inner annuter

ring into the nudlear rogion, or there wers
In most ().r rhe fenf‘sfrﬂtt‘d C].I[SCS_. norma some arezs of nuclear herniasion.

archite(‘[ure ()f fhf:‘ pf_- rjnu(:lear regi()ﬂ UF Grade 3 N clear distincrion could be made between
theannulos {ibrosus and the sucteus pulposas.

the disc was preserved. In three discs, |

however, slight infolding of the inner
lamellae of the annulus fibrosus was seen, resulting in some disruption of cthe dise structure at

this poine.

Inall bur one of the saline injected discs, the perinuclear region and inner layers of the annulug
fibrosus did not differ from the normal discs. In one disc however, the fibrocartilage replacing

the nuclear region was continuous with the annulus fibrosus.
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3. PROTEOGLYCAN CONTENT
| Treatment Disc Number
!
group Tion LR T 1213 Tyl Ly, Lys
A/B A B A B A A B A B A B
\ Collagenase 22 | 2 20 2 3 213 312 2
Fenestration | 2 1 |2 1 |1 2 1122 2
Saline 2 0y 1l Y1 211
Normal 2 202 112 2 112 212 2
In all of the collagenase injected discs, KEY: Proteoglycan content
the martrix of the nuclear region
. ) . ] Grade 1t On rthe basis of the staining intensity of the
stained more lr}tE‘HSC‘ly wirh alcian blue alcian blue and van Gieson stains, the
o ) . T proteogivean conient of the puclear region
than in the normal discs. In many discs, was approaching nil.
intense matrix staining was limited ro
Grade 2: Intense proteoglycan staining was observed
aggregations f prcilferating about the majority of the cellular elements of
L. . the nuclesrregiononly, withonly palestaining
chondrocytes within the ﬁbrocart;lage. of the interccllular matrix. This grade was
In some of these discs, lakes of matrix rypical of the appearance of the normal disc.
subsrance 3ppeared o persigt within Grade 3: The periceliular znd transcetular regions of
) . ) the tissue occupying the nuclear region of the
cysticstrucrures within thefibrocartilage. disc scained intensely for proteoglyean. This
. . i ;s similar to ¢l I histological
(Figure 9.2 ¢) In three discs, there wasan rissue Was siuter fo the norma’ hutolog:
sppearance of cartilaginous tissue.

intensely basophilic matrix surrounding

clustersof plump chondrocytes arranged

in lacunae more characreristic of hyaline cartilage than nucleus pulposus.

In nine fenestrated and nine saline injected discs, the proteoglycan content, on the basis of the

staining affinity for alcian blue, was greater than that of normal discs. This increased staining

affinity was limited to theamorphous matrix present berween the cellularaggregations. (Figure

9.3)

In the remaining discs, the staining affinity for alcian blue within the nuclear region did not

differ markedly from che normal discs, although an increased localisation to the immediace

cellular region was occurring. (Figure 9.4)
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4, GENERAL MATRIX CONTENT
Treatment ‘ Disc Number
| group Tiot Toraz | Tzt ToL, L. ; L,s
| A/B A B/A B/A B A B A B/ AB
Collagenase | 1 1 |1 | ( Lottt 11 o111
‘Fenestration 2 3 (3% 23 33 3:2 3|3 3 I
%Sah’ne S 5‘2 513 303 1,3 3
| Normal 2 2|2 242 233 3,2 2]2 2 |
KEY: General matrix content

This descrived che nature of the aceliular
matrix of the nuclear region of the dise. This
makrix was amorpheus in pature, and scained
weakdy weich aleian blue.

Grade 1: The nuclear region contained very licdle typical
of this mzerix tissue.

Grade 2: Occasional pockers of marrix were observed
between nests ol cellulareiements. Th grade

was tvpical of the normal scruceure.

Grade 3; The nuclear region contained large amousts
of this poorly staining macrix,

In all of the collagenase treated discs, the martrix was abnormal, the nuclear region in these

discs being replaced 2lmost completely by eicher fibracartilage or hyaline cartilage. (Figure

9.2)

In the fenestrated and saline injected discs, amorphous matrix material remained between the
nests of chondrocytes. In most discs (nine fenestrated and nine saline injected), the proportion
of matrix, and its distribution within the nuclear region, appeared increased over that observed
in the normal discs. This matrix stained more strongly with alcian blue than that observed in

the normal discs. (Figure 9.3)
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5. COLLAGEN FIBRE CONTENT
Treatment Disc Number
group T?G-H TH-L? Trz- 12 T‘IS-LF Lr.z L2-3
i |
A/B A B/A BIA B/A B A B A B
Collagenase 3 3 (3% 3|3 372 3,2 3|3 3
Fenestration 2 1 1 2 1 1 1 1 2 1 1 1
Saline 2 1 {1 1r¢2 v 1 b i1o3p 1001
! Normal I 1 1 1 1 1 1 1 1 1 1 1
[
:[n all of the collagenase injected discs, KEY: Coliagen fibre content
the C()“ﬂgﬁ‘ﬂ content of the nuclear CGirade 1! No evidence was seen for the presence of

collagen fibres in the nuclear region of the
intervertebral disc, on the basis of the collzgen

seeninthe normal discs. Insixdises (four fibre affinity for van Geison stain.

region wasconsiderably greaterthan that

from one dog, two from the other), this Grade 2: QOnly fine, occasional enllagen fibres could be
seen throughour the nuclear region of the

s lareely i Sbhrocart)!
was largely in the form of fibrocarcilage disc. These collzgen fisees sppeared to have

which compierely filied the nuclear no naticezhle organisation to their filire
arientation. This grade was typical of the

region, In the remaining six discs, the normal intervertebral disc.

nuclear region had been rePIaCEd Grade 3: ‘The nuclear region of the intervertebral disc

complerely with well-organised hyaline contained extensive and well-organised
’ coliagen fibre bundles. Typically, these {ibre
cartilage. {Tigure 9.2) bundles were continuous with the {ibres of

the annulus (hrosus.

In most of the fenestrated and saline
injected discs, the nuclear region showed an increased transformation to fibrocartilage within
localised cellular aggregations. However, no collagen fibres were observed passing between

these localised regions. (Figure 9.3)

Inthe remaining discs, an increased fibrosis of the matrix surrounding the cell nests was evident

(but not of sufficient quantiry to warrant a Grade 3). (Figure 9.4)

Inonesaline injected disc, the entire nuclear region was replaced with fibrocartilage which was

continuous with the Jamellae of the annulus fibrosus and trabeculae of the verrebral body.
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6. CELL NEST FORMATION
i mber
Treatment Bise Nurgbs
group Tio11 iz Tiz1s Tsly | Lo L,s
A/B A B/A B/A B A B A B/ A B
Collagenase 3 3 |/% 313 3213 3% 33 3
Fenestration| 1 2 |2 1|2 2 (2 2|1 2|2 2
Saline i 212 2|41 2|2 22 312 2
Normal 2 2 2 2 2 2 2 2 2 2 2 2
o normal cell nests remained in KEY: Coll nast formation
the nuclear region of the This described the tendency for the cellular
elements of the nucleus pulposus to
collagenase injected dOgS. The cells that accumulatein ‘nests’, with each nest separated
. ; by a zone of acellular matrix and collagen
remained however, were typical of fibstes
chondrocytesseen ineither fibrocartilage A . .
Grade 1: The nuclear region of the disc was relatively
or hyaline cartilage. (Figure 9.2) acellular compared to the normal disc, or if

the cells that were present showed no clear
organisation into isolated ‘nests’.

In nine of the fenestrated and nine of the

Grade 2: This grade was typical of the normal disc and

saline injected discs, cellularaggregations was given if the cellular elements of the

. o ) nuclear region of the intervertebral disc were
remained but these lacked the distinctive organised into clear ‘nests’.

fibrous capsule seen in the normal discs. Grade 3: The nucleuscontained many cellularelements

In most places, cellularproliferation with which did not show clear organisation into

‘nests’. Typically, these discs contained tissue

the formation of fibrocartilage was similar to the appearance of cartilaginous

tissue with some columnar organisation of

occurring. In some places, this the cellulsrelements.

fibrocartilage was developing a more
laminated arrangement, with the long axis of these thin cellular sheets passing parallel to the

annular lamellae. (Figure 9.3)

In the remaining discs (except one saline injected disc) the cellular aggregation typical of the
normal discs remained a distinctive feature of the nuclear region. (Figure 9.4) In all of the discs,
chondrocyte proliferation within these cell nests appeared to be occurring, with the tissue

around these sites beginning a transformation to fibrocartilage.

In one saline injected disc, the cellular arrangment was typical of fibrocartilage.
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7. PRESENCE OF CARTILAGINCUS TISSUE

Treatment Disc Number |
i! group Tm-n TH-TZ Ti213 Tt LT-Z L;s

!

A/B A B, A B, A B/i/A B A Bl A B
;CoHagenase 2 213 2 | 2 213 2|12 3t2 2
Fenestration| 1 1 1 1|1 211 111 2|1 2

. Saline 1otl2 1bro292 21 ortb2 2
' Normal ot jrorpzoz 2 2 1
|

KEY: Presence of cartilaginous
tissue
This observation described the appearanee of
tissue within rhe nuclear region of the

i intervertebral dise which sesembled hyaline
cartilage ie intense proteoglycan staining and
round cells arranged in columns.

! Grade 10 No sign of cartilaginous tissue could be seen
i inthe nuclear region of the intervertebral disc.
This grade was typical of the normal
intervertebral dise.

CGrrade 2 Small, isolated pociers of careilaginous tissue
could be seen within the disc. Typically, chis
cartilaginous tissue occurred at the perimetee
zones of the nuclezr region, and along the
cartilaginous end plare.

Grade 3: The nuclear region of the intervertebral dise
was entirely replaced by cartilaginous cissue.

In the collagenase injected dogs, byaline cartilage was well formed in the nuclear region of
three discs, with a further three showing variable quantiries of hyaline cartilage throughout
the fibrocartilage vissue. Focal areas of hyaline cartilage formacion occurred to 2 lesser degree

within the remaining six discs. (Figure 9.2)

In all of the fenestrated and saline injected discs, the formation of hyaline cartilage showed no

clear difference from the normal discs.
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ANNULUS FIBROSUS
8A. LAMELLAR ORGANISATION {DORSAL ANNULUS)
| H '
" Treatment '. Disc Number
i ;
_5 group Tmu T??—TZ [ Twz-rs T:3"L1 ; ‘{-1\2 L2-3 i
| A/B A B/ A B/A B/A B/A B A B
I ! ;
| Collagenase | 2 2 |1 22 1[2 111 213 1
| Fenestration} 2 1 |1 1[1 1 1 111 103 11
| Saline S T D SR N D U N 1:1 201 1
' Normal Lol L1101 1
|r

i KEY: Lamellar organisation

i Grade 1 The lamellae of the annulus ineosus displayed

i a normal ergannzrion,

' Grade 2: The inner layers of the annulus fibrosus were
collapsed inwards, bur sull showed some
separation {rom the nudleus puiposus,

{rrade 3: The lamellae of the annulus fibrosus were

completely coblapsed into the nuclear reginn
of the interverrebral disc and there was no
clear separztion beeween the nucleus pulposus
and the annutus Nbrosus.

I nalmostall treated discs, the changes to the dorsal annulus fibrosus consisted of slight inward

collapse of the inner lamellae of the annulus fibrosus. The remaining structure of the outer

annulus fibrosus showed ao difference from normal.

In one collagenase injected disc, annulus disruprion was considerabie although the outer few

lamellae of the annulus fibrosus, as well as the dorsal longitudinal ligament remained

unchanged. The cause of this disruption was not evident.
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8B. LAMELLAR ORGANISATION (VENTRAL ANNULUS)
Treatment Disc Number ;
group Tion 11-12 T 1212 Tty Ly, L,s
i |
;‘ A/B A B B/ A B A B A B A B
Collagenase 1 ) 1 | 1 1 1 1 1 1 1 1
Fenestration| 2 1 ) S U 0 S O T
- Saline 11 A RS W A WS S N W S WS
| i
. Normal 11 I O R
]
‘.l KEY: Lamellar organisation
i Grade i: The lametlae of the annulus (ibrosus displayved
a normal organisation,

Grade 2: The inner lzyers of the annulus fibrosus were
collzapsed inwards, bur sull showed some
separation from che nuclews pulposus.

Grade 3: The lamellae of the znnulus fibrosus were
completely collapsed into the nuclear region

of the intervercebral dise and there was no
clear separation between the aucleus pulposus
and the annulus {iGrosus.

ﬁ. part from z slight infolding of the inner lamellae seen in chree discs (one fenestrated and

two saline injected) the venrcral annulus fibrosus of all treated discs showed no difference

from nocrmal.
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9A. LAMELLAR THICKENING (DORSAL ANNULUS)

[ . |
| Treatment | Disc NPmber | i
group Tw-fr [ 1 Trz-ra Tts"*'r . Lw Ly i
| A/B A B/A B/A B/A B/A B/ A B |
Collagenase | 1 1 |1 1|1 1|1 301 1]3 2|
“Fenestration| 1 1 |1 11{1 1 {1 1 JR T N U O
' Saline SN NS WS S S SO NG NS S A SRS U A S
i !
' Normal 1 1 1 1 1 1 1 1 1 1 | 1 11
I . i

t KEY: Lamellar thickening
] Grade 1: The lamellze of the znnulus Ghrosus displaved

a normal organisation.

Girade 2: Areas of thickening were obsenved ar focal

locazions in e lamellae of the annulus fibrosus.

i Grade 3: The annulus fibrosus showed large wones of
dustrucrion withrearganisation of the lame [lue

into ill-defined lavers.

The lamellae of che dorsal annulus Ghrosus inall treated discs showed little to no difference

from the normal scructure.
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9B. LAMELLAR THICKENING {(VENTRAL ANNULUS})

| isc Number |
Treatment Disc Numbe _ [
! group T:o-n ‘ T‘H-lz T12-73 Tt L. f L;s i
| A/B A B/A B AB|A B/AB AB|
| * ;
| Collagenase 11 E‘ 1 1t 2 v {3 3 b1 o213 2
| Fenestration| 1 1 !1 1|1 1|1 111 1|2 2
. !
. Saline 11!1111111211
' Normal TENS S S T S U W S O A SRS U A
I 1
-
KEY: Lamellar thickening
Grade [: The lamellae of the annulus fibrosus displayed
a normal organisacion.
Grade 2: Areas of thickening were observed ar focal
jocations in the lame]lae of che znnuetus Mibrosus.
Gracde 3: The annulus {ibrosus showed large zones of
descriecuion with rearganisation of the lamellae
into 1ll-defined layers.

Focal thickening of rthe ventral annulus fibrosus was recorded in six collagenase injected, one
saline injected and two fenestrated discs. In all nine affected discs, the focal thickening
occurred at the junction of the outer zones of the annulus fibrosus and the cranial and caudal
borders of the vertebral body. Proliferation of chondrocytes wichin the fibrocartilage was
occurring in most discs and, in three of the collagenase injected discs, small pockerts of hyaline

cartilage had developed. These changes were indicative of an early spondylytic lesion.

No changes in the ventral annulus fibrosus were seen in the remaining discs.
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10A. INTERLAMELLAR GROUND SUBSTANCE {(DORSAL ANNULUS)

| Treatment Disc Number m
; group Tmr? Tn-rz Tu-rs Tis'Lr L, Lz-s l
| A/B A B/A B A B A B A B AB |
iCoHagenase 13 i 2 3 [ 3 3 |2 2|2 3|3 2 :
| Fenestration| 1 1 . ! 111 1t o202 1
| satine AT N RS U T TS U A R U I R O A B
' Normal 11 } S U A TS U 6 TS U A S U N S

.[ KEY: Interfamellar ground
[ substance
i

Cirade 1: The lamellae of the annulus Dibrroses

displayed 2 normazl organisation of
interlamellar ground substanze.

Grade 2: Increased matrix staining intenseiy with
alcian bluc was present ac focal zones wirhen

the annulus fibsrosus. This staning was

— S . .
predominantly perj-celivlae in location,

Grade 3: Large areas of the annuius fibrosus displaved

increased amounts of marnix staining
i meensely with alctan blue berween the
i lzrmellze.

In all of the collagenase injected discs, the staining affinity of the inrerlamellar ground

substance o alcian blue was increased.

No significant difference from the normal discs was recorded in the interlamellar ground

substance of the fenestrated or saline injected discs.
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10B. INTERLAMELLAR GROUND SUBSTANCE (VENTRAL ANNULUS)

i Treatment ! Disc Number 7 ]
i group Thonn l Tt 123 ! Tt L., L,s |
. __AB A B A B A B AB| A B AB
Collagenase | 1+ 1 |1 3|1 2|1 111 111 1
Fenestration 1 1 l 1 i ’ 1 1 1 1 1 2 1 i
Saline S T U U T U A S A S O A T
Normal 1 1 i! 1 1 1 1 1 i | T 1 1 1

KEY: Interlamelfar ground

substance
Grade 1: The lamellae of the anaulus fibrosus

‘ displayed a normal organisation of
% interlamellar ground substance.

Grade 2: Increased matrix staiming intensely with
alcian blue was present at focal zones within
the annufus fibrosus. This staining was
predominantdy peri-cellular in location.

Grade 3: Lerge areas of the annulus fibrosus displaged
increased amounis of matrix staining
intensely with aician blue between the

lamellae.

In only one collagenase injected dise was the interlamellar ground substance found to be
increased markedly compared to the normal discs. Focal increases were recorded in one saline

imjected and one {enestrated disc.

No obvious differences were recorded in the other treated discs.
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11A. CELLULAR MORPHOLOGY (DORSAL ANNULUS)
| Disc Number |
| Treatment | T |
| group Tion Tirz Tizs Tty | L, ‘ L.
| | | !
! A/B A B/ A B A B A B A B A B
;‘ Collagenase 2 202 1,2 273 3 ‘ 2 202 2
i 1
T‘Fenestratran A
H i
' Saline ! ¢t 1,1 1 itoordbyooz2zp1o1d
Normal e
‘ i I |
|
L KEY: Celiular morphology
] Grade 1: The cells of the annulus fibrosus possessed a
| normal spindle-shaped morphalogy ypizal
of fibrablas:s.

Grade 2: The inner regions of the annulus fibrosus
conrained large numbers (> 20 per {leld; of
cells whosce shape was roundud in character,

! more typical of chondrocyres.

! Grade 3: The annulus fibrosus contained occasional
areas of tissue with the histological
characteristics of hyaline cartilage.

The cells in the inner margins of the annulus fibrosus in all of the collagenase injected discs

showed some transformation to the rounder chondrocytes more typical of the nuclear

region. In two of these discs, some proliferation of these chondrocytes was occurring, with the

formation of hyaline cartilage.

Similar cellular changes were recorded in one of the saline injected dogs, though the formation

of hyaline cartilage was not apparent.

In all other fenestrated and saline injected dogs, the cells of the annulus fibrosus showed no

difference from the normal discs.
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11B. CELLULAR MORPHOLOGY {(VENTRAL ANNULUS)

Treatment Disc Number

group T:o-rr Tn-rz T}‘2-?3 Tra'Lr Lr-z Lz-j
! ]
! A/B A BIiA B A B/A B/A B A B
 Collagenase | 2 1|1 12 142 2|2 1|2 2
. Fenestration 1 1 11 1 11 4 bt Pl 1
i |
. Saline P A R U
. Normal 1 1;1 YU TR0 TS T A SN W 0 TS S A 15
H : 1 i

KEY: Ceflular morphology

Grade I- The ¢ells of the annulus Bhrasus possessed a
normal spindle-shaped morphology cypical
of (ioroblases,

Grade 2. The inner regions of the znnulus Gorosus

contained large mumbers {520 per feldy of
cells whose shape was rounded in characrer,
more typical of chandrocytes.

Grade 3: The annelus fibrosus confained oceasional
areas of tissue with the histelogical
characteristics of hyzline cartiiage,

ild cellular transformation to chondrocyres was seen in many of the collagenase injected

discs, and one saline injecred disc.

No other changes were recorded in the other rreated discs.
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12A. NUCLEAR HERNIATION (DORSAL ANNULUS)

l Di |
isc Number |
E Treatment ,
i
| group Thors LITRY, Doz Tl | L Los
|
| A/B A B/'A B A B/ /A B A B/ A B
. Collagenase 11 l2 141 143 141 o102 1
%Fenestration 1 NS U S W A NS S A NS U S D S
| Saline L R I
\
ENorma! I e O e O B
; KEY: Nuclear herniation
] Grade 1 The lamellze of the annulus fibrosus displayed
1 a normal organisation with a distincrive
; separation {rom the tissug of the annulus
fibrosus.
Grade 2: Focalareasolnuclear tusue could benhierved
within the lamellar of the annuius fihrosus.
j Grade 3: The inner lzvers of the anoulus librosus had
collapsed and large amounts of nuclear tissue
had herniated through the disrupred laversof
the annulus fibrosus.

In one of the collagenase injected discs, massive herniation of nuclear material through the
dorsal annulus wasapparent with disruption of the annular lamellae and dorsal fongitudinal
ligament (see below). Nuclear tissue was present in focal areas throughour che dorsal annulus,

with a considerable amount remaining in che dorsal longitudinal ligament. (F igure 9.5)

In two of the collagenase injected and three of che saline injected discs, focal pockets of nuclear

material could be seen berween lamellae of the dorsal annulus fibrosus.

Inoneof the fenestrared discs, aslight bulging of the dorsal nuclear rissue wasbeginning to push
through the inner layers of the annulus fibrosus. However, no separation of the lamellar fibres
was visible. (Figure 9.3d)
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12B. NUCLEAR HERNIATION (VENTRAL ANNULUS)

Disc Number |
Treatment
group Ti011 Tirz T2 Tty L., L,s
| !
| A/B A A B A B/A B A B A B j
Collagenase ‘1 1)t 1 to1 11
Fenestration S S S S A A S O
Saline o141 101 141111
Normal J 1 11 ]1 1 111 1
KEY: Nuclear herniation
Greade 1: The lamellac of the annulus fibrosus displayed
a normal organisaGion with a distinctive
separation from the tissue of the annulus
fibrosus.
Grade 2: Focalareas of nuclear tissue could be observed
within the lamcilae of cthe annulus fibrosus.
Grade 3: The inner layers of che annulus fibrosus had

collapsed and farge amounts of nuclear rissue
had herniated through the disrupted layersof
the annulus fibrosus.

In all discs studied, the venteal annulus fibrosus remained intact, with no evidence of nuciear

herniation occurring.
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13. DORSAL LONGITUDINAL LIGAMENT

Disc Number |
Treatment
group Tion L Ti213 Twly | Ly, L,s
A/B A B/A B/ A B/ A B A B A B
Collagenase 1 1|2 3112 1!3 1ii 2 1
Fenestration 1 1 1 1 1 1 1 1 1 1 1 1
Saline L. Ly% T3 g3 21T 1{ 3 3
Normal it 1 1 1 1 1 1 1 1 1 1 1
n five of the collagenase injected discs, . .
KEY: Dorsal longitudinal ligament
the normal scructure of the dorsal
; ; : Grade 1: The dorsal longitudinal ligament was
longitudinal ligament had been uiiehisziped, e Bame
disrupted. In one of these discs, this ) S
Grade 2: Focal areas of disruption would be observed
diSI’UptiOl’l was due to the presence of a within the dorsal longitudinal ligament.
: Typically, these changes consisted of
large pocker of nuclear material between thickening and chondrification of the outer
thefibre bundlesof the ligament. (Figure lamrline oF vhe soralus Gl wel
paravertebral regions of the ligament. These
9.5) The reaction of the dorsal changes were presumed to represent carly
) ) ) . spondylotic defects.
longitudinal ligament was characterised
. Grade 3: Complete disruption of the dorsal
b} rhxckemng of the lamellar fibres, longitudinal ligament was observed. This
chondrocyre proliferation,and disrupti(m disruption was gencrally due to massive dorsal
herniation of nuclear tissue, resulting in the
of the normal longitudinal orientation of disruption of the fibre organisation.

the collagen fibres, which had become
thrown into loops and whorls. Formation of hyaline cartilage at the cranial and caudal border
of the vertebral bodies adjacent to this disc space, together with an increased staining affinity

to alcian blue by the surrounding fibrocartilage was also seen.

In the remaining four collagenase injected discs, disruption of the dorsal longitudinal ligament
was caused by small, focal herniations of nuclear material. Thickening and proliferation of the
fibrocartilage, together with slight disruption of their longitudinal orientation was seen. In one
of these dogs, chondrocyte proliferation was occurring at the border of the vertebral body,

suggesting the development of an early spondylytic lesion. (Figure 9.6)

No changes were recorded in the dorsal longitudinal ligament of either fenestrated or saline

injected discs.
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14. VENTRAL LONGITUDINAL LIGAMENT

i .

: Treatment Disc Number

i group T?ovu TH-I.? T12‘r3 ! TIS'L! LLz Lz-s
| A/B A B A B A B!'A B|A B|AGB
' Collagenase { 1 1 |2 111 1]t 1]t 1]1 1
|

| Fenestration 2 1 1 1 1 1 1 1 1 1 1 1
| saline D U I S O A T A U A T O S B
. Normal O O T

nall butoneof the collagenase injected . .
) ' . KEY: Ventral longitudinal
discs, the venrral longitudinal ligament
i:gament was normal. Nevertheless, ¢ Grade 1: The ventral fongitudinal ligament was
spondylytic lesions were developing in | unchanged.
the adjacent oucer tamellae of the ventral i Grade X Focal areas of disruption would he observed

within the venrral longitudinal ligament.
Typically, these changes consisted af
thickening and chondrification of the outer
fzmellae of the annulus fibrosus and

annulus fibrosus. In the one dise where

disruption was recorded, the ligament

had become thickened in focal areas due | paravertehral regions of the ligament, These
changes were presumed to represent early

toan increased number of collagen fibres, spondylotic defects.

and the pericetlular region abour the Grade 3. Complete disruption of the ventrsl

dividing chondrocytes showed an longitudinal ligament was observed. This
disruption was generally due to massive

increased staining affy nit_\_‘ foralcian biue. vengral herniaton of nuclear tissue, resulting

_ in the disruprion of the fibre organisation.
These changes were similar to those

observed around herniated nuclear

material in the dorsal longitudinal ligament. (Figure 9.6)

Differences in the structure of the ventral longitudinal ligament was recorded in only one other
disc, which had been injected with saline. In this dis¢, pockets of tissue resembling nuclear
material was seen between disrupted fibre bundles. The collagen fibres in this area showed the
proliferation and disorganised orientation described in other discs. Chondrocyte proliferation

was also occurring ar the border of this disc with the vertebral body.
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15. CARTILAGINOUS END PLATE
Disc Number
Treatment 2
group T1011 Tyr12 T2 T,sL, L, L,,
A/B A B/A B/A B/ A B A B A B
Collagenase 2 Z |2 2|Z2 2 i1% 2|3%F 2| ZT 2
Fenestration 2 1 1 1|1 1 1 1|1 111 1
Saline 1 21y 11 211 13 A{131 4
Normal 1 1 1 1 1 1 1 1 1 1 1 1
In all of the collagenase injected discs, KEY: Cartilaginous End Plate
diSl’UptiOn of the normal architecture Grade 1: The cartilaginous end plate was unchanged
of the cartilaginous end plate had sl
occurred. This disruption was mostly Grade 2: Thecartilaginous end plate had focal areas of
o ] . . thickening along its length.
limited to thickening along its length,
. . : Grade 3: The cartilaginous end plate was completely
due to increased quantities of hyaline i i X
isrupted, and the nuclear region was
cartilage or fibrocartilage. In seven discs, continuous with the trabecular framework
of the vertebral body.
tissue resembling normal nuclear tissue

was seen between the subchondral

I'—

trabeculae of the vertebral body, although in none of the slides examined were breaches seen in

the cartilaginous end plate This herniated tissue was, in most cases, undergoing transformation

to fibrocartilage through chondrocyte proliferation. (Figure 9.7)

In one of the fenestrated discs, the cartilaginous end plate was thickened, and a layer of hyaline

cartilage about 5 - 6 lacunae thick had formed along its length. No other changes were recorded

in the cartilaginous end plate of any other discs subjected to fenestration.

In only one of the saline injected discs were defects in the cartilaginous end plate seen. In this

disc, the central portion of the cartilaginous end plate had been completely obliterated by the

proliferating fibrocartilage which now filled the nuclear region. This fibrocartilage was

continuous with the trabecular bone of the vertebral bodies.
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FIGURE 8.1: NORMAL NUCLEUS PULPOSUS

| a) and b): Phoromicrograph (40 x) of the nozmal nucleus pulposus showing the arganisarion
of the cells into characteristic ‘nescs’ [arrowl, wich each nest surrounded by a fibrous capsule.
The staining for proteopivean (blue) is fairly evenly distribured chroughour the nucleus, but is

F 81} 3 b

| strongest in the region between the cell nests,

Key to Photos

Figure 9.1a:

Narmal dog 1
Disc L,

Figura 9. 1b:

Narmal dog 2
Disc T

12413
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FIGURE 9.2 COLLAGENASE INJECTED DISCS

ay and b): These two photomicrographs (40 x) are representative of the resulrant tissue which
formed within the nuclear region of all cwelve collagenase injected discs. In all cases this tissue
was continuous with the collapsed inner lamellar layers of the annulus fibrosus. In three discs

(T T, /L, - Dog A; L - Dog B), the nuclear region had been entirely replaced by hyaline

117127
cartilage (Fig 9.2a). In the remaining discs, the nuclear region contained fibrocartilage
predominantly, although in focal areas the ceils were showing the characteristic palisading
typical of hyaline cartilage (Fig 9.2 & - arrow). In only one disc was tissue resembling normal
nuclear rissue seen in a focal region. In the remaining discs, complete obiiteration of the normal

nuclear tissue appeared to have occurred,

c): In several discs, 'lakes’ of marrix marerial staining strongly with alcian blue had formed
wichin the fibrocartilage of the nuclear region (double headed arrow). In many cases the conrent

of these lakes had been lost during histological preparation ( X). (40 x)

Key to Photos

Figure 9.2a: Figure 9.2b:
I Dog4 Dogz |
; Discl,, Disc L,y |
| 5
i I
i ;‘
Figure 8. 2¢:
Dog 4
Disc Ty,
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FIGURE 9.3 FENESTRATED AND SALINE INJECTED DISCS (I}

a), b) and c): These three photomicrographs (40 x) are representative of the majority of the
fenescrated (9/12) and saline injected (9/12) discs,

Note how the normal archirecture of the nucleus pulposus has been disrupted, and the presence
ofalargeamouncofamorphous, moderarely staining matrix between the fibrocarrilage (arrows).
Although the impression of cell 'nests' was still evident in several discs, proliferation of the tissue
was occurring, resuleing in che formacion of fibrocartilage. This fibrocarrilage was, in most
cases, beginning ro show sagittal orientation between the vertebral bodies (double headed

ALTOW).

d} In all of the fenestrated and saline injected discs, the annulus fibrosus was intact, alchough
in three fenestrated discs, the slight infolding of the inner lamellar layers had occurred. Inone
fenescrated disc (L, - Dog B), a small bulge of nuclear tissue was pushing ourwards into the

dorsal annulus, No disruption to the integricy of the annular fibres had occurred.

Key to Photos

H i
; |
Figure 9.3a: ]I Figura 9 3h;
Dog 7 Dog 5
| [fenestrated) | {fenestrated)
Disc T,,,, | DiscT ..
[

{ L
I ] !
Figurae 5.3c: Figure 9.34d:
Dog 1 Dog &

fsalinel ffenestratedi
Disc T L, ! Diset,,
1
|
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FIGURE 9.4: FENESTRATED AND SALINE INJECTED DISCS (i}

a), by and c): These three photomicrographs (40 x) show the strucrure of the nucleus pulposus
in five intervertebral discs (3 fenestrated and 2 saline injected). The treatment in two of these
discs (one from each trearment group) had been abandoned due to the inability to gain access

to the disc due to the close proximity of the rib-head articulacion.

These discs show only slight alteration from the normai discs with the ceils stiil showing their
characteristic organisation into 'nests' {see figure 9.1}. However, in all discs, the fibrous capsule
surrounding the cell nests was well-formed (arrow). This increased fibrosus of the disc resulted

in the formation of distinct lobules within the nuclear region.

The staining intensity of all discs to alcian blue was similar to the normal discs. However, the
localisation of proteoglycan appeared to have become more localised o the cell nests, perhaps

indicating increased synthesis of marrix by che chondrocytes.

Key to Photos

e
Figure 9.4a: | Figure 9.4b: i
Dog 7 : Dog 1 I
{fenestrated) f (saline} !
Disc L, E Dise T, |
L
j i
I

| Figure 8.4¢:

Dog 5 {fenestrated)
Dise T,

HArr ‘
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FIGURE 9.5: DORSAL LONGITUDINAL LIGAMENT

Photemicrograph (40 x) of the dorsal Jongitudinal ligament in one collagenase injected disc
(T]j:’Ll} in which a massive dorsal herniation of nuclear material had occurred. This nuclear
material (solid arrow) had sequestered between the fibres of the outer annulus and dorsal
longicudinal ligament, and these latrer structures were showing some transformation to hyaline

cartilage (openarrow). No obvious inflammatoty response isevident about the nuclear marerial.

FIGURE 9.6: VENTRAL SPONDYLOSIS DEFORMANS

This photomicrograph (40 x) shows the junction between the outer annulus fibrosus (lower
right)and the ventral longitudinal ligament. Increased fibrocartilage proliferation is occuring,
representing the early development of a spondylosis lesion. A sequestered pocket of normal

nucleus pulposus is visible in this disc (arrow).
FIGURE 9.7: TRABECULAE OF THE VERTEBRAE

In this photomicrograph (40 x), the interstices between the trabeculae of the vertebral body are

filled wich fibrocartilage. This was seen in seven collagenase injected discs.

Key to Photos

;

| Flgure 8.5: Figure 9.6:

' |
! Dog 2 ! Dog 2 i
| (collagenase) | i {cotiagenase) |
' piser b, LooDiseT,,, |
i g |
i } |

Dog 4 (collagenssef \

1
Figure 9.7: [
|
|
Disc L, !




se e 159

9.0 REsuLTS







—10.0

DISCUSSION

J.y




eee 162 10.0 DiscussioN

10.0 DISCUSSION

The objective of this investigation was to compare the histological effects of two clinical
procedures: surgical fenestration and the percutaneous injection of collagenase enzyme,
on the canine thoracolumbar intervertebral disc. The effectiveness and clinical suitability of
these procedures in the clinical patient may be determined by examining the proportion of
nuclear tissue removed from the discand the consequent alteration todisc structure. Furthermore,
clinical safety can be inferred by the absence of clinical complications associated with the

technique.

This is the first study todirectly compare these two, commonly used clinical procedures. Indeed,
very few objective investigations into either procedure have been reported. This is surprising,

considering the controversy surrounding their use.

In this study, intradiscal collagenase injection was found to be a considerably more effective
technique than fenestration at disrupting the normal morphology of the nuclear region of the
intervertebral disc. In fact, collagenase injection caused complete obliteration of all nuclear
tissue in all of the discs in which it was used. This agrees with previous investigations on the
canine non-chondrodystrophicdisc'®37:19.26%.271 Tn these studies, when the discs were examined
two weeks after collagenase injection, it was found that only a variably-sized cavity remained
within the nuclear region of the disc. Although a similar cavity was not observed in the present
study, it is plausible that a cavity may have formed, which later was filled by the collapse of the
inner layers of the annulus fibrosus. The collapsed lamellar fibres have subsequently proliferated
and, to a variable degree in all the discs studied, undergone some metaplastic transformation
to cartilage. It is probable that this reorganisation is a consequence of biomechanical disruption
and reorganisation of the intervertebral disc with continued loading. Certainly the fibrous
metaplasia observed in the cells within the collapsed annular fibres is known to occur with

prolonged compressive loading in an avascular environment®*!

.Similar adaptive changes can be
intimated by the findings of Bromley et al (1980)*%, who described a “narrowing of the disc space
and flattening of the annulus fibrosus” three months after collagenase injection. Unfortunately,

he provided no detailed histological descriptions.

By comparison to collagenase, lateral fenestration was only variably effective at removing
nuclear material from the confines of the annulus fibrosus. The present study showed that the
histological consequences of fenestration were no different to those following injection of the
disc with sterile saline. These observations are, however, consistent with the findings of Shores

et al (1985)*® who reported similar histological appearances in the intervertebral disc six
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months after fenestration or the passage of eithera 20 or 14 g needle through the intervertebral

disc.

The similarity of results between fenestration and saline injection in this present study may be
due to disruption of the integrity of the annular rings by the simple penetrance of a needle and/
or the pressurised injection of saline into the confines of the intervertebral disc. This hypothesis
is given credence by the observation that experimentally-induced trauma to the outer layers of
the annulus fibrosus (eg either the simple passage of a 14 gauge hypodermic needle or a scalpel
incision) induces a self-perpetuating cycle of destructive changes within the disc structure,
resulting in significant nuclear degeneration over time® 12> 138.189.190.223.262 Agreement with
these experimental models of disc trauma is seen in the present study by the finding of a
generally increased matrix, with evidence of an elevated proteoglycan content, in the nuclear
region of both fenestrated and saline injected discs. An increased proteoglycan content would
result in an elevated water content of the nucleus, and this fact formed the basis of a self-sealing
hypothesis'® (Section 4.5.1) which proposed that the defect induced in the annular wall may
be closed by the swollen nucleus pulposus, thereby restoring normal biomechanical functioning
to the intervertebral disc. Biochemical analysis of the nuclear tissue would be required to

accurately substantiate the supposed elevation in proteoglycan content observed in this study.

The observed changes in the cellular morphology of the nuclear region of both fenestrated and
saline injected discs are consistent with the reaction of mesenchymal cells to changing
biomechanical forces’®'. Moreover, the alignment of the cellularaggregations along the median
plane observed in many discs would permit the production of collagen fibres whose orientation
within the fibrocartilage was best suited to withstand the prevailing stresses within the altered
intervertebral disc®'. In the present study, early chondroid changes were observed in occasional
focal areas about the nuclear region of several discs. It could be speculated that, in time, more
mature fibrocartilage and/or hyaline cartilage could develop, similar to that described eighteen

months following experimental disc injury'®223.262,

Similar to the observations in the collagenase treated discs, collapse of the inner lamellae was
found in some saline injected and fenestrated discs in the present study. This annular collapse
has been reported in experimental models'®2%223.2¢2 3nd may be caused by failure of the self-
sealing phenomenon, resulting in an increased compressive load passing through the annulus

fibrosus.

All treatments used in the present study caused the extrusion of variable amounts of nuclear

material from the confines of the annulus fibrosus. Similar herniation has been previously
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reported in histological descriptions of fenestration and collagenase injection?® %%, The lack of
an obvious inflammatory response to the extruded material in this studies provides further
evidence against the hypothesis that exposed nucleus pulposus evokes an inflammatory reaction

that ultimately causes its complete dissolution®'.

Herniation of nuclear material into the trabecular bone of the vertebral bodies was observed only
in collagenase injected discs. Similar lesions have been created in vitro during compressive

)?% reported similar extrusions in

loading of intervertebral disc segments. Miyabashi et al (1992
his investigation of collagenase injection in chondrodystrophoid dogs. He proposed that pre-
existing degeneration of the discs in the middle-aged chondrodystrophic dogs used in his study
may have predisposed the end-plates to non-discriminate effects of collagenase. Since, in the
presentstudy, the extrusions were found in young, non-chondrodystrophic digs this explanation
is unlikely to be credible. Perhaps a better hypothesis is that defects may have been created in
the cartilaginous end plate by collagenase digestion, thereby providing an avenue through
which nuclear material could pass into the vertebral body. It could be speculated that injection
of a reduced concentration of collagenase may minimise the possibility of such herniation

occurring.

The more common finding of extruded material outside the nuclear region of injected rather
than fenestrated discs, perhaps indicates that the act of forced injection of even small amounts
of fluid into the confined nuclear region can bring about the forcible extrusion of nuclear
material from the disc. Injection of smaller, more concentrated enzymatic solutions or ensuring
that forceful injection does not occur may provide some protection against this pressurised
herniation of nuclear material. This fact may be important in limiting potentially serious

complications associated with collagenase injection.

The safety of a clinical procedure is fundamental to its acceptability as a treatment modality.
The only short term clinical complication occurring in any of the three treatment groups
occurred in one collagenase injected dogs which developed a transient hind-limb paralysis. The
massive dorsal extrusion of nuclear material observed at histology in this animal was presumed
to be the cause and probably occurred at the time of injection. Fortunately, the disc material
extruded in this normal non-chondrodystrophic dog would have consisted mostly of water,
therefore the sudden impact and residual tissue remaining within the neural canal following
herniation would have been slight. If a similar herniation had occurred following injection of
a degenerate non-chondrodystrophic or chondrodystrophic disc, the neurological consequences

of spinal injury with the hardened, less yielding nuclear tissue of these discs would be potentially
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more catastrophic. Unfortunately, the spinal cord immediately associated with this herniated

disc was not available for histological evaluation.

Of the twelve fenestrated discs, focal defects in the lamellae of the dorsal longitudinal ligament
were present in only one disc. The defects in this disc contained nuclear material, which may
have been forced into the dorsal longitudinal ligament at the time of fenestration. This finding,
together with the knowledge that fenestration both fails to remove all the nuclear material and
induces degenerative changes in the disc (through disruption of the annulus fibrosus) does raise

concerns about its effectiveness in providing reliable protection against subsequent herniation.

Why then, should fenestration be an effective therapeutic and prophylactic procedure given
these short-comings? Some clinicians believe that the apparent efficacy of fenestration is simply
a result of the creation of a weakened zone (the fenestration window) in the lateral annular

wall#!

. They consider that subsequent herniations are more likely to follow this weakened path,
rather than create a new one. The apparent lack of healing in the transected annulus, reported

in other studies'”®, would add some support to this hypothesis.

Inthe current investigation, enzymatic digestionappeared to be limited to the nucleus pulposus
in all of the discs studied. This finding is consistent with the dose-related digestion described

b}’ other authorsw‘ 37, 106, 269, 271

. The immature fibrocartilage or well organised cartilaginous
tissue which formed in the nuclear region would clearly lack the hydraulic properties of the
normal disc architecture and is therefore likely to react very differently to biomechanical
loading. The nature of this alteration is unclear and should be the basis of further in vitro and
in vive investigation. From the current knowledge on the biomechanical properties of the
vertebral column and intervertebral discs, the annulus fibrosus of the collagenase injected disc
would certainly be expected to withstand a greater compressive load which, as has been
discussed previously, it is poorly designed to resist (Sections 3.4 and 4.5.3). Moreover, the
biomechanical load acting on the disc will be of greater magnitude and less dynamic in effect,
due to the loss of hysteresis and shock attenuation normally provided by the now-digested

viscoelastic nucleus pulposus.

In this study, disruption of annular structure was observed in five of the twelve collagenase
injected discs. Disruption to the dorsal longitudinal ligament in one disc was quite extensive,
and was caused by the massive nuclear herniation mentioned earlier. The remaining dorsal
annular defects were focal in nature and again appeared to be attributable to minor extrusions
of nuclear material. The surrounding lamellar structure of the dorsal annulus and longitudinal

ligament continued to show no difference from its normal architecture. Whether these
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structures will continue to maintain this integrity, in the face of the altered biomechanical
loading was not definitively answered in this investigation. The lack of significant variation in
almostall of the treated discs at six months after treatment provides some assurance that the disc
has adjusted adequately to its new state. Further investigation of annular changes, at intervals
greater than six months following treatment, is required to completely ensure the safety of

collagenase injection in the clinical patient.

Some evidence for increased instability about the intervertebral space, particularly about the
diaphragmatic region, was provided by the presence of ventral spondylosis deformans in three
of the collagenase injected discs by six months after treatment. The development of spondylosis
deformans is believed to be due to stretching and tearing of the Sharpey’s fibres at the insertion
of the outer annular fibres into the vertebral body?*’. Such stretching is likely to develop with
increased bulging of the outer circumference of the annulus fibrosus due to the loss of hydraulic
resistance following destruction of the nucleus pulposus (Section 3.4). Development of
spondylosis deformans has also been reported following the herniation of nuclear material into
the outer margins of the disc'*'?', This herniated material supposedly results in mechanical
disruption of thefibre organisation. Chondrification and, ultimately, calcification of these fibres
produces an osteophyte. This latter form of pathogenesis may explain some of the spondylosis

observed in the treated discs.

In two of the five collagenase injected discs which developed spondylosis, lesions occurred in
both the dorsal and ventral longitudinal ligaments. These occurred in the one dog, and occupied
adjacent locations in the vertebral column(T |, and T ).Inthisdog, massive dorsal extrusion
of nuclear material had occurred (at Tu’q‘;) and it is possible that this acute loss introduced a
greater degree of instability into the diaphragmatic region of the vertebral column, resulting

in the more rapid development of radiographically evident spondylosis lesions in this dog.

Descriptions of thoracolumbar fenestration in major surgical references make only passing
. SO s : .
referral to the difficulties in gaining access to the intervertebral discsof T, | T, .and T , .

24,71,92,103,255.308 The proximity of the rib head articulation to these intervertebral disc spaces
can, in some dogs, hinder access to the lateral annulus fibrosus for fenestration. Difficulties in
accessing the intervertebral space of these discs were experienced all six dogs in this study. In
two discs (one fenestration and one saline injected), treatment of disc T had to be abandoned.
Surprisingly, mild histological changes were recorded in these untreated discs, and these
alterations were similar to those observed in the nuclear architecture of some treated discs in the
same and other (saline or fenestrated) dogs. It is possible that some trauma to the annulus

fibrosus may have occurred during the aborted attempt, thereby initiating degenerative changes
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in the disc. Furthermore, slight alterations in biomechanical loading of this disc, due to the
disruption of the other intervertebral discs in the vertebral column following treatment, would
also produce some indeterminable effects on histological structure. This domino-like effect has
been recorded by several authors, particularly following fusion of an intervertebral disc space in

humans99. 166,174, 180, 185

10.1 EXPERIMENTAL CRITICISMS

d- number of criticisms can be levelled at the experimental design of this study. These are:
(1) the limited number of dogs used, (2) the histological nature of the discs involved and

(3) the lack of randomisation of the procedures within individual dogs.

(1) Although only eight dogs could be used in this study, allowing two dogs to be
included in each experimental category, it did provide twelve discs per treatment
group. The magnitude of the differences between the collagenase injected and the
others was such that, despite the low number of discs investigated, reasonably

acceptable conclusions could be made.

(2) By using young, non-chondrodystrophoid dogs, in which previous investigations have
shown there is little histological variation in structure'®, the effects of individual
variation could be minimised between groups. Similar histological uniformity would

not be true for similar-aged chondrodystrophic dogs.

However, one of the disadvantages of this was that it provided no definitive
information on the effectiveness of these treatments in the discs which they are most
commonly applied, the degenerate chondrodystrophic intervertebral disc. Despite the
apparent agreement of the present study with another recent investigation into
collagenase injection of the chondrodystrophic disc®®, directly relating the conclusions
of this study to the clinical situation must be approached with caution. Further
investigation of collagenase injection, saline injection and fenestration in the

chondrodystrophoid breeds is required.

3) Each of the three experimental procedures could not be performed in an individual
animal since the long skin incision and muscular dissection required for surgical
fenestration would cause indeterminate effects on the adjacent injected intervertebral
discs. Furthermore, by restricting the use of one treatment to adog, the immeasurable

influence of domino-like biomechanical effects on other discs would be included in the
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overall structural alteration observed. These effects, resulting from alteration in the
load-transferring mechanism in other treated discs, would occur with clinical use of

the treatment, so it is important to account for their influence on the intervertebral disc

structure.
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10.3 CONCLUSIONS
The following conclusions can be drawn from the results of this investigation:

1. Percutaneous injection of the thoracolumbar intervertebral disc isa minimally traumaticand
relatively problem-free procedure. Inskilled hands, injection of most thoracolumbar intervertebral
discs can be conducted in less than 30 minutes, with few post-treatment complications

developing in the patient.

2. There are few histological differences in the structure of the intervertebral disc six months
after injection of the nucleus pulposus with 0.1 ml of physiologicsaline and surgical fenestration
of the intervertebral disc. These results suggest that the simple percutaneous injection of saline
into the disc could be as effective in disrupting the nucleus pulposus as the more painful, costly
and invasive clinical technique of fenestration. In spite of the clear visual evidence, the lack of

statistical proof means this conclusion should be treated with caution.

3. Percutaneous injection of collagenase enzyme is a clearly superior technique to thoracolumbar
fenestration based on its simplicity, lack of long-term post-treatment morbidity, totality of
removal of normal nuclear material and the apparent short and medium term maintenance of
disc integrity after injection. It is not clear, however, whether the cartilaginous tissue that
develops in the collagenase injected disc is any stronger, or less likely to herniate, than the disc

material it replaced.

Based on the findings of the present study,and on the basis of previous clinical and experimental
trials, the investigators would support the use of collagenase enzyme in the prophylactic
dissolution of the thoracolumbar intervertebral disc of both chondrodystrophic and
non-chondrodystrophic dogs. However, a well-designed prospective clinical trial is still needed

to determine:
1. The true incidence of herniation in dogs not subjected to a prophylactic procedure, and

2. The relative effectiveness of fenestration, saline injection and collagenase injection at

preventing the occurrence of herniation in treated dogs.
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A 1.0 DIAGNOSIS OF INTERVERTEBRAL DISC DISEASE

The diagnosis of intervertebral disc disease involves the identification of that disease process
as the cause of the presenting signs and the exclusion of other diseases that can cause a
similar presentation. Other causes of acute onset transverse myelopathy typical of Type I disc
injuries include vascular accidents (fibrocartilaginous emboli), trauma, granulomatous
meningoencephalitis, suppurative meningitis, discospondylitis, toxoplasmosis, cryptococcosis,

30, 33, 53, 70, 145, 184, 254

rabies and canine distemper virus . Progressive neurological lesions, as

characterised by Type II lesions need to be distinguished from neoplasia, hypoglycaemia, caudal

cervical spondylomyelopathy, degenerative myelopathy and diffuse myelomalacia®® 3% 3%7%.14%

184,254

Differentiation of these diseases from intervertebral disc herniation can be made on the basis of
the history, clinical, neurological and radiological evaluation. Other special diagnostic aids may

be used to facilitate diagnostic and prognostic abilities.

A 1.1 NEUROLOGICAL EXAMINATION

he basis of the neurological examination is to identify the location of the lesion as well as
T determine the severity of the spinal cord injury. As discussed previously, spinal deficits
are gained in a predictable fashion with compressive spinal cord disease; proprioceptive and
sensory information are lost initially, followed by loss of motor function and finally, deep pain

perception,

The basic techniques to identify the status of the sensory and motor tracts are described below'*
30, 33, 53,70, 145

Al.l.1 General gait and strength

inor deficiencies in the proprioceptive and voluntary and involuntary motor function of
M the animal can be detected during normal ambulation. The animal is observed whilst
walking and trotting along flat ground, up and down steps and turning in a tight circle to the
left and right. In partially or non-ambulatory animals the tail can be lifted, or the abdomen
supported with a towel to allow subtle, purposeful movements to be revealed. Deficiencies are
detected by observing the position of the limbs and trunk during these activities. It is also
possible to detect lateralising signs, where one side or one leg is more greatly affected than the

other.




APPENDIX A see 173

A wide-based stance, or standing with one or more limbs at abnormal angles may indicate a
proprioceptive deficit. Dragging the toes, or standing on the dorsum of the paw also indicates

a proprioceptive deficit.

Muscular weakness affecting one side of the body can be accentuated by lifting and supporting
the limbs on one side of the animal while it ‘hemistands’ or ‘hemiwalks’ on the opposite limbs.

Similarly, hopping on one limb accentuates deficits in that leg.

A 1.1.2  Motor deficits

he pathway for cerebral control of voluntary (flexor)and involuntary (extensor) muscles can

be classified into two distinct systems: the upper motor neurone (UMN) and the lower
motor neurone (LMN). The lower motor neurone system consists of the peripheral nerve,
neuromuscular junctions and dorsal nerve root. The cell bodies are located in the grey marter
of the spinal cord. Reflex arcs act through the lower motor neurone system. The upper motor
neurone system is a multisynaptic series of neurones arising in the cerebral cortex and
cerebellum and descends in the white matter of the spinal cord. Through synaptic connections
with the cell bodies of the lower motor neurones, the upper motor neurone system provides

cortical control of muscular activity.

The upper motor neurone is inhibitory to the reflex arc, dampening and coordinating
movements of the fore and hind limbs. This factor can be used to isolate and identify the affected
section. Loss of upper motor neurone input to the peripheral nerves will result in increased
extensor tone and exaggerated reflexes. Thus the gait will be ‘jerky’ and the limbs will be held
quite rigid. Deficiencies in the lower motor neurone function resulcs in loss of neural input to
the muscles of the affected area. Depending upon the degree of involvement there will be
variable degree of loss in muscle tone, with weakness and reduced reflex activity. Neurogenic

atrophy of the muscle occurs rapidly and may be clinically apparent within a week.

Lower motor neurone output to the forelimbs occurs at the cervical enlargement of the spinal
cord, berween C, and T,. Output to the hindlimbs occurs from L, to S,. Sections of the spinal
cord between these regions contain upper motor neurone fibres. By examining the gait strength,
coordination and reflexes of each limb the lesion can usually be isolated to one of four regions:
above C,, between C, and T, berween T, and L, and lastly, below L,.
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1. Above C, : Upper motor neuron lesions to both fore- and hind-limbs.

2. BaweenC and T, : Lower motor neuron lesion to foreleg, with upper motor neurone
effects to hind limbs.

3. Berween T ,and L, . Upper motor neuron lesion to hindlegs. Forelegs should be
normal except in very severe cases, where loss of inhibitory innervation
results in increased extensor tone in the fore-legs (Schiff-Sherrington
syndrome). This is a grave indicator of serious thoracolumbar spinal
cord injury.

4. Below L, ' Lower motor neuron lesion to hindlegs. Forelegs should be
normal. With sacral lesions there may also be urinary and faecal

incontinence.

Testing of the reflex arc of individual spinal segments provides information on the integrity

of that segment and, through the inhibitory effect of the upper motor neurone it provides
some information on the status of higher regions of the spinal cord. The responses of the spinal
reflexes can be graded on the following scale: (0) = absent; (+) = depressed (hyporeflexic); (+ +)
= normal; (+ + +) = exaggerated (or hyperreflexic). Clonus is said to occur when the reflex is brisk

and repeats itself, or when the reflex is extremely exaggerated.

All reflexes should be conducted in lateral recumbency to enable relaxation of the limbs to

occur. A tense, stiff limb can override the normal reflex activity.

i) Forelimb reflexes:
The nerves that innervate the muscles of the forelimb include the radial, musculocutaneous,
median, ulna and axillary nerves. They leave the spinal cord and innervate the muscles of

the forelimb in a roughly cranial to caudal pattern.

Withdrawal reflex: The withdrawal reflex is elicited by pinching the skin between the toes.
In the forelimb this action is mediated through all nerves of the forelimb and whilst providing
information on the status of the cervical enlargement it does not indicate the integrity of specific

peripheral nerves.

Biceps reflex: The biceps reflex can be elicited by tapping a finger resting on the distal end of
the biceps brachii and brachialis muscles with a neurologic hammer. A positive sign is slight
contraction of these muscles which may result in flexion of the elbow. An exaggerated reflex is

indicative of an upper motor neurone lesion but an absence of the reflex is inconclusive, as this
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may frequently occur in otherwise normal animals. The biceps reflex tests the integrity of the

musculocutaneous nerve (spinal segments C, - C,, or intervertebral disc spaces C, - C/T)).

Triceps reflex: The triceps reflex is elicited by tapping the triceps tendon just proximal to the
olecranon with a neurologic hammer. Again a negative reflex is inconclusive evidence for

dysfunction of the radial nerve (spinal segments C, - T,, or the intervertebral disc spaces
Cﬁn 2 Tm)'

1) Hindlimb reflexes:
The sciatic and femoral nerves innervate the muscles of the hindlimb. The perineal nerve
innervates the structures of the anus, rectum and genitalia. Isolation of individual nerve

dysfunction is therefore more reliable in the hindlimb.

Withdrawal reflex: In the hindlimb the withdrawal reflex is mediated entirely by the sciatic
nerve. It can be elicited by pinching the toes and all major joints of the hindlimb should flex.

This reflex tests the integrity of spinal segments L, - S, (intervertebral disc spaces L, - L, ).

Patellar reflex: The patellar reflex is the only reliable tendon reflex in the pelvic limb and is
the only tendon reflex present in all normal animals. It can be elicited by tapping the straight
patellar ligament in the relaxed limb. This should produce a brisk extension of the stifle. Clonus
may be observed in severely injured animals. The left and right side should always be examined
and compared in the same animal, as the animal lies on each side. The patellar reflex tests the

integrity of the femoral nerve (spinal segments L, - L, or intervertebral disc spacesL, - L, ).

Note: Lesions of the sciatic nerve may cause flaccidity in the flexor muscles normally
antagonistic to the patellar reflex. In these animals, the reflex may appear exaggerated, falsely

leading to a diagnosis of an upper motor neuron lesion.

Perineal reflex: The presence of sphincter tone in the anus and bladder provides some
information on the status of the sacral segments of the spinal cord. The anal tone can be checked

by pinching the skin ventral to the anus, which should cause sharp contraction of the sphincter.

Bladder reflex: Palpation of the bladder may also allows its separation into a ‘lower’ or ‘upper’
motor neuron state. Control of bladder tone and reflex urination occurs through the combined
action of the pelvic and pudendal nerve, both of which originate in the S, - §, spinal segments.
The pelvic nerve carries sensory information from and parasympathetic innervation to the

detrusor muscle of the bladder wall. Increased parasympathetic tone stimulates contraction of
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the bladder. The pudendal nerve provides motor innervation to the external urinary sphincter.
When the pelvic nerve stimulates urination, the pudendal nerve is inhibited, which relaxes the

sphincter tone. Conscious urination occurs through cortical modulation of the same reflex arc.

A lower motor neuron bladder can develop when a lesion between S, and S, interferes with this
reflex arc. Innervation of the bladder through the pelvic and pudendal nerves is disrupted and
the bladder becomes flaccid, dilated and easily expressed due to the lack of sphincter tone. There
may be frequent dribbling of urine. Lesions above S, result in an upper motor neuron bladder,
which may have a variable presentation. Reflex urination is possible but its effectiveness is
dependent upon the extent of the sympathetic innervation to the bladder wall which increases
the threshold of the reflex arcand permits the detrusor muscle to stretch and increase the bladder
volume before contraction occurs. Loss of sympathetic innervation results in a small, tight
bladder with a hyperactive reflex arc - the bladder empties when filled with small amounts of
urine, resulting in frequent spurting of small amounts of urine. Sympathetic fibres to the
bladder originate in the upper lumbar spinal cord, and exit through the intervertebral foramen

at L and Lm.
iiz) Other reflexes:

rossed Extensor: This reflex is indicative of an upper motor neuron lesion when elicited
C during testing of the withdrawal reflex in any fore or hindlimb. If the reflex is present,
the opposite limb will extend when the opposite limb withdraws. The toe-pinch given should
be as light as possible to avoid the voluntary extension which can occur in response to a painful
stimuli. Testing both limbs with the animal lying on both sides will give the most reliable

results.

Panniculus reflex: Contraction of the cutaneous trunci muscle following stimulation bya light
prick isa segmental reflex mediated by the sensory nerve roots. These nerves ascend in the spinal
cord and exit at C, - T to innervate the cutaneous trunci muscle. Normal action of the reflex
therefore indicates that the spinal cord is intact from the level of stimulation to T,. In normal
dogs the reflex may be absent caudally to the level of the mid-lumbar spine. In dogs with severe
thoracolumbar spinal cord compression the reflex may be absent caudal to the lesion.
Hyperactivity of the response may occasionally be seen in the spinal segment immediately

cranial to the lesion due to the loss of caudal inhibition.
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More forceful pinching of the skin allows determination of the sensory level. Animals with a
severe spinal lesion may be analgesic distal to the lesion. Due to the stoic nature of some animals,
this test can be difficult to interpret.

Babinski reflex: The Babinski sign is best elicited in animals by a medial to lateral upwards
stroking of the metacarpal or metatarsal bones with the metal end of a neurologic hammer. In
normal animals, the toes flex slightly in response to the stroking. With a positive Babinski sign,
the toes extend. The presence of the Babinski sign in man indicates corticospinal tract damage.
By extrapolation it is suspected to indicate a similar lesion in dogs and cats. A Babinski sign is

more common in upper motor neuron lesions to the hindlimbs.

Tail wag: Tail wagging may be reflex in origin and may be intact even when the spinal cord
is completely severed, if it is above the level of the reflex arc (Co,). Voluntary tail wagging,
however, in response to an appropriate stimuli (owner’s voice etc) is a sign of spinal cord

integrity.

Al.13 Sensory deficits
Deﬁcits in pain perception are the last to occur and imply severe spinal cord injury. A
diminished ability to perceive pain occurs caudal to the lesion. The ability to recognise

this deficiency is critical because it is one of the few tests which provides prognostic information.

Examination of an animals response to painful stimuli can be difficult to interpret. The patient
should be as relaxed as possible. A nervous, frightened animal will frequently respond
inappropriately. If necessary, repeat testing after the animal has been placed quietly in cage to

allow it to become more comfortable with its surroundings.

The animal should be tested for the perception of superficial and deep pain stimuli. The reaction
to superficial painful stimuli, such as a pin prick, may frequently be inconsistent. The animal
may also become tolerant to repetitive testing. Deep pain perception is more consistent and can
be tested by squeezing the base of the toenails with forceps. Conscious perception of the stimuli
must be observed and the withdrawal of the limb should be separated from the simple,
unconscious reflex arc. The animal may cry out, turn and look at the source of pain, or actively

pull away from the stimulus.

The accuracy of the neurological evaluation at determining the site of spinal cord injury is good.
Identification of the lesion as either an upper or lower motor neurone syndrome permits its

localisation to one of four regions along the spinal cord. Further evaluation of the neurological
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examination should permit localisation to within two intervertebral spaces 75% of the time.
Localisation to a single intervertebral disc space based on neurological evaluation only is 40%

accurate.

A 1.2 RADIOLOGICAL EXAMINATION

Al.2.1 Plain radiographs

hilst the previous evaluations will identify and localise a spinal deficit, radiology is

C c necessary to confirm a diagnosis of intervertebral disc protrusion'® 3% 487, 148,184,254
Standard radiographic techniques are utilised and general anaesthesia should be used to
facilitate proper positioning. Lateral and ventrodorsal views should be taken in all cases. Use of
sand bags and foam padding enable the vertebral column to be aligned parallel to the table top
for lateral projections. Rotation of the vertebral bodies due to poor positioning can cause normal
structures (eg articular facets, transverse processes) to become superimposed over the intervertebral
foramens, making evaluation difficult'®. Due to the smallness of the intervertebral space,
radiographic studies should be limited to areas no greater than 20 cm in length. This eliminates
the problems associated with parallax which, due to the divergent nature of the X-ray beam,

make interpretation of the peripheral disc spaces difficult.

The intervertebral disc, neural canal, vertebral bodies and surrounding structures should be
examined on the radiograph. As described previously (Section 1.1), calcification may frequently
be seen in chondrodystrophoid dogs. This calcification may vary in density, ranging from a
slight haziness to that equal to the vertebral body. Although indicative of degeneration, a

calcified disc need not be clinically significant'* 126143,

Radiographic signs indicative of Type I disc extrusion include narrowing or wedging of the
intervertebral disc space, presence of calcified material within the neural canal and/or narrowing
of the joint space of the articular facets. Narrowing of the disc space can be determined by
comparing the width of the questionable space with those immediately adjacent to it. The disc
spaces are usually constant within the cranial thoracic spine but normally become narrower

about the anticlinal space (T, - T, ). The disc spaces then tend to widen caudal to this point

910~
and stabilise in size in the caudal lumbar spine. Wedging of the disc space is seen as a narrower

dorsal portion and wider ventral portion of the intervertebral disc.

Recognition of calcified material within the neural canal may frequently be possible on the
lateral projection. The intervertebral foramen, which usually appears as a ‘horse’s head’ on the
lateral projection, may become fogged (increased density). Occasionally, a more classical

‘amphora’ shape composed of strongly calcified material may be seen.
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Type II disc protrusions may be associated with narrowing of the disc space, osteophyte
production about the ventral borders of the vertebral bodies (ventral spondylosis) and end-plate
sclerosis. Arthritic changesassociated with the articular facets may alsobeapparent. Calcification

of the intervertebral disc is rarely seen.

In some animals the degree of ventral spondylosis is considerable and there may be complete
bridging of an intervertebral space. Though indicative of disc degeneration the clinical
significance of these changes, despite their severity, has not been elucidated®”’. In man, arthritic
changesassociated with thearticular facet joints have never been identified without considerable
degeneration of the intervertebral disc being identified®®'""'%, Similar investigations have not

been performed in the dog.

Al.2.2 Contrast radiography
n situations where calcified disc material is not visible on the plain radiograph, or when it
I is necessary to confirm the site (or sites) of disc herniation, or when the disc material is
suspected to have extruded in a predominantly lateral (or dorsolateral) direction, a myelogram
should be performed'# 333 35 46, 33.70. 87, 145. 147, 148, 184. 254 If syrgical decompression is not
anticipated, and previous investigations are highly suggestive of disc extrusion, a myelogram

IS unnecessary.

A myelogram involves the injection of a radiopaque contrast agent into the subarachnoid space
surrounding the spinal cord. The contrast material most commonly used for this procedure is
iohexol*. Iohexol is a water-soluble, non-ionic compound which has good flow characteristics,
good radiographic density and is relatively safe to use®**"**. One of the complications of
myelography is seizure upon recovery due to the relative hypertonicity of the compounds. The
reported incidence of seizures with the water-soluble, ionic compounds used prior to the
availability of iohexol was as high as 329%°%. The use of iohexol has significantly reduced the

complications associated with myelograms and seizure activity is minimal.

Several precautionary measures are advised prior to anaesthesia and during the performance of

myelogmphyu. 35, 53, 304

. Pre-medication with acetylpromazine should be avoided due to its
epileptogenic potential. Morphine and neuroleptanalgesics are also contraindicated. The head

should be held elevated relative to the rest of the vertebral column to prevent flow of contrast

a: 'Omnipague 300\ig', Sterling-Winthrop NZ Ltd, Auckland, New Zealand
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into the ventricles of the brain. Should this occur, anaesthesia should be prolonged as this has

been shown to reduce the incidence of seizures.

Diazepam® has been found to decrease the incidence of seizures in man but this has not been well
substantiated in the dog. The serum half-life of diazepam in the dog is about 3 hours, which is
considerably shorter than the 20 - 50 hours recorded for man. Maximum benefit will therefore

be gained if given immediately prior to recovery, rather than at the start of the procedure.

The injection of contrast agent into the subarachnoid space can be performed at the cisterna
magna or at the caudal lumbar cul-de-sac'*3**, At both these sites the subarachnoid space is
comparatively large, thus minimising the risk of penetrating the spinal cord. Though no rule
applies, it is common to perform a cervical puncture for cervical lesions and a lumbar puncture
for thoracolumbar lesions. If either site fails to completely delineate the lesion, the other should

also be performed.

(i) Cervical puncture (cisterna magna)
roper positioning is essential for the penetration of the cisterna magna in the cervival
P region. Cervical punctures are performed more commonly in lateral recambancy. Sandbags
or foam pads should be used to ensure the vertebral column is parallel to the table-top. A large
area, extending cranially from the mid-point of the cranium to the mid-cervical region, bounded
laterally by the ears should be clipped and aseptically prepared for surgery. The head should be

held by an assistant in a slightly flexed position and the nose should be parallel to the table.

The landmarks to identify prior to insertion of the needle include the occipital protuberance and
the wings of C, (Axis). The needle should be inserted on the midline at a point halfway between
these two prominences. Frequently a small depression can be observed in the skin at this site.
The spinal needle should be inserted slowly until it is felt to pop through the epidural sac. At
this point the stylet can be removed and cerebrospinal fluid collected. Some authors describe
removing the stylet immediately after penetrating the skin. Because cerebrospinal fluid can be
observed in the hub immediately upon penetrating the subarachnoid space this technique may
minimise overpenetrance of the needle into the spinal cord. This technique is preferred by the

author.

Once the needle is within the subarachnoid space the contrast agent should be slowly injected.

The recommended dose rates for iohexol depend on the site of administration, the area of interest

b: "Valium 2mg', Pitman-Moore, Palmerston North, New Zealand
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and the size of the dog. Dosages should be based on the ideal body weight because in obese
animals the neural canal is not proportionately larger. The following dose rates are considered
suitable:

Large breeds: 2,000 mgl

Medium breeds: 1,500 mgl

Small breeds: 650 mgl

The patient should be closely monitored during injection of the contrast agent. Tachycardiaand
mild hypotension are frequently recorded. Though not specifically reported with Iohexol,
cardiac arrhythmias may be induced owing to endogenous release of catecholamines casued by

nerve root irritation.

(i7) Lumbar puncture
he lumbar puncture is technically more difficult and cerebrospinal fluid is rarely collected.
Lateral recumbancy is again preferred as this allows the hind legs to be drawn forwards,
increasing the dorsal flexion of the vertebral column which opens the dorsal intervertebral space.

The most commonssite is L, _, but L /S, or L, . may be used. The likelihood of developing post-

6/7?

procedure neurological complications increases when using sites cranial to L5/6 and therefore
should be avoided if possible.

The back should be flexed maximally. The skin over the proposed injection site should be
clipped and aseprically prepared. The needle is inserted on the midline immediately over the
most cranial aspect of the dorsal spinous. The needle should be advanced slowly, passing parallel
to the cranial ridge of the dorsal spinous process. Should the needle contact bone the needle
should be redirecred. If difficulcies are encountered, further advancement of the needle can be
conducted using fluoroscopy, or survey radiographs may facilitate accurate needle placement.
Successful penetrance into the ventral subarachnoid space is evidenced by a slight ‘kick’ from
the hind legs as the needle passes through the nerve roots of the cauda equina. Passage through
these nerve roots does not appear to cause any clinically evident trauma. Once the needle is
accurately positioned the contrast media can be slowly injected. Slightly reduced dose rates from

those presented above are used in this area.
Interpretation of the myelogram
The contrast agent outlines the subarachnoid space and thealterations in the spinal cord and

epidural space can be assessed by inference to the changes they may induce in the

subarachnoid anatomy'* %, In the dog, the subarachnoid space is relatively constant in width
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throughout the thoracic and lumbar spine, but thins over the intervertebral disc spaces

ventrally. It is fairly wide at the craniocervical and cervicothoracic junctions.

Myelographic lesions may be classified as intramedullary, extramedullary-intradural and
extradural. Intramedullary lesions represent swelling of the spinal cord itselfand are characterised
by a thinning of the contrast column in all projections. Lesions within the subarachnoid space
(extramedullary-intradural) show deviation of the column in one projection, with widening in
the other. Occasionally they may become delineated by surrounding contrast media. An
extradural lesion is typified by a narrowing or compression of the spinal cord in both projections.
Intervertebral disc lesions typically causes extradural compression of the spinal cord with
classical myelographic signs over the involved interspace. Occasionally, the resultant inflammation
causes swelling of the spinal cord which may develop over several vertebrae. The myelogram in
these cases will show thinning of the contrast column,as would be expected foran intramedullary
swelling. In severe cases the swollen cord will completely fill the neural canal, preventing its
delineation by contrast media. In these cases, clinical judgement must be used to identify the

involved disc space.

Extruded disc material is most commonly seen on the midline of the vertebral column.
Occasionally the material is extruded in a dorsolateral location. Because only one side of the
spinal cord will be compressed, a twin extradural line may seen on the myelogram. True lateral
extrusions will cause deviation of the spinal cord visible only on the ventrodorsal view. Rarely,
laceration of the vertebral sinuses at the time of herniation will result in severe extradural
haemorrhage. This will appear as a large filling defect which may extend over several vertebral

segments.

Myelography is often essential for the precise diagnosis of Type II lesions. These will appear as

extradural masses over the involved intervertebral space.

(iii) Special imaging
Computed tomography (CT) and magnetic resonance imaging (MRI) have only been used
toa limited degree in the diagnosis of intervertebral disc disease in the dog, despite their

widespread use in the human.

A 1.3 CEREBROSPINAL FLUID EXAMINATION

Cerebrospinal fluid should be collected prior to myelography to rule out inflammatory or

infectious diseases of the spinal cord or meninges. It should be analysed for colour,
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turbidity, protein content, total and differential cell counts. Theoretically, this analysis should

be conducted prior to myelography but this is usually practically difficult to achieve.

Alterations in the cerebrospinal fluid are most pronounced in samples taken near or caudal to
the lesion®, Therefore, the spinal fluid from the lumbar cistern is more frequently altered by
lesions anywhere along the vertebral column and changes in the cervical cerebrospinal fluid

samples occur more frequently with cervical lesions than thoracolumbar lesions.

The most frequent alterations detected in the cerebrospinal fluid is a mild elevation in protein
and white cell count®”. The degree of protein elevation appears to be proportional to the severity
and acuteness of the neurological signs. This elevation is the result of exudation of serum
proteins across the blood:cerebrospinal fluid barrier due initially to acute rupture of vessels.

Subsequent loss is related to vessel wall necrosis caused by ischaemia.

White cell elevation occurs less commonly and has a poorer correlation with the severity of the
spinal trauma®®, The differential white cell count does not appear to differ dramatically from
normal and tends to represent a typical inflammatory pattern. Mononuclear cells tend to
predominate and depending on the chronicity of the injury may show slight degenerative

changes as they phagocytose nuclear material.

A 2.0 TREATMENT OF INTERVERTEBRAL DISC DISEASE

A 2.0.1 Introduction
There is no true ‘treatment’ for intervertebral disc degeneration. The objective of the
following therapy's is to minimise the spinal cord injury which results following the
extrusion of nuclear material into the neural canal, thereby relieving the clinical signs related

to disc herniation.

Depending on the nature of the herniation, the clinical presentation can be quite variable. The
spinal cord appears to be able to accomodate slowly developing compressive lesions and clinical
signs tend to be slight compared to a similar degree of compression following an acute injury.
A variety of treatment options are therefore available following intervertebral disc herniation

and their use depends on the clinical presentation and the experience of the attending clinician.

A review of the pathophysiology of spinal cord injury is appropriate because it facilitates an

understanding of the development of clinical signs following a traumatic incidence (eg disc
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herniation) and it enables comprehension of the treatment options available and when their use

is appropriate.
A 2.1 REVIEW OF SPINAL CORD INJURY

The response of the spinal cord to trauma is characterised by a self-perpetuating cycle of
events which result in the exacerbation of the initial injury!®2%:32:55.65.86,124,162,182,238 ‘Thege
events can be separated into three separate categories which influence each other to a variable
degree. Recognition of the separate states enables recognition of reversible and irreversible
changes, and thus directs the logical application of treatment modalities. These categories are:

direct morphological changes; vascular changes; biochemical and metabolic changes.

A 2.1.1 Direct Morphological changes

he explosive impact of the calcified disc material onto the spinal cord results in laceration
T of the fibre tracts of the white matter and microvasculature of the pia mater and deeper
regions of the spinal cord. Within an hour the entire grey matter is haemorrhagic and the
initiation of the inflammatory response, due to cellular damage and leakage of vascular products,
results in the development of oedema of the immediate and surrounding regions of the spinal
cord. The spinal cord begins to swell, but this expansion is limited by the surrounding inelastic
meningeal membrane and the bony surrounds of the neural canal. Disruption of the substance
of the spinal cord follows, generally spreading along radial and longitudinal planes. This
disruption tends to be greatest in the grey matter of the cord probably because its metabolic
demandsare greater, continued swelling of the cord tends to concentrate pressures centrallyand
the neuropil of the grey matter is more easily separated compared to the tightly packed fibres

of the white matter.

These primary mechanical events result in irreversible damage to fibres tracts and cellular
elements of the spinal cord. Most significantly however, these events initiate a self-perpetuating
cycle of vascular and biochemical changes which result in continued disruption of the spinal
cord. Theseautolytic changes, which are potentially reversible in the early stages, are responsible
for the subsequent aggravation of the clinical presentation following spinal cord injury. It is
probable that permanent disability following spinal cord injury is the result of exuberant

autolysis rather than the result of direct mechanical trauma.

A 2.1.2 Vascular changes
Q. s presented previously (Section 2.5.3), the spinal cord is supplied by one ventral and two

dorsal spinal arteries. These vessels send a variable number of branches deeper into the
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cord parenchyma: the distribution of these vessels shows some abatement in the thoracic region
of the spinal cord. In most mammals, two thirds of the spinal cord is nourished by blodd from

the ventral spinal artery. The remaining third is supplied by the dorsal spinal arteries.

Immediately following injury there is frequently a dramatic decrease in spinal cord blood flow.
One of the reasons for this is the loss of autoregulation, probably due to extreme systemic
hypotension mediated by endogenous opiates (endorphins) which are released from the spinal
cord due toan as yet undetermined triggering factor. Vascular occlusion of the small perforating
vessels may also develop due to vasoconstriction, thrombosis and extra-luminal compression

due to the developing oedema.

Thrombosis is a consequence of the accumulation of platelets which adhere to the damaged
endothelial lining of the vessel. This platelet adhesion can develop within 90 seconds following
injury, promoting further biochemical alterations within the substance of the spinal cord

because of activation of the inflammatory cascade.

This acute reduction in spinal cord blood flow results in an ischaemic hypoxia of the spinal cord.
This necessitates a shift from aerobic to anaerobic metabolism by the cells. Anaerobic
metabolism isan inefficient means of generating energy and results in the accumulacion of lactic
acid. These two factors combine to disrupt neuronal transmission through inactivation of the
energy-dependent Na/K pump and acidification of the extracellular space. The Na/K pump
restores the normal sodium and potassium balance following nerve transmission. When not
functioning, potassium accumulates outside the cell, sodium inside. The high intracellular
concentration of sodium causes swelling of the cell as water isattracted to it. Cell disruption can

follow.

A 2.1.3 Biochemical and Metabolic changes

isruption of cellular membranes results in release of membrane-bound phospholipidsand
D theactivation of the arachidonicacid inflammatory cascade. The products of this cascade
result in further development of tissue oedema by increasing vessel permeability, further
promotion of platelet aggregation and the attraction of inflammatory cells to the injured area.
Initially these cells are neutrophils, but eventually monocytes and macrophages arrive. These
cells release destructive enzymes (lysosomal enzymes). The inflammatory cascade tends to be

self-perpetuating once established.

Lysosomal enzymes are also released from other cells within the spinal cord. These proteolytic

enzymes are an important factor in the continuing autolysis of the spinal cord parenchyma.
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Disruption to the normal metabolic processes of the cell can result in the release of free oxygen
radicals. In the normal cell these molecules are incorporated into water and oxygen by the
electron transport chain. Ascorbic acid, Vitamin E and glutathione peroxidase can function as
effective scavengers when free radicals are formed outside this chain, but this protective
mechanism quickly becomes overwhelmed during spinal injury. Free oxygen radicals are
significant because they produce peroxidative damage to membrane lipids resulting in the
alteration of membrane fluidity, loss of their barrier function and selective permeability and the
inactivation of membrane-bound enzymes. Because of the high lipid content of the nerve fibres

in the white matter these free radicals can cause extensive disruption.

The white matter of the spinal cord can therefore be damaged by the initial traumatic episode
which lacerates the individual fibres and the ensuing biochemical alterations. Free oxygen
radical-induced disruption of cellular membranes in turn leads to swelling of the fibres and
surrounding myelin cells due to breakdown of the Na/K pump and loss of the selective barrier
function of the cell membrane. Further destruction results from che influence of the lysosomal

enzymes released by inflammatory cells and local necrotic cells.

The grey marter suffers most from the direct and indirect vascular disturbance. The high
metabolic demand of this tissue necessitates a switch to anaerobic metabolism making energy
production inefficient. Oedema of the parenchyma, mediated by the developing inflammatory
process, causes the spinal cord to swell within the confines of the meningeal membrane,
concentrating pressures within the central portion of the cord. Cellular death, due to hypoxia,
causes release of lysosomal enzymes which induce further disruption of the parenchyma.
Breakdown of Na/K pumps, the increased lactic acid content of the extracellular tissue and the
alteration to the membrane barriers cause swelling of other cells, which may ultimately burst,

releasing further lysosomal enzymes into the inflammatory milieu.
A 22 NON-SURGICAL (CONSERVATIVE) MANAGEMENT

The non-surgical management of intervertebral disc disease describes a) the use of
pharmacological agents to control and limit the inflammatory process within the spinal
cord and b) the nursing care aimed at restoring the animals systemic well-being, thereby
ensuring that fundamental processes continue whilst the animal recovers from the trauma. The

intensity of this nursing management will depend upon the severity of the injury.
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The principles of non-surgical management are utilised even in surgical candidates’® ?*®, The

importance of nursing care in the rehabilitation of these animals cannot be overstressed.

22.1 Pharmacological agents
he role of the pharmacological agents is to control the inflammatory response, thereby
T reducing the autolytic changes which may develop in the spinal cord following injury'™
29.32,55.88,238 A number of drugs have been investigated on an experimental basis®® 2% 152, The
theoretical basis for using these agents is based on their perceived effect on the model of spinal
cord injury presented previously. However, in most cases, the effect of these drugs does not

provide a clinical advantage and therefore their use has not become widely accepted.

The beneficial effect of corticosteroids, however, is well accepted in the veterinary profession.
Most experimental work strongly supports theability of corticosteroids tosignificantly improve
the speed and completeness of the functional recovery following spinal cord injury in the dog'*
29.32,35,68,88,124,162,182 I mnrovement can be noted even when the corticosteroid is given up to 24

hours after the injury.

Corticosteroids appear to limit spinal cord damage by suppressing the development of oedema,
enhancing the spinal cord blood flow, inhibiting the inflammatory response and stabilising cell
membranes, thereby limiting the development of free oxygen radicalsand preventing the release

of lysosomal enzymes.

Recommended dose rates for corticosteroid therapy vary widely between institutions. However,
it is well accepred that to be effective, the corticosteroid must be administered as soon after
trauma as possible and therapeutic blood levels must remain during the period of most activity

by inflammatory mediators and free oxygen radicals. This period may last at least two days.

The most commonly reported corticosteroid dose to relieve cerebrospinal oedema is 2 mg/kg
of Dexamethasone'®. Dexamethasone is a synthetic corticosteroid with a potency roughly 30
times that of hydrocortisone. It has no mineralocorticoid effects. Alchough other corticosteroids
are effective at equivalent dose rates, dexamethasone is recommended because of its high
potency, low cost and lack of sodium retention effects. A recommended dosage regime is

presented over the page.
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First 24 hours after injury Dexamethasone 2 mg/kg given intravenously every eight hours
Second day after injury: Dexamethasone 1 mg/kg given intravenously, once

Third day after injury: ~ Dexamethasone 0.5 mg/kg given intravenously, once

Fourth day after injury: Prednisone 2 mg/kg given per os

Fifth day after injury: ~ Prednisone 1 mg/kg given per os

Sixth day after injury:  Prednisone 0.5 mg/kg given per os

Seventh day after injury: No treatment

Eighth day after injury: Prednisone 0.5 mg/kg given per os

Ninth day after injury:  No treatment

Tenth day after injury:  Prednisone 0.5 mg/kg given per os

The clinically beneficial period of this regime is during the first three days of treatment. The
remaining period of gradually reducing dose rate is to minimise the adverse systemic effects

which may develop following the use of high doses of corticosteroids.

Corticosteroids affect virtually every cell in the body and the physiological role of endogenous
corticosteroids are diverse. The clinical use of corticosteroid is therefore not without potential
complications. Digestive system dysfunction, immunosuppression, anaemia, exacerbation of
neurological dysfunction, pancreatitis, iatrogenic hyperadrenocorticism, iatrogenic
hypoadrenocorticism and direct neuronal toxicity have all been reported following systemic use
of corticosteroids. One of the more frequent clinical complications to develop following the use
of corticosteroid for spinal trauma is gastrointestinal ulceration and haemorrhage? 6278119204,
284 Ulceration appears to be due to the influence of steroid on increasing the serum gastrin level,
increasing the hydrochloric acid secretion in the stomach, decreasing the quantity and quality
of gastric mucus and reduction in the gastric epithelial cell turnover.

Ulceration of the colon and duodenum is also commonly recognised in paralysed patients® 7%
119,204,284 These ulcers, which may progress to complete perforation of the intestine, are believed
to be caused by ischaemic necorsis of the intestinal wall, following chronic vasoconstriction of
the splanchicvasculature. Inadequate post-surgical fluid therapy resulting in hypovolaemiaand
the influence of a pain-induced increase in sympathetic tone are believed to important in the

development of intestinal ulceration.

The clinical signs of gastrointestinal ulceration and haemorrhage include vomiting, anorexia or
malaena. If this occurs steroid administration should be discontinued immediately. Treatment

with H2 agonists (to decrease acid production), intestinal protectants and antibiotics should be
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initiated and the patient evaluated carefully for signs indicative of gastric perforation.

Diagnostic peritoneal lavage may be required to rule out completely intestinal perforation.

2.2.2  Nursing care
re- and post-operative nursing care is vital and probably plays an important role in the
P speed and completeness of recovery by the animal®*#2%:3% Maintaining a positive attitude
in the patient is essential for ensuring success. Some of the more important factors include

nutrition and hydration, urination and defecation, decubiral ulcers and physical therapy.

Nutrition: The normal nutritive requirements should be met at all times. The energy

requirements of the animal should be roughly 25 - 50% more than the basal metabolic rate.

Hydration: Animals on corticosteroid will have a glucocorticoid induced polyuria, and a
compensatory polydipsia. Water should therefore be available at all times. If the animal is

unable to drink, hydration should be maintained with intravenous fluids.

Urination: It is important to establish whether the patient has voluntary control over urination.
This will depend on the location and severity of the disc lesion. Those animals who are urinary
continent should be given the opportunity to urinate three to fours times daily to prevent

bladder distension and urinary retention. Failure to do this can promote infection.

Incontinent animals will need to have their bladders emptied every four hours. In most cases the
bladder can be easily expressed by gentle manual external pressure. When the external sphincrer
isspastic, bladder expression may be difficult. Catheterisation is required in these casestoempty
the bladder safely and completely . The catheter should be placed using proper sterile technique
to minimise development of infection. Repeated, aseptic, atraumartic cacheterisation is

recommended over long term indwelling cacheterisation.

Urine should be collected for culture at least once during the hospitalisation period. Further

analysis may be indicated if infection, due to retention or repeated catheterisation, is suspected.

Defecation: The ability of the animal to defecate following a disc herniation may be affected
either due to direct neurogenic influence, or due the inability of the animal to posture
appropriately. Dogs with upper motor neuron injuries generally have an intact anal sphincter.
Anal continence is therefore intact and the animals can generally be stimulated to defecate using

warm water enemas. Dogs with lower motor neuron injuries will be prone to faecal incontinence



ee* 190 APPENDIX A

due to the lack of anal tone. These animals should be checked and the perirenal area kept clean

and dry to prevent soiling and chaffing.

Decubital ulcers: The non-ambulatory animal may develop decubital ulcers over bony
prominences. This is particularly a problem when analgesia persists beyond the disc lesion.
Decubital ulcers are prevented by providing good bedding, frequently changing the position
of the recumbent animal and keeping him clean, dry and free of urine or faecal soiling.

Physical therapy: Physical therapy is used to increase physical strength, prevent disability by
maintaining the normal range of motion in joints and preventing the atrophy of muscles.
Encouragement of the use of paralysed limbs, thereby facilitating functional recovery is also
important. If properly used, physical therapy may also improve the patient’s mental status and

hasten the recovery period.

Physical therapy consists of massage, passive and active exercise. The most effective form of
active exercise is swimming because this enables the paretic or paralysed hind limbs to perform
voluntary movements without their requirement to bear weight, due to the buoyancy provided

by the water.

A 24 SURGICAL MANAGEMENT

The basis of surgical intervention following acute or chronic intervertebral disc herniation
is to relieve excessive spinal cord compression and/or oedema. The surgical management
includes decompressive procedures (laminectomy)?!: > 1915 and the removal of degenerated
disc material from within the confines of the intervertebral disc (fenestration)?!:24:71:92:103,255,308,
The indications for decompressive surgery include evidence of spinal cord compression on
myelogram, spinal cord oedema sufficient to cause constriction by the neural canal, a lack of
response to corticosteroid after 48 hours ora sudden worsening in condition despite appropriate
medical treatment. Fenestration will not remove extruded nuclear material from the spinal cord
and is therefore only indicated in cases of incomplete extrusion (eg Type II) or as a preventative

procedure (prophylaxis).

2.4.1 Decompression (laminectomy)

t is generally accepted that removal of herniated disc material should be the objective of all
I decompressive surgical procedures. Extruded discs are not completely resorbed by the body
and may remain as a fibrotic mass which continues to cause spinal cord compression. Where disc
removal is not performed recovery is attributable to the decompressive effects of surgery, the

subsequent restoration of spinal cord blood flow and the resolution of hypoxiaand oedema. The




APPENDIX A see 19]

remaining disc material continues to cause spinal cord compression and may limit the degree

of functional recovery.

Decompression of the thoracolumbar region of the spinal cord is achieved by the variable
removal of dorsal aspects of the neural canal. A variety of techniques have been described aimed
at increasing the spinal cord compression and improving the removal of disc material?!%6:100.153.
34390 These include: dorsal laminectomy (deep dorsal, Funquist Type A and Funquist Type B);
hemilaminectomy; and foraminotomy. The surgical approach is similar for all these procedures
and they differ obstensibly in the amount of bone which is removed. In all cases the length of
bone removed, or the laminectomy window, is dependent on the visualisation of dural fat at the
cranial and caudal margins. This dictates the extent of spinal cord swelling. At the very least,
the laminectomy window should extend at least one vertebral body cranial and caudal to the

affected disc.

The dorsal laminectomy involves removal of the dorsal spinous process and bilateral articular
facets over the involved intervertebral disc. The lamina of the dorsal neural arch is removed with
rongeurs or high speed drill with care taken not to injure the spinal cord. The extent of bone
removal between the Funkquist Type A, B and deep dorsal are shown in Figure ?. Type B has

been further modified to improve retrieval of disc material.

The disadvantages of the dorsal laminectomy include extensive soft tissue trauma, loss of bony
protection to considerable portions of the spinal canal, destabilisation of the vertebral column,
development of a cosmetic defect due to loss of dorsal spinous processes and the relatively poor
retrieval of disc material. Post-operative contraction of scar tissue over the exposed spinal cord
canresult in neurological deficits. Theadvantages include good exposure of spinal cord and good

decompression, and it also permits a durotomy or myelotomy to be performed for prognostic

purposes.

The hemi-laminectomy involves removal of the articular facets and lamina on one side of the
vertebral column. A myelogram will determine the appropriate side on which to perform the
procedure based on the potential lateralisation of the disc material. If necessary, the
hemilaminectomy may be converted to a dorsal laminectomy by removal of the dorsal spinous
process. Alternatively, a hemilaminectomy may be performed bilaterally, thereby preserving

the dorsal spinous process.

The advantages of the hemilaminectomy include reduced tissue dissection, maintenance of

spinal stability, no cosmetic defect due to preservation of the dorsal spinous processes, reduced
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incidence of laminectomy scar formation. However, unless disc material is extruded in a
particularly lateral direction, retrieval may be poor without extensive manipulation of the spinal

cord.

A foraminotomy is only suitable where the disc material is located in a lateral position. This
approach differs to the hemilaminectomy in that it preserves the articular facets, further
minimising the post-operative instability of the vertebral column. The reduced amount of bone

removal further minimises potential complications.
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