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Pathophysiology of lumbar disc degeneration: areview of
the literature

MicHAEL D. MARTIN, M.D., CHRISTOPHER M. BoxeLL, M.D., FA.C.S.,
AND DaviD G. MALONE, M .D.

Department of Neurological Surgery, University of Oklahoma, Oklahoma City; and Oklahoma Spine
and Brain Institute, Tulsa, Oklahoma

Lumbar disc degeneration occurs because of avariety of factors and resultsin amultitude of conditions. Alterations
in the vertebral endplate cause loss of disc nutrition and disc degeneration. Aging, apoptosis, abnormalities in colla-
gen, vascular ingrowth, loads placed on the disc, and abnormal proteoglycan al contribute to disc degeneration. Some
forms of disc degeneration lead to loss of height of the motion segment with concomitant changes in biomechanics of
the segment. Disc herniation with radiculopathy and chronic discogenic pain are the result of this degenerative process.

KEY WoRDS ¢ lumbar e« disc
anatomy

Lumbar disc degeneration occurs commonly in humans.
There are avariety of factorsthat contribute to this condi-
tion. The disc itself is active tissue that contains signif-
icant mechanisms for self-repair.® Reviewing the available
literature concerning the normal and abnormal physiology
of the disc is useful in understanding why degeneration
occurs, why certain conditions are painful, and which
mechanisms can be used to prevent further degeneration.

ANATOMY OF THE INTERVERTEBRAL DISC

Theintervertebral disc iscomposed of at least three ele-
ments. The centra portion of the disc contains the nucle-
us pulposus. which Is composed of cells from the primi-
tive notochord. The outer portion of the disc is the anulus
fibrosis. and it is composed of concentric lavers of inter-
twinec anular bands. These anular bands are arranged in a
specific pattern to resist forces placed on the lumbar spine.
The anular bands are subdivided into inner fibers, which
are connected to the cartilaginous endplate, and outer
Sharpy fibers, which are attached to the VB (Fia. 1). The
ALL and PLL further strenathen the disc snace. The ALL
attaches more stronalv to the VB edoes than to the anulus.
It provides atension band to resist forces applied in exten-

Abbreviations used in this paper: ALL = anterior longitudinal
ligament; IL = interleukin; MMP = matrix metalloproteinase; NO =
nitric oxide; PG = prostaglandin; PGE = prostaglandin E; PLL =
posterior longitudinal ligament; VB = vertebral body.
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sion and is a stronger ligament than the PLL. The PLL is
not as strong asthe ALL, but it provides atension band to
resist flexion forces. The PLL stronalv attachesto the anu-
lus fibrosis. and freauently is torn in cases of free frag-
ment disc herniation.

A meninaeal branch of the soinal nerve. better known
as the recurrent sinuvertebral nerve. innervates the arec
around the disc space (Fia. 2). This nerve exits from the
dorsal root canalion and enters the foramen. where it then
divides into a major ascending and lesser descendine
branch.’ It has been shown in animal studies that further
afferent innervation to the sinuvertebral nerve arises via
the rami communicantes from multiple superior and infe-
rior dorsal root ganglia.®® In both human and animal stud-
ies, the outer anular regions are innervated, but the inner
regions and nucleus pulposus are not innervated.>“ In
addition studies have demonstrated that the ALL also re-
ceives afferent innervation from branches that oricinate in
the dorsal root canalion.” The PLL isrichlv innervated bv
nociceptive fibers from the maior ascendina branch of the
snuvertebral nerve. These nerves aso innervate the adia-
cenl outer lavers of the anulusfibrosis.”*’ Deoenerated hu-
man lumbar discs have been shown to contain more nerve
tissue and to be more vascular than normal discs. 4%

PROTEOGLYCAN AND WATER CONTENT

The strenath of the lumbar disc is related to the fluic
and proteoglycan content of the disc. Proteoglycan is a
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Fig. 1. Artist's illustration showing the vascular supply to the
disc space from the cartilaginous endplate. 1 = segmental radicu-
lar artery; 2 = interosseous artery; 3 = capillary tuft; and 4 = disc
anulus.

hydrophilic, negatively charged, branched chain molecule
composed of a protein attached to an oligosaccharide. Pro-
teoglycans are also known as glycosaminoglycans and
include such structures as chondroitin and collagen. The
negative charge on the branched chains and the hydro-
philic nature of proteoglycan internally pressurize the disc
by drawing water via osmosis into the nucleus pul posus.
Unfortunately, proteoglycan and therefore water content
in the disc tend to decrease with age.*351% Additionally
the amount of hydration within the disc is inversely pro-
portional to applied stress, suggesting that applied spinal
loads lead to a loss of hydration and proteoglycan in the
disc.% Interestingly, proteoglycan, and thus water content,
has also been shown to be low throughout the entire spine
in patients with degenerated discs.® Studies have shown
that applied stress produces degenerative change in the
disc; however, it remains unclear whether degeneration in
vivo is the result of stress applied to an aready biochem-
ically atered disc or a response to stress by an otherwise
normal disc. Disc degeneration may have a genetic basis;
Sahlman, et a.,* have shown that mice that are heterozy-
gotes for the knockout gene, Col2al, related to Type Il
collagen, had 4% shorter spines and a decreased concen-
tration of glycosaminoglycans in their endplates, verte-
brae, and anuli fibrosis.

Degenerated discs have been demonstrated to vary spe-
cificaly in the degree of sulfation of chondroitin.?” De-
generated discs lacked adequate sulfation of chondroitin
when compared with controls, and the degree of degen-
eration was greater in higher grade degeneration. The
specific disaccharide involved was chondroitin sulfate,®
which had been reduced to unsulfated chondroitin in de-
generated sections. This study suggested a possible mech-
anism for the increased incidence of posterior failure of
the disc, because the degree of undersulfation was accen-
tuated in the nucleus pulposus as well as the posterior
central segment of the anulus fibrosis. Another specific
anular proteoglycan, fibromodulin, exhibits a structural
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Fig. 2. Artist'sillustration showing innervation of the PLL and
the disc anulus; 1 = ascending branch of the sinuvertebral nerve;
2 = dorsal root ganglion; 3 = descending branch of the sinuverte-
bral nerve; 4 = disc anulus; 5= PLL.

change with increasing age that is characterized by a pro-
portiona increase in its glycoprotein form, which lacks
keratin sulfate.®

VASCULARITY OF THE DISC

The disc itself has a low metabolic rate and receives
most of its nutrition bv diffusion.” Bulk transoort con-
tributes somewhat to nutrition of the disc and thisis facil-
itatec bv soinal motion. The malority of disc nutrition
is supplied via the capillarv beds of the cartilaginous VB
endolate.*’ Blood flow to these canillarv beds is under hu-
moral control. which increases with application of acetvl-
choline>® Earlv research suaaests muscarinic receptors
exist on the cartilaoinous endplate. implvina a possible
mechanism of the negative effects of nicotine on the end-
plate.®® These capillary beds receive blood flow from the
distal branches of the interosseous arteries sunplvina the
VB. Disruntion of the cartilaginous endplate leads to for-
mation of Schmoral nodes.> Vascular and lymphatic tis-
sue is present in the anulus of patients who are as old as
age 20 years; however, lymphatics and blood vessels are
not present in the nucleus pulposus at any age.>® The con-
centration of oxygen has been found to be greatest at the
disc edge, and the concentration of lactateis greatest in the
center, which is the portion of the disc farthest from the
blood supply.* Although the concentrations of oxygen and
lactate vary widely from person to person, they do not
seem to change in pathological states.*

Changes in the vascular supply appear in disc degener-
ation. Normal anastomotic arteries on the anterolateral
surface are obliterated and replaced by small, tortuous
arteries in degenerated anuli.® The arterial changes occur
before the degenerative process and may be related to the
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Pathophysiology of lumbar disc degeneration

ingrowth of vessels from osteophyte formation.® Thisim-
plies a relationship between nutrition to the disc and sub-
sequent disease. Some authors believe that neovascularity
occurs in response to injury as an attempt to supply the
damaged portion of the disc with nutrients.® Others sug-
gest that vascularization of the anulus occurs in response
to trauma and that the new vessels are associated with en-
dothelial cells, fibroblasts, and mononuclear cells.> Sur-
gical specimens have been compared with those from
normal cadaveric disc and it has been found that the vas-
culature of normal discs was not associated with addition-
al cells, but instead with an inactive collagen matrix.>
Both macrophages and blood vessels have been found to
be prominent in herniated disc fragments, but the presence
or absence of these entities could not be correlated with
the timing of radicular pain.?”

COLLAGEN DISTRIBUTION

Collagen is a widely distributed proteoglycan in the
body. Type | collagen is usually found in skin, bone, ten-
don, and dentin. Types |l and I X are normally found in hy-
aline cartilage and vitreous humor. Type I11 collagen can
be found in skin and blood vessels. Type VI is found in
most interstitial tissues. Type | collagen is found in the
nucleus pulposus and anulus fibrosis in both normal and
pathologically degenerated discs, whereas Type Il and I X
collagen are found to be increased in areas of minor
degeneration but absent in areas of more advanced dis-
ease.* In contrast, Lotz, et al.,* found that Type Il colla
genisdecreased at all levels of applied mechanical stress.
In another study the total amount of collagen was found to
be highest in patients 5 to 15 years of age, and in this study
the amount of denatured Type Il was decreased in degen-
erated discs.2® Types |l and VI wereincreased in areas of
degeneration regardless of the degree.** A marker of oxi-
dative stress related to modification of the protein struc-
ture of collagen, N-(carboxymethyl)lysine, has been
shown to increase with advancing degenerative disease.®

Additional studies of the collagen composition of the
disc have revealed the importance of collagen crosslinks
to the mechanical stability of the intervertebral disc. A
decrease in the presence of pyridinoline and an increasein
pentosidine within the disc are associated with aging.>?
The concentration of pyridinoline found in patients older
than 65 years was approximately 50% of that found in
younger people. Decreases in pyridinoline crosslinks lead
to dterations in the collagen matrix of the disc. Cellsin
the disc have the potential to produce amatrix that isinap-
propriate for the mechanical stresses placed on it.?°

It has also been suggested that matrix degeneration
within the nucleus may result from the increase in certain
proteinases that do not appear in the normal disc. Leuko-
cyte elastase, which is normally found in the VB, may be
at least partially responsible for the degeneration of the
extracellular matrix in the anulus, nucleus, and endplate.*®

ROLE OF APOPTOSIS

Apoptosisis programmed cell death and occurs in both
normal and patholoaical states. The role of apoptoss ir
lumbar disc degeneration is not fully understood. It is ap-
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parent that an inappropriate disc matrix is produced in
degenerated lumbar discs.®® This inappropriate matrix
may isolate cellsin the disc and lead to apoptosis. Further
experimentation has indicated that apoptosis occurs at a
higher rate in cases of free disc fragments compared with
contained disc herniations.® This increased rate of apop-
tosisin free disc herniations may be a possible mechanism
of resorption and remodeling of the extruded material.
In vitro evidence suggests that certain cytokines, namely
insulin-like growth factor-1 and platelet-derived growth
factor, can inhibit apoptosisin cell cultures of disc materi-
al.?* In vivo experiments indicate that disc tissue responds
in an autocrine fashion; that is, the cells rel ease substances
to which the cells themsel ves respond.3-%4° This has been
shown to be different in degenerated compared with nor-
mal disc tissue, and it has been hypothesized that these
substances can lead to disc degeneration.®° These stud-
ies al indicate that the disc is much more active biologi-
caly than previoudly thought, and further research may
provide pharmacological means to change the natura his-
tory of disc degeneration.

MECHANICAL STRESS AND INFLAMMATORY
COMPONENTS

Authors of multiple studies have evaluated mechanical
stress as applied to the intervertebral disc. Disc degenera-
tion is related to mechanical stresses. Deaeneration mav
beain in earlv adulthood and mav chanae the disc in suck
awav that herniation isimminent.= The levels most com-
monly affected are L4-5 and L5-S1. Although degenera-
tion at one of these two levels is correlated with disease
at the other, there is no correlation with disease in facet
joints.r” Disease in either the facet joints or the disc is not
reliably correlated with patient age. Stress in the vertebral
column is transmitted mostly to the endplates of the VB
and less to the core of the body.* In healthy individuals
the stress is transmitted from the center of the endplate,
whereas in a degenerative state, stress is transmitted more
to the periphera rather than the central aspects of the VB.
This is thought to be due to the loss of hydration of the
nucleus pul posus that accompanies aging.*

Other biomechanical studies have focused on the effect
of applied stress. A study in which cadaveric disc was
used and with motion was applied in flexion-extension,
axial rotation, and lateral bending showed that the laxity
of adegenerated disc isincreased and the range of motion
is decreased.** Spine flexibility and, thus range of motion,
was shown to be reduced in degeneration because of the
increasing size of the endplate and the decreasing height
of theintervertebral disc space. Theincreased laxity of the
motion segment was found to be due to decreased disc
height of the nucleus with resultant loss of tension of the
surroundina licaments.** When intradiscal pressure i<
increased. decenerated discs herniate at lower pressures
than normal discs.? It may be possible that a certain criti-
cal pressure exists above which the stressed anulus is
unable to counteract the force applied, resulting in rup-
ture.?® Umehara, et d.,* reported that the anulusin degen-
erated discs is abnormal and that its elastic modulus is
lowest in the posterolateral section of the disc. The same
group demonstrated that symmetry and regularity of the
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elastic modulus decrease as the grade of degeneration in-
creases. Others have shown that the degenerated disc had
reduced ability to withstand applied stress and that the
section of anulus most responsible for this is the middle
portion.*

Applied stress may trigger certain biochemica events
within the disc. Degenerated discs have higher than nor-
mal concentrations of fibronectin, which may be elevated
as part of the response to injury.*” This may trandate to an
increase in proteolytic activity.* Mechanical stress has
also been shown to increase the activity of MMPs 2 and 9
in articular cartilage, indicating an increase in tissue turn-
over that has the potential to weaken the disc.® Increases
in MMPs, NO, PGE-2, and IL-6 are also seen in herniat-
ed discs.® Cathespin G, a proteinase with a wide variety
of biochemical actions, has been shown to beincreased in
the anulus of degenerated discs.® It has also been sug-
gested that applied stress may decrease the expression of
Type |l collagen and result in disorganization of the anu-
lus fibrosus.*

The herniated disc also induces an inflammatory re-
sponse. In a dog model with autologous implantation of
both nucleus and anulus, Hasegawa and colleagues®
showed that nucleus fragments induce an inflammatory
reaction. The number of lymphocytes, macrophages, and
fibroblasts was markedly increased in samples from older
dogs.?* Others have examined human samples, finding
that macrophages are the most commonly found cell type
in both acute and chronic herniation.’®?2° Despite this
finding, evidence of macrophage infiltration does not cor-
relate with clinical symptoms in humans.® Interestingly,
the presence of inflammation in patients does correlate
with a better postoperative outcome when compared with
those with herniated discs showing no inflammation.®® A
study in rats revealed an increase in the expression of IL-
1B, IL-6, and NO synthetase 1 week after implantation of
nucleus fragments.® Further progression of the inflamma-
tory response may be caused by IL-13; the addition of this
cytokine to normal disc tissue in vitro causes an increase
in MMPs, IL-6, PGE-2, and NO.*? Degradation of the pro-
teins in the extracellular matrix of the disc may also be
caused by MMP's. Other inflammatory mediators, such as
IL-1x and tumor necrosis factor-, are also present in the
herniated disc and may in crease the amount of PGE-2.5?
The painful disc may be the result of the effect of PGE-2,
and, in fact, a positive straight-leg raise result has been
correlated with the amount of PGE-2.46 Some controversy
exists as to whether levels of tumor necrosis factor-a
and phospholipase A2 are increased in the herniated
dl Sc_n,18,57,58

In addition to the inflammatory mediators already men-
tioned, authors of one study found that two thirds of pa-
tients with lumbar disc disease and radicular symptoms
had an increase in antiglycosphingolipid antibodies, sug-
gesting an autoimmune component to lumbar disc dis-
ease.® Another group of authors showed that there are an-
tigen-antibody complexes present in the herniated disc,
although no conclusions were made regarding their clini-
cal significance.® The theory that there is an autoimmune
component to lumbar disc disease is controversial; oth-
ers authors have demonstrated a lack of cells that were
expected in an antigen-specific inflammatory response,
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although the number of macrophages is known to be in-
creased.??*

DISC HERNIATION

It has been widelv held that svymptoms of lumbar disc
disease are the result of either herniation of the nucleus
pul posus throuah a mechanicallv weak anulus fibrosis or
from tearina of the anulus itself. This can lead to radicu-
lopathy from nerve root compression or an inflammatory
process affectina nerve roots or the spinal cord. Herniatior
is thouaht to be the result of a defect in the anulus fibro-
s most likely the result of excessive stress applied to the
disc.”> Histological evaluation has revealed that whatever
the cause of the tear, the extruded portion alwavs involves
material from the nucleus pulposus.”? Herniation most
often occurs on the posterior or posterolateral aspect of the
disc.? Morphological characteristics, namely the arrange-
ment of the anular fiber bundles, seem to contribute to the
propensity for disc herniation on the posterior aspect of
the disc. This directs the herniation toward the exiting and
traversina nerve roots.®

The dearee of disease in the lumbar snine is character-
izec bv the location of the abnormal portion of the disc.®
A disc buloeisasvmmetrical extension of the disc bevonc
the endplates. whereas a protrusion is a focal area of ex-
tension still attached to the disc.'**¥ An extruded traoment
IS one that is no lonoer connected to the disc. and &
sequestered fragment 1s contained within the PLL .o

CONCLUSIONS

The lumbar discs most often affected bv deaeneration
that leads to herniation are L4-5 and L5-S1. most proba-
blv because of a combination of lonastandina deoenera:
tior and a subseauent change in the ability of the disc tc
resist applied stress. Discs that are degenerated show ab-
normal vascularity, and abnormal distribution of collagen
and collagen crosdinks. They also show an abnormal and
nonuniform elastic modulus that distributes stress to criti-
cal portions of the disc. Radicular pain is often associated
with disc herniation. which mav be due. in part. to an in-
flammatorv response to the portion of nucleus that has
been extruded. This inflammation is characterized by an
increase in the number of macrophages and an increasein
IL-1B, with a subsequent release of PGE-2. Although the
relative importance of these diverse pathological changes
is unclear, it is clear that lumbar disc degeneration and
herniation are multifactoral processes and that both mech-
anical and biochemical derangements exist.
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