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Summary

The distribution of the principal matrix components, collagen, proteoglycans
and water, across the diameter of human normal and degenerate intervertebral
discs was compared. Little difference in collagen distribution was noted
between normal and degenerate tissue but water and proteoglycan content
decreased with degeneration, particularly in the centre of the disc.

Proteoglycans of the nucleus pulposus and annulus fibrosus of normal and
degenerate intervertebral discs were examined. In comparison with monomers
of normal tissue, degenerate disc proteoglycans were of larger average hydro-
dynamic size and had a higher glucosamine to galactosamine ratio. Proteogly-
cans were digested with chondroitinase ABC and passed over an HA-Sepharose
2B affinity column. A greater proportion of the keratan sulphate-protein cores
from degenerate disc were capable of interaction with the immobilized hyal-
uronate. Loss of aggregating ability was associated with diminution in size of
the core. It is suggested that a large proportion of proteoglycans from normal
disc have undergone a degree of degradation in the hyaluronate binding region
and that proteoglycan synthesis in this tissue is slower than in degenerate
tissue.

Introduction

The intervertebral disc is a connective-tissue structure which links adjacent
vertebrae. It is specially adapted to withstand applied load while permitting
spinal flexibility [1]. Certain clinical disorders of the lumbar spine arise as a
consequence of intervertebral disc degeneration [2—4].

* To whom correspondence should be addressed.
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The disc consists of a central nucleus pulposus surrounded by concentric,
fibrous layers of the annulus fibrosus. In both nucleus and annulus low cell
populations [5] and collagen fibres lie embedded in a gel of proteoglycan and
water [6]. The mechanical properties of disc are determined by the nature of
the extracellular matrix [7-—10]; mechanical failure may result from local
variations in chemical composition [11].

After the age of 30, gradual changes in the chemical composition, texture
and histology of lumbar discs of man become evident {6,12]. It has been sug-
gested that degeneration of the intervertebral disc represents a form of accele-
rated aging [13]. The aim of this study was to examine this hypothesis from a
biochemical standpoint.

Experimental procedures

Materials. All reagents were of analytical grade with the exception of gluco-
samine hydrochloride, galactosamine hydrochloride, glucuronolactone,
N-acetyl neuraminic acid, carbazole and guanidinium chloride. Sepharose 2B, 4B
and 6B and Blue Dextran were from Pharmacia, Uppsala, Sweden and BioGel
P2 from BioRad Laboratories, Richmond, CA. Whatman DE-52 cellulose was
supplied by Whatman Ltd., Springfield Mill, Maidstone, Kent. Umbilical cord
hyaluronate (Grade I) was purchased from Sigma Chemical Co.

Analytical methods. Uronic acid was measured by an automated modifica-
tion [14] of the carbazole-borosulphuric acid method [15] using glucurono-
lactone as standard. Hydroxyproline was determined by an automated modi-
fication [16] of the method of Woessner [17] after hydrolysis in 6 M HC! at
100°C for 24 h in sealed glass tubes under nitrogen. Glucosamine and galacto-
samine were quantitatively determined on a 20 cm column of Beckman M81
resin on a Model 116 amino acid analyzer. Samples were hydrolyzed in 4 M
HCI at 100°C in sealed glass tubes under nitrogen for 4 h. Sialic acid was deter-
mined by the method of Jourdian et al. [18] using N-acetyl neuraminic acid as
standard.

Tissue. Intervertebral disc tissue was obtained from two sources: (a) dege-
nerate material was removed from the lumbar intervertebral spaces of three
male patients (aged 39, 50 and 57 years) undergoing anterior spinal fusion sur-
gery for degenerative disc disease. (b) normal tissue was removed similarly from
cadavers of three male patients (aged 23, 23 and 25 years) who had already
donated their kidneys following the diagnosis of brain death. Upon removal,
disc material was immediately frozen in liquid nitrogen and stored at —70°C
until used.

After the age of 30, gradual changes in the chemical composition, texture
and histology of lumbar discs of man become evident [6,12]. The discs of 23
and 25 year old patients were, therefore, regarded as normal since tissue dege-
neration due to aging had not yet begun. None of these patients was known to
have suffered any spinal disorder.

Dissection and determination of matrix component distribution. Nucleus
pulposus and ten individual lamellae of the annulus fibrosus (lamalla 1 being
the first well-defined lamella adjacent to the nucleus pulposus; lamella 10, the
lamella at the disc periphery) were dissected from the disc at room tempera-
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ture. Representative samples of nucleus and lamella 1 to 10 were used for each
of the following determinations.

(1). Water content: discs were dissected in a sealed chamber in which humid-
ity was maintained at 100% [19]. Tissue pieces were weighed in tightly stop-
pered plastic cups and then desiccated at 67°C to a constant dry weight.

(2). Swelling pressure: tissue was swollen to a constant weight in 0.15 M
NaCl solution at 4°C [20] followed by desiccation at 67°C to a constant dry
weight.

(3). Collagen content: hydroxyproline content of tissue of known weight
was measured. Collagen content was calculated by multiplying the hydroxypro-
line content by 7.4 [21].

(4). Uronic acid content: tissue of known weight was digested with twice
crystallized papain (0.1 mg/100 mg dry tissue) in 0.1 M sodium acetate (pH
5.5) containing 5 mM L-cysteine and 0.05 M EDTA for 24 h at 60°C [22].
Protein material was precipitated by the addition of trichloroacetic acid (to 5%
w/v) and removed by centrifugation. Glycosaminoglycans were precipitated by
addition of 3 vol. of ethanol. The precipitate was reconstituted in 1 ml water
and the uronic acid content determined.

Preparative methods

Extraction of proteoglycans. Nucleus pulposus was separated from annulus
fibrosus. Annulus immediately adjacent to the nucleus was discarded. Proteo-
glycans were extracted from small pieces of nucleus and annulus by stirring for
48 h at 2°C in 10 vol. of 4 M guanidinium chloride in 0.05 M sodium acetate
(pH 5.8) containing the following proteolytic enzyme inhibitors: 0.01 M Na,-
EDTA/0.005 M benzamidine hydrochloride/0.1 M 6-amino-hexanoic acid and
1 mg per 1 soya bean trypsin inhibitor [23]. The extracts were filtered through
glass wool and residual tissue was washed 3-times with 20 m] water. Combined
extracts and washes were dialysed and lyophilised. 94% of the uronic acid-con-
taining material was extracted from the nucleus pulposus by this method and
between 83% and 89% was extracted from the annulus fibrosus.

Proteoglycan monomers were purified by ion-exchange chromatography on
Whatman DE-52 DEAE-cellulose [24]. Most of the proteoglycans were eluted
with 2 M NaCl in 8 M urea. This fraction was dialysed and lyophilised.

Analysis of proteoglycans. Following lyophilisation, crude proteoglycan
extracted from tissue with 4 M guanidinium chloride, was chromatographed on
an analytical column of Sepharose 2B as described below. Proteoglycan mono-
mer prepared by ion-exchange chromatography was assessed on the same analy-
tical column of Sepharose 2B.

Chondroitin sulphate chains were released from proteoglycan monomers by
treatment with 0.05 M NaOH in 1 M sodium borohydride at 45°C for 48 h
under nitrogen [25,26]. The reaction was stopped by the dropwise addition of
acetic acid (conc.) following which, samples were lyophilised, desalted on Bio-
Gel P2, lyophilised and applied to an analytical column of Sepharose 6B as
described below.

Proteoglycan monomer was digested with chondroitinase ABC (0.05 U/mg
proteoglycan) in 0.1 M Tris-HC1/0.1 M sodium acetate (pH 7.3) at 37°C for 5 h
[27]. Digests were cooled in ice and applied to a column of Sepharose-HA at
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4°C as described below. Non-aggregating core molecules were washed from the
column by 0.5 M guanidinium chloride; those that were capable of interaction
with the immobilized hyaluronate eluted in the 4 M guanidinium chloride frac-
tion. Material eluted in the two fractions was collected, dialysed, lyophilised
and chromatographed on an analytical column of Sepharose 4B.

Gel chromatography. Analytical columns of Sepharose 2B and 4B (0.6 X 150
cm) were eluted with 0.5 M sodium acetate (pH 6.8) at 1—2 ml per h at 18°C.
An analytical column of Sepharose 6B (0.6 X 150 cm) was eluted with 0.2 M
NaCl at 1—2 ml per h at 18°C. Fractions of 0.7 ml were collected on fraction
collectors equipped with drop counters. All columns were calibrated with pro-
teoglycan aggregates and glucuronolactone. Column effluents were analysed for
uronic acid.

Desalting columns of BioGel P2 (1.5 X 25 cm) were eluted with 0.5 M pyri-
dine acetate (pH 7). Columns were calibrated with Blue Dextran and LiCl.

Sepharose-HA columns were prepared according to the method of Christner
et al. [28] and its efficiency assessed by chromatography of chondroitinase-
digested proteoglycan from bovine nasal cartilage. Results obtained were in
agreement with published values. The columns (1 X 15 cm) were eluted with 60
ml of 0.5 M guanidinium chloride/0.05 M sodium acetate (pH 5.8) followed by
60 ml of 4 M guanidinium chloride/0.05 M sodium acetate (pH 5.8) at 4°C.
The effluent was monitored for uronic acid using a manual carbazole method
[15].

Results

The distribution of the major matrix components across the diameter of the
disc was examined in human normal and degenerate material.

In normal disc, water content fell gradually from the nucleus pulposus in the
centre of the disc towards the disc periphery (Fig. 1A). Water content of the
degenerate nucleus was lower than that of the normal nucleus but was similar
at the periphery of both normal and degenerate discs. The water gradient across
the diameter of the normal disc became less steep with degeneration.

A similar trend in water content was observed after the tissue was swollen
in 0.15 M NaCl (Fig. 1B): there was a steady decrease in hydration from the
centre towards the periphery of normal and degenerate discs but the water gra-
dient across the swollen normal disc was steeper. Both normal and degenerate
disc tissue became superhydrated when soaked in physiological saline; water
content in both increased by between 12 and 16%.

Variation in collagen content was similar in normal and degenerate discs,
increasing gradually from the centre towards the periphery (Fig. 1C). In agree-
ment with Naylor et al, [29] there is a slight increase in nuclear collagen and a
decrease in collagen content of the mid-annulus of the degenerate disc.

In the normal disc there was little change in the concentration of uronic acid
across the nucleus pulposus and inner annulus, but it decreased markedly
towards the outer annulus (Fig. 1D). The concentration of uronic acid was
lower in the degenerate nucleus and annulus than in normal tissue and showed
little variation across the disc diameter.

In contrast to collagen distribution across normal and degenerate discs, obvi-
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Fig. 1. Distribution of major matrix components across the diameter of human normat ( ) and dege-
nerate (------ ) lumbar intervertebral discs. Nucleus pulposus (NP) and ten lamellae of the annulus fibro-
sus (1—10) were dissected from each disc. Water content (A), swelling pressure (B), collagen content (C)
and uronic acid content (D) of each sample was determined as described in the text.

Fig. 2. Gel filtration of crude proteoglycans (see text for details) from normal nucleus pulposus (A), nox-
mal annulus fibrosus (B), degenerate nucleus pulposus (C) and degenerate annulus fibrosus (D) on an
analytical column of Sepharose 2B. Column affluents were analysed for uronic acid. The percentage of
uronic-acid positive material excluded from the column (8) was:- normal nucleus pulposus 20%; normal
annulus fibrosus 41%; degenerate nucleus pulposus 36%; degenerate annulus fibrosus 38%.

ous differences in uronic acid concentration (reflecting proteoglycan distribu-
tion [11]) and water content were noted between the two tissues. Like proteo-
glycans of cartilage, those of intervertebral disc are composed of a protein core
to which chondroitin sulphate and keratan sulphate are covalently attached at
their reducing ends [20]. The protein core has three regions: one rich in chon-
droitin sulphate, another rich in keratan sulphate and a third lacking glycosami-
noglycans [31]. The latter region of the core protein is responsible for the
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interaction of proteoglycan with hyaluronate to form large, multimolecular
aggregates [32,33]. Proteoglycans enable tissue to withstand compression and,
in addition, play an important role in determining the transport of compounds
including salts, water, hormones, waste products and gases through the tissue
[34—36]. Proteoglycans of nucleus pulposus and annulus fibrosus of normal
and degenerate intervertebral discs were thus compared with a view to explain-
ing the differences in hydration of these tissues.

Crude reassociated proteoglycan was chromatographed on Sepharose 2B
(Fig. 2) as part of a preliminary set of experiments on small quantities of tissue,
in order to estimate the degree of association of proteoglycan with other
matrix components. The results were not regarded as definitive because of the
possibility of some proteolytic degradation during preparation. With this reser-
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Fig. 3. Gel filtration of proteoglycan monomer on Sepharose 2B. Purified proteoglycan monomer from
normal nucleus pulposus (A), normal annulus fibrosus (B), degenerate nucleus pulposus (C) and degene-
rate annulus fibrosus (D) were chromatographed on Sepharose 2B (0.6 X 150 cm). Column effluents were
analysed for uronic acid. The K4 values were: normal nucleus pulposus 0.68; normal annulus fibrosus
0.62; degenerate nucleus pulposus 0.58; degenerate annulus fibrosus 0.56.

Fig. 4. Gel filtration of chondroitin sulphate chains on Sepharose 6B (0.6 X 150 cm). Chondroitin sul-
phate chains wexe liberated from proteoglycans of normal nucleus pulposus (A), normal annulus fibrosus
(B), degenerate nucleus pulposus (C) and degenerate annulus fibrosus (D) by alkaline borohydride treat-
ment and chromatographed on Sepharose 6B. Column effluents were analysed for uronic acid. The
average molecular weights of the chondroitin sulphate chains were calculated to be: normal nucleus pul-
posus 13 200 (K4 0.58); normal annulus fibrosus 12 300 (K4 0.59); degenerate nucleus pulposus 13 200
(K q 0.58); degenerate annulus fibrosus 11 200 (K4 0.61) [38].
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vation, only 20% of the material extracted from normal nucleus pulposus was
excluded from the gel, while much greater proportions of the extracts from
normal annulus and from degenerate nucleus and annulus were excluded from
the gel (41%, 36% and 38% respectively). The above remarks notwithstanding,
the figures given compare favourably with published values [31,37].

Monomeric proteoglycans prepared from crude extract by ion-exchange
chromatography were assessed on Sepharose 2B (Fig. 3). Nucleus proteoglycans
were of smaller average hydrodynamic size than annulus proteoglycans in
normal and degenerate discs. By comparison with proteoglycans from degene-
rate tissue, normal tissue molecules were more retarded by Sepharose 2B and
had a lower glucosamine to galactosamine ratio (Table I).

Chondroitin sulphate side chains, prepared by alkaline borohydride degrada-
tion of purified monomer from different regions of disc, were assessed on Se-
pharose 6B (Fig. 4). The results show little difference in the sizes of the chon-
droitin sulphate, indicating molecular weights of 13200 for normal nucleus,
12 300 for normal annulus, 13 200 for degenerate nucleus and 11 200 for dege-
nerate annulus, as calculated from the data of Wasteson [38]. Bushell et al.
[39] have reported the average molecular weight of disc chondroitin sulphate
to be in the range 12 000—20 000.

Chondroitinase ABC-digested proteoglycan was passed over a Sepharose-HA
affinity column to assess the degree of interaction with hyaluronate. Keratan
sulphate-protein core not bound to the immobilized hyaluronate was washed
from the column with 0.5 M guanidinium chloride. Aggregated core was eluted
with 4 M guanidinium chloride (Fig. 5). A greater proportion of annulus core
proteins bound to the affinity column as compared with those of the nucleus
of both normal and degenerate intervertebral disc. In addition the proportion
of proteoglycans capable of aggregation was greater in degenerate than normal
tissue. .

Following chromatography on the Sepharose-HA affinity column, aggregat-
ing (4 M guanidinium chloride fraction) and non-aggregating (0.5 M guanidini-
um chloride fraction) protein cores were recovered and further assessed by
chromatography on Sepharose 4B (Fig. 6). The results indicate that the cores
capable of interaction with hyaluronate were larger than those incapable of
such interaction.

TABLE I

GLUCOSAMINE TO GALACTOSAMINE RATIO OF PROTEOGLYCAN MONOMER FROM HUMAN
NORMAL AND DEGENERATE INTERVERTEBRAL DISC

Sample Ratio (ug)
Normal nucleus pulposus 0.4
Normal annulus fibrosus 0.56
Degenerate nucleus pulposus 0.63

Degenerate annulus fibrosus 0.63
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Fig. 5. Affinity chromatography of keratan sulphate-protein cores on HA-Sepharose 2B, Proteoglycan
monomer from normal nucleus pulposus (A), normal annulus fibrosus (B), degenerate nucleus pulposus
(C) and degenerate annulus fibrosus (D) were digested with chondroitinase ABC and applied to an HA-
Sepharose 2B affinity column. The column was washed with 60 ml of 0.5 M guanidinium chloride per
0.05 M sodium acetate (pH 5.8). At the point indicated by the arrow, the concentration was increased to
4 M guanidinium chloride. Column effluent was monitored by uronic acid analysis.

Fig. 6, Gel filtration of keratan sulphate protein cores on Sepharose 4B, Chondroitinase ABC-digested
proteoglycan monomer from normal nucleus pulposus (A), normal annulus fibrosus (B), degenerate
nucleus pulposus (C) and degenerate annulus fibrosus (D) were applied to an HA-Sepharose 2B affinity
column, 0.5 M GuCl effluent (------ ) and 4 M GuCl effluent (: ) were recovered, dialysed, lyophil-
ised and chromatographed on Sepharose 4B (0.6 X 150 ¢cm). Column effluents were analysed for uronic
acid. The Kg values were: normal nucleus pulposus, 0.5 M GuCl 0.8, 4 M GuCl 0.56; normal annulus
fibrosus, 0.5 M GuCl 077; 4 M GuCl 0.46; degenerate nucleus pulposus, 0.5 M GuCl10.67; 4 M GuCl 0.37;
degenerate annulus fibrosus, 0.5 M GuCl 0.71;4 M GuCl 0.41. CuCl, guanidinium chloride.

Discussion

Age-related changes occurring in the intervertebral disc include a decrease in
total polysaacharide content of the tissue, a fall in water content and an
increase in collagen content. The average hydrodynamic size of the proteogly-
can monomer decreases with maturation while the molecule becomes richer in
keratan sulphate and poorer in chondroitin sulphate [40,41]. In articular carti-
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lage the proportion of proteoglycans capable of interaction with hyaluronate
does not change [42].

Differences in the chemical composition of normal and degenerate inter-
vertebral disc were observed, particularly in the nucleus pulposus. Some of the
changes are characteristic of aging tissue: there was a decrease in the water
and uronic acid contents (Fig. 1A and Fig. 1D), notably in the nucleus and
inner annulus of the degenerate disc, and an increased ratio of glucosamine to
galactosamine (Table I). Collagen content increased slightly in the degenerate
nucleus and decreased in the degenerate mid-annulus. The trend in collagen dis-
tribution across normal and degenerated disc was similar, increasing from the
centre of the disc towards the periphery (Fig. 1C). However, the proteoglycan
monomer displayed an apparent increase rather than a decrease in hydro-
dynamic size (Fig. 3). In addition a far greater proportion of proteoglycans of
degenerate disc were capable of aggregation (Fig. 5).

Oegema et al. [37] have shown that newly-synthesized proteoglycans of
human nucleus pulposus are of large molecular weight and are capable of aggre-
gation; subsequent degradation of these molecules is likely to give rise to a
variety of smaller and/or non-aggregating proteoglycans. Since the proteogly-
cans of degenerate disc are of greater average hydrodynamic size and include
more molecules capable of aggregation, it follows that a larger proportion of
these are newly synthesized. Normal (albeit younger) tissue, contained proteo-
glycans of smaller average size. As fewer of these were capable of aggregation it
is likely that they have undergone a degree of degradation. It may be that syn-
thesis in normal tissue is slower than in degenerate tissue since a greater propor-
tion of proteoglycans in normal tissue are in a degraded state. The fact that
aggregating keratan sulphate-protein cores are larger than non-aggregating cores
(Fig. 6) suggests that degradation occurred to a definite extent in the hyaluron-
ate binding region. The fact that the average chondroitin sulphate chain size
was the same in all samples examined (Fig. 4) rules out any role chondroitin
sulphate chains might play in the observed differences in hydrodynamic size of
the intact proteoglycans.

The higher ratio of keratan sulphate to chondroitin sulphate in proteogly-
cans of degenerate tissue, however, was more likely an age-related phenom-
non,

This study has not provided any explanation for the observed decrease in
water content of degenerate intervertebral discs. Although the uronic acid con-
centration, which reflects charge density, is higher in normal than in degenerate
discs, swelling pressure measurements show that the swelling potential of both
normal and degenerate discs is not fully realised in vivo. It is suggested that
other factors are operative in regulating the degree of hydration of interverte-
bral discs.

The mechanical efficiency of the disc depends on the integrity of the col-
lagen framework; biochemical changes within the network could be responsible
for degeneration and/or prolapse [43]. The variation in collagen content across
normal and degenerate intervertebral discs was slight. The observation that
swollen degenerate discs had a lower water content than' swollen normal discs
(Fig. 1B) speaks against any mechanical disruption or fracture of the collagen
network as observed in osteoarthrosis [44]. It is more likely that chemical dif-
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ferences in disc collagen are implicated in mechanical failure of the interverte-
bral disc [11,45]. These changes may include variations in the relative propor
tions and distributions of Type I and Type II collagens, the extent of hydro. -
ylation or the degree of fibril cross-linking [45]. Proteoglycans may regulate
the size and deposition of collagen fibrils [10]. The variable proteoglycans in
normal and degenerate discs could alter the natire of the collagen network,
assuming collagen turnover still occurs in this tissue. Increased susceptibility to
enzyme degradation and the appearance of immature fibre types in electron
microscopy suggests collagen synthesis in degenerate disc [29].

In a ‘hydrostatic’ model of the intervertebral joint, the nucleus pulposus is
assumed to be gelatinous and a perfect hydrostatic medium, so that on appli-
cation of a compressive load, the nuclear cavity develops an internal pressure
which is converted into tensile stress distributed to the annulus fibres equally in
all directions [46]. It has been shown that with disc degeneration, the water
and uronic acid content, particularly in the centre of the disc, are reduced. The
nucleus thus becomes more fibrotic and water and uronic acid concentration
gradients, which were observed across the diameter of the normal disc, become
less steep. The nucleus of the degenerate disc is thus likely to behave non-
hydrostatically when subjected to load [46]. As physical differences between
the nucleus and the annulus become reduced with degeneration, compressive
stresses would be developed in both in the direction of the applied load and
tractional in the radial direction. The failure of the annulus fibrosus would,
under such conditions, be due to separation of the fibres themselves because
the inter-fibre medium is likely to have less tensile strength than that of the
fibres.
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