
Abstract During the process of de-
generation, the intervertebral disc
(IVD) shows a progressive and sig-
nificant reduction in height due to
tissue resorption. Intradiscal clefts
and tears are major hallmarks of disc
degeneration. Matrix-degrading en-
zymes such as matrix metallopro-
teinases (MMPs) are assumed to play
a pivotal role in disc tissue degrada-
tion and resorption. The objective of
this study was therefore to investigate
the potential role of MMPs in extra-
cellular matrix degradation leading
to disc degeneration. This study was
conducted on 30 formalin-fixed and
EDTA-decalcified complete cross-
sections of lumbar IVDs from cadav-
ers of individuals aged between 0
and 86 years. Tissue sections were
used for the immunolocalization of
MMPs-1, -2, -3 and -9. The number
of labeled cells was assessed by mor-
phometric analyses, and was statisti-
cally correlated with the formation of
clefts and tears, cellular proliferation,
granular matrix changes and mucous
degeneration. Furthermore, 30 disc
specimens obtained during spinal
surgery were used for in situ hybrid-
ization of MMP-2 and -3-mRNA. In
addition, the enzymatic gelatinolytic
activity was determined by in situ
zymography in autopsy material. Im-
munohistochemistry showed the in-
tradiscal expression of all four MMPs,
which was confirmed by in situ hy-
bridization, providing clear evidence
for the synthesis of the enzymes
within nucleus pulposus and annulus

fibrosus cells. Gelatinolytic enzy-
matic activity was verified by in situ
zymography. IVDs from infants and
young adolescents remained almost
completely unlabeled for all MMPs
tested, while more MMPs-1 and -3
were seen in disc cells of younger
adults than in those of a more ad-
vanced age; MMP-2 remained un-
changed over the adult age periods,
and MMP-9 was expressed in only
relatively few cells. This pattern sig-
nificantly correlated with the occur-
rence of clefts and tears. This corre-
lation was strongest for MMP-1
(P<0.0001), MMP-2 (P<0.0017) and
MMP-3 (P<0.0005) in the nucleus,
and MMP-1 (P<0.0001) and MMP-2
(P<0.038) in the annulus. In parallel,
the proliferation of disc cells and ma-
trix degeneration (granular changes
and mucous degeneration) were re-
lated to MMP expression. Likewise,
enzymatic activity was seen in asso-
ciation with cleft formation. Our data
suggest that major MMPs play an im-
portant role in the degradation of the
IVD. This is evidenced by the high
correlation of MMP expression with
the formation of clefts and tears. These
findings implicate a leading function
for MMPs in IVD degeneration result-
ing in the loss of normal disc function,
eventually leading to low-back pain.
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Introduction

The integrity of the intervertebral disc (IVD) depends
largely on the equilibrium between matrix degradation
and synthesis. Any imbalance might lead to impaired
functional properties. From a histologic point of view, the
occurrence of clefts and tears are the major hallmarks of
disc degeneration, [5, 6, 7, 9, 10, 11, 15, 18, 36, 40, 41,
42, 43], but there is very little (almost no) evidence that
invading cells might contribute to this process of matrix
degradation. Therefore, it can be assumed that local cells
are involved in any degradation process. During the process
of degeneration, the IVD exhibits a progressive and sig-
nificant reduction in height due to tissue resorption. Since
collagen is the most abundant disc matrix protein, and
since collagen molecules can be cleaved by only very few
proteases, the group of collagen-degrading enzymes – the
matrix metalloproteinases (MMPs) – have recently been
attracting more and more attention [12, 13, 20, 21, 25, 26,
27, 31, 35]. MMP-1 is unique in degrading native, intact
interstitial collagen (such as collagen I, II and III), while
the two gelatinases (MMPs-2 and -9) cleave denatured
collagen molecules and basement membrane collagen
type IV. Stromelysin-1 (MMP-3) degrades non-collage-
nous matrix proteins, but also denatured collagen.

Recent research has focused on the role of MMPs in
tissue degradation in the process of disc aging and/or de-
generation. Preliminary studies [12, 20, 21, 25, 26, 27, 31]
suggested that MMP expression and activity is up-regu-
lated in disc tissue with degenerative lesions, but little is
known about any association between the expression and
activity of MMPs and the histologic evidence for tissue
degradation in the various anatomic regions.

In analyzing human lumbar intervertebral discs obtained
during routine autopsy and spinal surgery by histochemi-
cal and immunohistochemical methods, in situ hybridiza-
tion and in situ zymography, the objective was to:

1. Study the temporo-spatial distribution and enzyme ac-
tivity of major MMPs in normal and degenerated lum-
bar intervertebral discs of various ages

2. Investigate the potential role of MMPs in the extracel-
lular matrix degradation leading to disc degeneration

3. Correlate the expression of major MMPs with the oc-
currence of cells with phagocytic activity in relation to
tissue resorption

Materials and methods

Study populations and tissue preparation

Two different study populations were included to investigate the
aforementioned study objectives.

Study group I

The first group consists of 30 intervertebral disc specimens cover-
ing the whole age range (fetal to 86 years) obtained from 20 ca-
davers (9 female, 11 male). None of the individuals had died of a
consuming illness (i.e. tumor, infection) or had known spinal prob-
lems. Complete lumbar motion segments were harvested at routine
autopsy, as described in a previous study [33]. Mid- and parasagit-
tal sections through the motion segment were prepared for subse-
quent histology and immunohistochemistry to allow for a concise
correlation of any observation with the respective anatomic regions
(i.e. nucleus vs. annulus). For the present analysis, these cases
were selected to be representative with respect to age, sex, and his-
tomorphologic features.

Thin sagittal slices (5 mm) of the complete motion segments
were fixed in 4–6% buffered formaldehyde (pH 7.4), subsequently
decalcified (0.1 M EDTA, pH 7.4) for a 1- to 4-months period and,
after completion of decalcification, finally embedded in paraffin
wax as routinely performed.

The rationale for this study group was to obtain specimens al-
lowing for a detailed correlation between MMP expression and
histomorphologic alterations in the different histoanatomic regions
of the disc.

Study group II

The second group encompassed 30 lumbar specimens obtained dur-
ing surgical procedures (i.e. discectomies, anterior lumbar inter-
body fusion and scoliosis surgery) from 23 individuals (age range
11–68 years, 14 females and 9 males). Eight patients had under-
gone surgery for degenerative disc disease; ten patients for disc pro-
trusion; and five patients for scoliosis correction. The distribution
of the 30 samples obtained from these 23 patients across the disc
levels was as follows: T12/L1 (n=6), L1/2 (n=2), L2/3 (n=2), L4/5
(n=8), L5/S1 (n=12). Clinical data on low-back pain history, re-
lated disability and imaging findings (radiographs, magnetic reso-
nance images) were available for all cases.

The material was immediately fixed in buffered 4–6% formal-
dehyde (pH 7.4) in order to ensure conservation of mRNA. All
manipulations on this material were carried out under RNase-free
conditions (gloves, RNase-free reagents etc.). The formalin-fixed
tissue samples were treated as in group I, i.e. cases with obvious
calcifications or residual bone material had to be smoothly decal-
cified before embedding, which was performed in a significantly
shorter time period than in group I. All specimens were cut into
slices (2–4 µm) and placed on silanized glass slides both for rou-
tine and histochemical stainings (H&E, Masson-Goldner or Elas-
tica-van Gieson’s connective tissue stain, Alcian blue-PAS), as
performed in a previous study [33], and additionally for immuno-
histochemistry.

The rationale for a second study population was to obtain fresh
tissue samples, because autopsy material is unsuitable for in situ
hybridization analysis due to the well-known rapid postmortem
degradation of the mRNA.

Immunohistochemical staining procedures

For this study, we used antibodies specifically reacting with MMP-1
(Oncogene, Boston, USA), MMP-2 and -3 (Chemicon International,
Ltd., Hofheim, Germany) and MMP-9 (Dr. Lichtinghagen, Han-
nover, Germany). The specificity of the antibodies had been tested
extensively prior to the study by various tests including Western
blots [2, 3, 28]. In addition, we localized cells with phagocytic cel-
lular features by immunostaining for CD 68. This lysosomal enzyme
is usually expressed in granulocytes and macrophages/histiocytes,
and indicates the cell’s capability for phagocytic (digestive) activ-
ity. Therefore, we applied the commercially available monoclonal
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antibody against the epitope KP-1 of CD 68 (DAKO, Hamburg,
Germany) [32, 38].

Appropriate tissue sections from groups I and II were deparaf-
finized and subsequently pretreated with microwave radiation, as
indicated by the manufacturer, to enhance immunoreactivity. The
pretreated sections were then incubated with the monospecific
MMP antibodies, which were finally visualized either by the
APAAP method (DAKO, Hamburg, Germany) or the ABC tech-
nique (Vector, Burlingame, USA) [22]. The chromogenes were
fast red for the APAAP reaction or diaminobenzidine for the ABC
reaction (Sigma Chem., Deisenhofen, Germany). For negative
controls, we used parallel sections treated with normal serum in-
stead of the specific antibodies.

In situ hybridization analysis

The rationale for in situ hybridization investigations was to pro-
vide additional evidence for the synthesis of the MMPs within res-
ident disc cells that had been localized in any given disc tissue by
immunohistochemistry.

For the in situ analysis of the mRNA expression of MMP-2 and
-3, we applied non-radioactive in situ hybridization, as recently de-
scribed more extensively in a different context [28]. Therefore,
specific gene probes recognizing the MMP-2 and -3 gene, respec-
tively, were subcloned in pBluescript KS II plasmids (Stratagene,
La Jolla, USA). The specificity of the probes had previously been
tested by Northern blot. After linearization of the plasmids, single-
stranded RNA probes complementary (anti-sense) or anti-comple-
mentary (sense probes, negative controls) were obtained by run-
ning off transcription using T3 or T7 polymerase. The probes were
labeled by the incorporation of digoxigenin (Roche Chem., Basel,
Switzerland) according to the manufacturer’s instructions.

The fixed and embedded sections were deparaffinized, rehy-
drated and subjected to microwave pretreatment and proteinase-K
digestion (Qiagen, Hilden, Germany). In a first set of experiments,
the reaction criteria were determined for each set of samples, i.e.
the optimal pretreatment and reaction conditions. Hybridization
with the specific probes was carried out overnight at 49°C. Hy-
bridized probes were detected by an anti-digoxigenin antibody
(Fab-fragment, Roche Chem.) labeled with alkaline phosphatase
and stained as indicated before.

In situ zymography

In addition to the histologic and immunohistologic tissue process-
ing on the autopsy material, disc material (ten randomly selected
specimens covering the age range of study group I) was obtained
to demonstrate that the immunolocalized MMPs with gelatinolytic
properties (i.e. MMPs-2, -3, and -9) actually exhibit biologic ac-
tivity. In this context, the in situ zymography data served as an ad-
ditional control for the data obtained by immunohistochemistry
and in situ hybridization.

In order to localize the gelatinolytic activity within disc tissue,
we applied in situ zymography using a modified method described
by Nemori and co-workers [23]. This technique uses denatured
collagen (“gelatin”), which is covered by a frozen section of the
target tissue. In those areas with collagenolytic activity (i.e. mainly
by MMPs-2, -3 and -9), the underlying gelatin is digested and thus
removed from the slide by diffusion during subsequent washing.
Thereby, any reduction of the staining intensity of the gelatin pad
indicates enzymatic activity at that site.

This in situ zymography was performed using gelatin-covered
slides that had been prepared by a mixture of 1.5% gelatin with
12% polyacrylamide (Fluka, Buchs, Switzerland). After polymer-
ization of the gelatin/polyacrylamide, a frozen section of native
IVD tissue was placed upon the gelatin pad and incubated in a wet
chamber for 16 h. Subsequently, the slide was stained with pon-

ceau red (Merck, Darmstadt, Germany), which stains the remain-
ing gelatin. Thereby, gelatinolytic activity can be localized by
showing a reduction of the ponceau red staining in areas of gelati-
nolysis beneath structures of the tissue section.

Data assessment and analyses

Histologic analyses

Histomorphologic analyses of the disc specimens were performed
separately for the nucleus pulposus and the annulus fibrosus using
a recently developed grading system [4]. Briefly, this grading sys-
tem takes into account the following parameters that are graded at
varying scores:

1. Cell density (chondrocyte proliferation)
2. Structural alterations (tears and clefts)
3. Mucoid degeneration
4. Granular matrix changes

The scores for each criterion are summarized in a histologic degen-
eration score (HDS) ranking of between 0 and 18 points (Table 1).
Reproducibility assessment of the HDS has demonstrated a satis-
factory level of reliability, with kappa values ranging from 0.71 to
0.80 [4].

All histomorphologic assessments for the purpose of this study
were done by two pathologists, and disagreement was resolved in
conference. The consensus assessment was used for further statis-
tical analyses. The evaluation of the histomorphology was performed
independently of the immunohistochemical observations, to exclude
any bias.

Immunohistochemical analyses

The assessment of the abundance of MMP- and CD 68-labeled
cells was accomplished by a quantitative morphometric analysis.
Twenty fields for each anatomic region (i.e. nucleus pulposus, an-
nulus fibrosus) were randomly selected, and the averaged propor-
tion of labeled cells was calculated in relation to the total number
of cells. Thus, quantitative values were obtained for the expression
of MMP-1, -2, -3 and -9 as well as for CD 68-positive cells (i.e.
cells with phagocytic activity).

In situ hybridization

The results of the in situ hybridization (MMP-2 and -3) were
recorded on a qualitative basis (presence/absence), and compared
with the results obtained by immunolocalization of the respective
MMPs in study group II.

In situ zymography

Similarly, the results of in situ zymography were recorded in a
qualitative manner (presence/absence) and compared with the re-
sults obtained by immunolocalization of the respective MMPs with
gelatinolytic activity (i.e. MMP-2, -3 and -9) in study group I.

Correlative analyses

Statistical data analysis was accomplished in several steps. First,
the influence of age, disc level and anatomic regions (i.e. nucleus
pulposus vs annulus fibrosus) on the expression of MMPs was ex-
plored using a Pearson correlation, one way ANOVA and paired 
t-test, respectively. Second, simple relationships between MMP-1,
-2, -3, and -9 and histologic features of disc degeneration were ex-
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plored using the Pearson correlation. Finally, the relationship be-
tween expression of MMPs and CD 68-positive cells was explored
with a partial correlation procedure controlling for histologic fea-
tures of disc degeneration (i.e. cell density, structural alterations,
mucous degeneration, granular changes) and age. The level of sig-
nificance was set at P<0.05, two tailed.

Results

Histomorphologic alterations

The histomorphologic alterations were analyzed in study
group I. While in the fetal and infantile discs almost no
signs of degenerative lesions were seen in either the annu-
lus fibrosus or nucleus pulposus, slight focal chondrocyte
proliferation and minimal granular changes were seen in
adolescents aged between 10 and 15 years. In contrast, the
adolescent/young adult group aged between 16 and 30
years revealed significant degenerative alterations as seen
by extensive formation of clefts and tears, focal chondro-
cyte proliferation and significant granular matrix degener-
ation (Fig.1a–d). In addition, focal minor mucoid degen-
eration was noted. This was seen mostly in the nucleus
pulposus, but not – or to a much lower extent – in annular
tissue. The highest frequency of histopathologic abnor-
malities was seen in the IVDs of the adult group (31–

60 years) and the group of individuals of advanced age
(>60 years). In addition to a pronounced development of
tears and clefts, huge clones of hypertrophic chondrocytes
indicating cell proliferation were found, frequently close
to the clefts. Furthermore, granular changes and mucoid
matrix degeneration were present to significant extent.
These changes affected both the annulus fibrosus and the
nucleus pulposus.

Temporo-spatial distribution of MMP expression 
by immunohistochemistry

In the fetal, infantile and adolescent age group, there was
almost no staining for MMP-1 (Fig.2a), MMP-2, MMP-3
and MMP-9, in either the nucleus or the annulus. In con-
trast, adolescents aged more than 15 years and young
adults revealed a significant level of cellular MMP ex-
pression for MMP-1 (Fig.2b), MMP-2 (Fig.2c) and
MMP-3 (Fig.2d), but not for MMP-9, which was seen
only very occasionally and at low levels in disc cells in
both the annulus and the nucleus (Fig.2e). MMP-1, -2 and
-3 positive cells were frequently, but not exclusively,
located close to tissue clefts, and cells of chondrocyte
clones were also often labeled. The group of adults aged
between 31 and 60 years also revealed an extensive
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Table 1 Parameters collected for the histologic assessment of disc degeneration and scoring

Criteria Grading

Cell density (chondrocyte proliferation): multiple chondrocytes growing 0=no proliferation
in small rounded groups or clusters, sharply demarcated by a rim 1=increased cell density
of territorial matrix 2=connection of two chondrocytes

3=small size clones (several chondrocytes grouped 
together, 3–7 cells)

4=moderate size clones (8–15 cells)
5=huge clones (>15 cells)
6=scar/tissue defects

Structural alterations (tears and clefts): concentric tears following the collagen 0=absent
fiber bundles’ orientation in the annulus fibrosus or radiating defects extending 1=rarely present
from the nucleus pulposus to the outer annulus lamellae parallel or oblique 2=present in intermediate amounts between 1 and 3
to the end plate (clefts)

3=abundantly present
4=scar/tissue defects

Granular changes: eosinophilic-staining, amorphous granules within the 0=absent
fibrocartilage matrix 1=rarely present

2=present in intermediate amounts, between 1 and 3
3=abundantly present
4=scar/tissue defects

Mucous degeneration: cystic, oval or irregular areas with an intense deposition 0=absent
of acid mucopolysaccharides (i.e. sulfated glycosaminoglycans) staining dark 1=rarely present
blue with Alc-PAS 2=present in intermediate amounts, between 1 and 3

3=abundantly present
4=scar/tissue defects

Histologic Degeneration Score 0–18 points



staining of disc cells for these three MMP isotypes.
Again, the MMP-9 level was low. In the advanced age
group (>60 years), the number of labeled cells was re-
duced for MMP-1, -2 and -3 (with the exception of MMP-2
in the nucleus pulposus) when compared to young and
mature adults. In general, the amount of those MMPs was
slightly greater in the nucleus pulposus than in the annu-
lus fibrosus.

Localization of phagocytic cells 
by immunohistochemistry

In order to localize cells with phagocytic activity (as evi-
denced by the lysosomal protein CD 68), we immunolo-
calized a specific CD 68 epitope [32] in the tissue material
from study group I. Using this method, we observed no
CD 68-positive cells in fetal, infantile or young adoles-
cent discs, but these cells were observed to a considerable
extent in older individuals with degenerative disc mor-
phology (those aged between 15 and 86 years). There
were no major differences in the number of CD 68-posi-
tive cells according to age for those falling within this age
group. The positively labeled cells were morphologically
not different from disc cells of the nucleus and/or annulus.

In situ expression of MMP-2 and -3-mRNA 
by in situ hybridization

Due to technical reasons, the expression of mRNA could
only be evaluated in sample material from study group II.
Almost all surgical specimens in this group exhibited pro-
nounced histologic signs of IVD degeneration with exten-
sive tissue defects caused by large tears or clefts, mucoid
degeneration and extensive chondrocyte proliferation. As
expected, the scoliosis specimen exhibited substantially
fewer alterations, but in none of the cases was a normal
disc found. Although the degenerative changes affected
both compartments, it seems that the alterations were
more pronounced in the nucleus pulposus.

Using non-radioactive in situ hybridization, we de-
tected specifically labeled cells in all samples analyzed,
providing evidence for active synthesis of MMP-2 and -3
by various disc cells. The labeling was only within the cy-
toplasm of the cells (Fig.3a,c), and all control experi-
ments, in particular the corresponding sense controls,
were negative (Fig.3b,d).

Cells showing positive for MMP-2 and -3-mRNA were
essentially the same as those labeled by the respective an-
tibodies (see above). This was verified, in particular, by
semi-serial sections stained for MMP-3-mRNA and the
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Fig.1a–d Histomorphologic
signs for disc degeneration. 
a The appearance of clefts 
(arrows) within the nucleus
pulposus (here at the transition
zone to the cartilaginous end
plate) suggest tissue disruption
(adult, aged 22 years). b Focal
cell proliferations can manifest
as chondrocyte clones (arrows)
and are an important parameter
for disc degeneration (adult,
aged 28 years). c The occur-
rence of mucoid material 
(arrows) indicates matrix dis-
arrangement (adult, aged 
62 years). d More advanced
signs reveal significant tear
formation (arrow), extending
from the inner to the outer an-
nulus fibrosus, potentially
leading to disc protrusion
(adult, aged 28 years). (Origi-
nal magnification: a, c ×250; 
b ×400; d ×100)



corresponding protein. These showed a significant num-
ber of cells expressing the MMPs close to tissue clefts,
and also showed positive reactions among some isolated
cells of chondrocyte clusters. The number of nuclear cells
with a positive signal was somewhat higher than that of
clearly annular cells. There was no significant difference
between the two MMPs.

In situ zymography

In the ten samples of autopsy cases, in situ zymography
revealed a focal significant gelatinolytic activity, indicat-
ing active degrading of the collagenous network by en-
zymes in those areas. These were mainly seen adjacent, or
at least close, to areas with tissue disruption and cleft for-
mation (Fig.4a). However, similar gelatinolytic activity in
areas with cell proliferation without cleft formation was
also occasionally seen in young and older adult disc tissue,
but not in material from juvenile individuals (Fig. 4b).
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Fig.2a–e Immunohistochemi-
cal features of MMP expres-
sion. a In this juvenile sample
(10 years old) no expression is
seen for MMP-1 (arrows). b In
an adult (24 years old) MMP-1
is expressed in numerous cells
(arrows), there is no extracel-
lular staining. Note the prox-
imity to the clefting of this ma-
terial (asterisk). c Similarly,
MMP-2 is preferentially, but
not exclusively, expressed 
(arrows) close to tissue clefts
(asterisk) (adult, aged 24 years).
d An intracellular MMP-3-
staining is also seen in a signif-
icant proportion of disc cells
(arrows), frequently close to
tissue clefts (asterisk) (adult,
aged 21 years). e In contrast,
MMP-9-expressing cells (ar-
rows) are seen in only few areas
(adult, aged 21 years) (a,b anti-
MMP-1, c anti-MMP-2, d anti-
MMP-3, e anti-MMP-9; origi-
nal magnification a–e: ×400)



These observations clearly indicate gelatinolytic activity
within disc tissue with pathological destruction, particu-
larly cleft formation.

Correlative analyses

The statistical evaluation of the relation between MMP
expression and age revealed a highly significant correla-

tion between age and the immunohistochemical expres-
sion of MMP-1 (P<0.002), MMP-2 (P<0.0001) and MMP-9
(P<0.03) for nucleus pulposus and of MMP-2 (P<0.007)
for the annulus fibrosus (Fig.5a,b). While histologic alter-
ations (HDS) were significantly (P<0.0001) more pro-
nounced in the nucleus pulposus, there were no signifi-
cant differences with regard to the expression of MMP-1
and MMP-9. In contrast, MMP-2 (P<0.002) and MMP-3
(P<0.0001) exhibited significant differences between nu-
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Fig.3a–d In situ hybridization
results in disc biopsy material.
a Typical cytoplasmic expres-
sion of MMP-2-mRNA in disc
tissue, with signs of disc degen-
eration (adult, aged 21 years).
The antisense staining shows a
specific staining (arrow) in cell
groups resembling those seen
in the immunohistochemistry
(MMP-2-antisense). b The cor-
responding sense control re-
veals a negative result, indicat-
ing specificity of the antisense
staining (MMP-2-sense control).
c The localization of MMP-3-
mRNA shows a very similar
tissue distribution as for 
MMP-2, with a significant la-
beling of disc cells (arrows)
close to clefts (asterisk) (adult,
aged 21 years). d The corre-
sponding sense control again
reveals a negative result.
(Original magnification a–d:
×500)

Fig.4a,b Localization of
gelatinolytic activity by in situ
zymography. a In areas close
to nuclear tissue defects and
clefts (asterisk), the reduction
of the ponceau red staining
(arrows) indicates gelatinolytic
activity. Note the large cell
clones within the lytic area
(adult, aged 52 years). b A
comparable section adjacent to
the nucleus pulposus in a juve-
nile (aged 12 years) reveals no
significant gelatinolytic activ-
ity (homogeneous red staining
in ponceau red staining) (ar-
rows). (Original magnification
a,b: ×200)



cleus and annulus. The disc level did not have any signif-
icant influence on the expression of the analyzed MMPs.

The correlation between MMP expression and labeling
for CD 68-positive cells with histomorphologic alterations
is reported in Table 2. Most obvious is the strong cor-
relation of MMP-1 (P<0.0001), MMP-2 (P<0.002) and
MMP-3 (P<0.0005) with the formation of clefts (nucleus

pulposus) and MMP-1 (P<0.0001) and MMP-2 (P<0.038)
with the formation of tears (annulus fibrosus). The corre-
lation of MMP expression and CD 68-positive cells with
the extent of histomorphologic tissue degradation is illus-
trated in Fig.6a,b.

Exploring the relationship of CD 68-positive cells with
the expression of MMPs-1, -2, -3, and -9, significant cor-
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Fig.5 Graphic demonstration
of the association between age
and MMP expression (morpho-
metric analysis) in the annulus
fibrosus (a) and nucleus pulpo-
sus (b)



relations with all MMPs in the nucleus and MMPs-1,-2,
and -3 in the annulus were found. However, the correla-
tion between CD 68 and MMP-9 did not quite achieve sta-
tistical significance (P<0.06) in the annulus. When the
correlation was controlled for histologic alterations (i.e.
cell density, structural alterations, mucoid degenera-
tion, granular changes) and age, a significant correlation
was demonstrated for MMP-1 (P<0.002) and MMP-3
(P<0.0001) for the nucleus and MMP-1 (P<0.02), MMP-3
(P<0.04) and MMP-9 (P<0.001) for the annulus. This
indicates a direct effect of the respective MMPs on the
cells, independent of histomorphologic degeneration and
age.

Discussion

While the macroscopic and histologic features of disc de-
generation are well described in a phenomenological
manner [9, 10, 11], the understanding of the underlying
molecular mechanisms of disc aging and/or degeneration
is still limited. Previous studies demonstrated a loss of the
collagenous meshwork, an increasing replacement by
hyaline collagen fibers and the occurrence of fissures
within the disc tissue as major histopathologic features as-
sociated with disc degeneration. These features increase
with age. Similar observations have been made by others
[5, 7]. In a previous study, we demonstrated that these

changes occur as early as in adolescence [33]. We provide
circumstantial evidence that the proliferation of discal
chondrocytes, the formation of clefts and tears and both
mucoid and granular matrix degeneration are statistically
associated with aging and/or disc degeneration. These
data served as a basis in order to establish a novel grading
system semiquantitatively assessing the extent of histo-
logic tissue degradation [4].

Within the IVD, the normal nucleus pulposus is mainly
composed of collagen type II (together with collagen
types VI, IX and XI), while the annulus fibrosus contains
large amounts of collagen type I with other “minor” colla-
gen types intermingled (mainly collagens III, V, VI) [33].
The interaction of these collagens and their integrity ap-
pear essential for the mechanical function of the disc. These
collagen molecules can be degraded only by specific en-
zymes, particularly the various matrix metalloproteinases
(MMPs), which are the main players in the catabolism of
collagen molecules. Within the various MMPs, there exist
significant differences in substrate specificity, so that col-
lagen molecules are usually degraded by a concerted ac-
tion of distinct MMPs.

The MMPs can be divided into four groups of enzymes
[13] on the basis of the substrate specificity:

• The collagenases (MMPs-1, -8, -13 and -18) are the only
enzymes that can cleave intact interstitial collagen mol-
ecules.
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Table 2 Pearson correlation
coefficients and significance
levels for the correlation of
histologic criteria versus MMP
expression and cells with
phagozytic activity (CD 68) in
study group I (HDS histologic
degeneration score)

Criteria MMP-1 MMP-2 MMP-3 MMP-9 CD 68

Nucleus pulposus

Cleft formation 0.8169 0.5484 0.5933 0.1163 0.6875
P<0.0001 P<0.0017 P<0.0005 P<0.5404 P<0.0001

Chondrocyte proliferation 0.6756 0.5445 0.3560 0.2494 0.6572
P<0.0001 P<0.0018 P<0.0535 P<0.1838 P<0.0001

Granular changes 0.6132 0.3287 0.5830 0.2228 0.4479
P<0.0003 P<0.0760 P<0.0007 P<0.2365 P<0.0130

Mucoid degeneration 0.3626 0.3875 0.1210 0.1263 0.5610
P<0.0488 P<0.0343 P<0.5240 P<0.5059 P<0.0012

HDS (0–18 pts) 0.7671 0.5750 0.4358 0.2990 0.6732
P<0.0001 P<0.0008 P<0.0160 P<0.1083 P<0.0001

Annulus fibrosus

Tears formation 0.6479 0.3818 0.1937 0.3010 0.5114
P<0.0001 P<0.0373 P<0.3048 P<0.1059 P<0.0038

Chondrocyte proliferation 0.2714 0.3051 –0.0197 0.1640 0.3590
P<0.1467 P<0.1010 P<0.9175 P<0.4722 P<0.0513

Granular changes 0.6728 0.2683 0.4062 0.2445 0.2991
P<0.0001 P<0.1515 P<0.0258 P<0.1928 P<0.0499

Mucoid degeneration 0.3276 0.3681 0.1229 0.1814 0.29918
P<0.0771 P<0.0453 P<0.5173 P<0.3372 P<0.1082

HDS (0–18 pts) 0.5524 0.4268 0.1324 0.2302 0.5168
P<0.0015 P<0.0186 P<0.4853 P<0.2209 P<0.0034



• The gelatinases (MMPs-2 and -9) degrade denatured
collagen molecules and basement membrane collagens.

• The stromelysins (MMPs-3, -10 and -11) digest non-
collagenous matrix proteins and also denatured colla-
gen molecules.

• The MMPs-14, -16, -17 and -18 are known as the mem-
brane-type MMPs. They are responsible for the activa-
tion of other MMPs, but only play a secondary role in
direct matrix degradation.
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Fig.6 Graphic demonstration
of the correlation between the
histologic grade of disc degen-
eration and MMP expression in
the annulus fibrosus (a) and
nucleus pulposus (b)



MMP-1, as the most abundant enzyme in the first group,
has been identified mainly in fibroblasts, chondrocytes,
histiocytes and macrophages. The other MMPs of the col-
lagenases group also cleave intact interstitial collagen
molecules; however, these enzymes are restricted to a few,
specialized cell types. For instance, MMP-8 (“neutrophil
collagenase”) is present only in neutrophil granulocytes.
Both gelatinases, MMP-2 and -9, are mainly involved in
the destruction of basement membrane collagen, but they
can also cleave denatured collagen molecules, such as the
fragments of interstitial collagen following MMP-1 diges-
tion. MMP-3, as the main stromelysin, is engaged in the
destruction of a multitude of non-collagenous proteins, in-
cluding proteoglycans, but can also degrade denatured
collagen molecules. Therefore, this enzyme is of signifi-
cance for the destruction of the intermolecular network
between collagen fibrils.

These data indicate that any change in the occurrence
and/or activity of those enzymes may significantly alter
the composition and integrity of connective tissues. Up to
now, only a few studies have investigated the presence
and activity of collagenolytic enzymes in IVD, mostly by
biochemical methods. Crean et al. [12], Goupille et al.
[13], Kang et al. [25, 26, 27], Liu et al. [29, 30], and Mat-
sui et al. [31] reported on an increase of MMP activity in
disc material of various clinical settings, mainly on herni-
ated disc material. These studies used biochemical tech-
niques on tissue homogenates, so that no information was
available on the tissue localization of enzymatic activity,
and, in particular, no data indicated which cells were in-
volved in proteolysis. Furthermore, the MMP levels in
these observations may have been influenced by inflam-
matory cells, which are frequently present at least in her-
niated discs [14, 16, 17, 18, 19, 40]. None of these studies
localized the MMP-producing cells. In addition, only iso-
lated groups of the enzymes, such as the gelatinases or
single stromelysins, were analyzed in most of the reports.
Therefore, these studies provided only limited informa-
tion on the role of MMPs during disc degeneration.

So far, the only study on this issue using immunohisto-
chemical techniques is one that was recently presented by
Roberts et al. [39]. They also found an increase in the
presence of various MMPs, including MMP-isoforms
tested in our study. In addition, Roberts et al. [39] used in
situ zymography, which also showed enhanced enzymatic
activity within disc material. In this respect, we can con-
firm that major MMPs are expressed at elevated levels in
disc material in conjunction with tissue degradation. Our
analyses, however, go far beyond these previous studies,
because we localized the MMP pattern within the various
histoanatomic regions. Our study is also the first to corre-
late the expression pattern for MMPs with the histomor-
phologic signs for disc degeneration. Furthermore, we also
first demonstrate a correlation between discal MMP ex-
pression and age. In this way, we provide clear evidence
that the aging disc contains more MMP-producing cells

and may therefore show a higher breakdown of collage-
nous matrix molecules. This accords well with the loss of
disc tissue with advancing age.

Our results have been obtained mainly by use of im-
munohistochemistry. However, they were confirmed by in
situ hybridization, which was performed on biopsy material
(study group II). This is necessary due to technical reasons,
because mRNA is not stable in autopsy samples, where it
can rapidly be degraded. By two completely different and
independent techniques, our approach clearly confirms
that local discal cells are involved in the synthesis of
MMPs. In general, this rules out any potential influx of
enzymes into the disc, such as from foci of peridiscal in-
flammation.

Furthermore, the presence of gelatinolytic activity is
clearly confirmed by in situ zymography. This technique
[23] uses gelatin as a substrate to localize matrix degrad-
ing tissue components. The staining of the gelatin after
the incubation period highlights those areas where the en-
zymatic activity has reduced the gelatin underneath the
tissue section. In our study, we clearly observed the re-
duction of gelatin staining in areas close to tissue clefts,
confirming gelatinolytic activity in those zones.

In addition to these multiple pieces of evidence that
disc tissue contains enzymatically active MMPs, we pre-
sent here circumstantial evidence that the investigated
MMPs are involved in the formation of tissue clefts and in
the resorption of disc material. This is deduced from the
close (and statistically highly significant) association be-
tween the occurrence of MMPs and the presence of histo-
morphologic signs for disc resorption. This correlation is
seen best when the different age groups are compared.
The infantile, juvenile and young adolescent discs show
neither significant MMP expression nor histologic disc de-
generation. In this regard, we recently identified a major
association between any loss of disc vascularization and
the appearance of signs of degeneration [4]. Our present
study is a clear extension of these observations, since it
links the onset of disc degeneration with the up-regulation
of major MMPs.

In addition, we provide evidence that the cells synthesiz-
ing those MMPs undergo significant phenotypic changes.
Thus, we were able to identify discal cells expressing the
lysosomal marker CD 68 [34]. Since both cellular mor-
phology and tissue distribution argue for local but not for
invaded, cells, we suggest that local cells undergo a phe-
notypic switch leading to expression and activation of
MMPs [1, 8, 14, 16, 17, 19, 24, 31, 37, 39]. This is possi-
bly induced by a reduction of nutrients, such as oxygen,
when the diffusion paths become too long to allow easy
support for local cells [29]. This seems to occur early in
adolescence or even during childhood, and may be en-
hanced by other factors, such as mechanical overload. The
liberation and activation of MMPs finally leads to a de-
struction of the discal collagenous framework, resulting in
tissue destruction.
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Interestingly, not all MMPs analyzed seem to be in-
volved in the process of tissue destruction. Our analysis
reveals a close association between the expression of
MMPs-1 and MMP-2 and discal changes both in the nu-
cleus and annulus. The extent of MMP-3-expression cor-
relates with nuclear changes, but not with those of the an-
nulus, while MMP-9 is expressed only at a low level, and
therefore does not seem to play a significant and immedi-
ate role in disc matrix degradation. These differences be-
tween the enzymes are also reflected in comparisons of
the changes in the various age groups, where MMPs-1
and -2 also seem to be more relevant than MMPs-3 and 
-9. Our study presents the first data on temporo-spatial
variations in MMP expression and their potential role in
disc destruction. These associations are further corrobo-
rated by a parallel increase in the number of CD 68-posi-
tive cells representing phagocytic cells.

While the association between MMP expression and
histomorphologic degeneration is evident from our data,
we may also speculate on further effects of the MMP in-
duction and tissue destruction. Recently, Haro et al. [20,
21] reported on the enhanced release of MMP-3 and -7 from
herniated disc material when co-cultured with macrophages.
Interestingly, the induction of MMP-3 led to the attraction
of macrophages, and that of MMP-7 to liberation of TNF-α,
which is a potent proinflammatory cytokine and which
may be associated with inflammation and potential pain
induction. Thereby, a close interaction between MMP ex-
pression and cellular differentiation may also be effective
in non-herniated disc material, as suggested by our obser-
vations. The presence of local disc cells with phagocytic
properties (CD 68) and enhanced MMP expression in our
study indicates that not only the generation of clefts and
tears, but also changes in the discal cell differentiation may
occur as a consequence of enhanced MMP expression.

Furthermore, the formation of clefts and tears may signif-
icantly enhance the transport of cytokines (or other trans-
mitter substances) that may be involved in pain induction.

Clinical relevance

This is the first study linking the expression of major
MMPs to histomorphologic features of disc matrix degra-
dation. Well in line with our previous findings of an obvi-
ous association between the age-related imbalance be-
tween vascular supply and the beginning of disc degener-
ation in early adolescence, this study links these features
to enhanced production and activation of MMPs. There-
fore, our study supports the notion that disc degeneration
starts in childhood and early adolescence.

The occurrence of extensive intradiscal clefts and tears
renders the spread of transmitter substances within the
disc much easier and more rapid, so that potentially pain-
inducing cytokines may become effective in peridiscal pain
perception. The knowledge of the close association be-
tween MMP expression and cleft/tear formation therefore
does not simply further our understanding of biomechani-
cal disc alterations, but may offer new insight into the gen-
eration and perpetuation of discogenic pain. The increas-
ing knowledge about the molecular mechanisms of tissue
degradation may simultaneously offer new treatment av-
enues, such as intradiscal pain therapy targeting the release
of nociceptive cytokines. However, further investigations
are required to uncover the molecular events that precede
MMP synthesis and activation and the release of pain-re-
lated cytokines.

Acknowledgements The present study was supported by a grant
from the SynOs-Foundation, Switzerland.

1.Baba H, Maezawa Y, Furusawa N,
Fukuda M, Uchida K, Kokubo Y,
Imura S (1997) Herniated cervical in-
tervertebral discs: histological and im-
munohistochemical characteristics. Eur
J Histochem 41:261–270

2.Bachmeier BE, Boukamp P, Lichting-
hagen R, Fusenig NE, Fink E (2000)
Matrix metalloproteinases-2,-3,-7,-9
and-10, but not MMP-11, are differen-
tially expressed in normal, benign tu-
morigenic and malignant human kera-
tinocyte cell lines. Biol Chem 381:
497–507

3. Bachmeier BE, Nerlich AG, Boukamp
P, Lichtinghagen R, Tschesche H, Fritz
H, Fink E (2000) Human keratinocyte
cell lines differ in the expression of 
the collagenolytic matrix metallopro-
teinases-1,-8, and -13 and of TIMP-1.
Biol Chem 381:509–516

4.Boos N, Weissbach S, Rohrbach H,
Weiler C, Spratt KF, Nerlich AG (2002)
Histologic classification of age-related
changes in lumbar intervertebral discs
Spine (accepted for publication)

5.Buckwalter JA (1995) Aging and de-
generation of the human intervertebral
disc. Spine 20:1307–1314

6.Buckwalter JA (1997) Maintaining and
restoring mobility in middle and old
age: the importance of the soft tissues.
Instr Course Lect 46:459–469

7.Buckwalter JA, Roughley PJ, Rosen-
berg LC (1994) Age-related changes in
cartilage proteoglycans: quantitative
electron microscopic studies. Microsc
Res Tech 28:398–408

8.Carreon LY, Ito T, Yamada M,
Uchiyama S, Takahashi H, Ikuta F
(1996) Histologic changes in the disc
after cervical spine trauma: evidence of
disc absorption. J Spinal Disord 9:313–
316

9. Coventry MB, Ghormley RK, Kernohan
JW (1945) The intervertebral disc: its
microscopic anatomy and pathology.
II. Changes in the intervertebral disc
concomittant with age. J Bone Joint
Surg 27:233–247

References



320

10. Coventry MB, Ghormley RK, Kernohan
JW (1945) The intervertebral disc: its
microscopic anatomy and pathology.
III. Pathological changes in the inter-
vertebral disc. J Bone Joint Surg 27:
460–474

11. Coventry MB, Ghormley RL, Kernohan
JW (1945) The intervertebral disc: its
microscopic anatomy and pathology. I.
Anatomy, development and pathology.
J Bone Joint Surg 27:105–112

12.Crean JK, Roberts S, Jaffray DC,
Eisenstein SM, Duance VC (1997) 
Matrix metalloproteinases in the human
intervertebral disc: role in disc degen-
eration and scoliosis. Spine 22:2877–
2884

13.Goupille P, Jayson MI, Valat JP,
Freemont AJ (1998) Matrix metallo-
proteinases: the clue to intervertebral
disc degeneration? Spine 23:1612–
1626

14.Goupille P, Jayson MI, Valat JP,
Freemont AJ (1998) The role of in-
flammation in disk herniation-associ-
ated radiculopathy. Semin Arthritis
Rheum 28:60–71

15.Gries NC, Berlemann U, Moore RJ,
Vernon-Roberts B (2000) Early histo-
logic changes in lower lumbar discs
and facet joints and their correlation.
Eur Spine J 9:23–29

16.Gronblad M, Virri J, Tolonen J, Seit-
salo S, Kaapa E, Kankare J, Myllynen
P, Karaharju EO (1994) A controlled
immunohistochemical study of inflam-
matory cells in disc herniation tissue.
Spine 19:2744–2751

17.Habtemariam A, Gronblad M, Virri J,
Seitsalo S, Karaharju E (1998) A com-
parative immunohistochemical study of
inflammatory cells in acute-stage and
chronic-stage disc herniations. Spine
23:2159–2165

18.Habtemariam A, Gronblad M, Virri J,
Seitsalo S, Ruuskanen M, Karaharju E
(1996) Immunocytochemical localiza-
tion of immunoglobulins in disc herni-
ations. Spine 21:1864–1869

19.Habtemariam A, Virri J, Gronblad M,
Holm S, Kaigle A, Karaharju E (1998)
Inflammatory cells in full-thickness an-
ulus injury in pigs. An experimental
disc herniation animal model. Spine
23:524–529

20.Haro H, Crawford HC, Fingleton B,
MacDougall JR, Shinomiya K, Speng-
ler DM, Matrisian LM (2000) Matrix
metalloproteinase-3-dependent genera-
tion of a macrophage chemoattractant
in a model of herniated disc resorption.
J Clin Invest 105:133–141

21.Haro H, Crawford HC, Fingleton B,
Shinomiya K, Spengler DM, Matrisian
LM (2000) Matrix metalloproteinase-
7-dependent release of tumor necrosis
factor-alpha in a model of herniated
disc resorption. J Clin Invest 105:143–
150

22.Hsu SM, Raine L, Fanger H (1981) A
comparative study of the peroxidase-
antiperoxidase method and an avidin-
biotin complex method for studying
polypeptide hormones with radioim-
munoassay antibodies. Am J Clin
Pathol 75:734–738

23. Ikeda M, Maekawa R, Tanaka H,
Matsumoto M, Takeda Y, Tamura Y,
Nemori R, Yoshioka T (2000) Inhibi-
tion of gelatinolytic activity in tumor
tissues by synthetic matrix metallopro-
teinase inhibitor: application of film in
situ zymography. Clin Cancer Res 6:
3290–3296

24. Ikeda T, Nakamura T, Kikuchi T,
Umeda S, Senda H, Takagi K (1996)
Pathomechanism of spontaneous re-
gression of the herniated lumbar disc:
histologic and immunohistochemical
study. J Spinal Disord 9:136–140

25.Kang JD, Georgescu HI, McIntyre-
Larkin L, Stefanovic-Racic M, Donald-
son WF III, Evans CH (1996) Herni-
ated lumbar intervertebral discs sponta-
neously produce matrix metallopro-
teinases, nitric oxide, interleukin-6, and
prostaglandin E2. Spine 21:271–277

26.Kang JD, Georgescu HI, McIntyre-
Larkin L, Stefanovic-Racic M, Evans
CH (1995) Herniated cervical interver-
tebral discs spontaneously produce ma-
trix metalloproteinases, nitric oxide, in-
terleukin-6, and prostaglandin E2.
Spine 20:2373–2378

27. Kang JD, Stefanovic-Racic M, McIntyre
LA, Georgescu HI, Evans CH (1997)
Toward a biochemical understanding
of human intervertebral disc degenera-
tion and herniation. Contributions of
nitric oxide, interleukins, prostaglandin
E2, and matrix metalloproteinases.
Spine 22:1065–1073

28.Lebeau A, Nerlich AG, Sauer U, Lich-
tinghagen R, Lohrs U (1999) Tissue
distribution of major matrix metallo-
proteinases and their transcripts in hu-
man breast carcinomas. Anticancer Res
19:4257–4264

29.Liu GZ, Ishihara H, Osada R, Kimura
T, Tsuji H (2001) Nitric oxide medi-
ates the change of proteoglycan synthe-
sis in the human lumbar intervertebral
disc in response to hydrostatic pres-
sure. Spine 26:134–141

30.Liu J, Roughley PJ, Mort JS (1991)
Identification of human intervertebral
disc stromelysin and its involvement in
matrix degradation. J Orthop Res 9:
568–575

31.Matsui Y, Maeda M, Nakagami W,
Iwata H (1998) The involvement of
matrix metalloproteinases and inflam-
mation in lumbar disc herniation. Spine
23:863–868

32.Micklem K, Rigney E, Cordell J, Sim-
mons D, Stross P, Turley H, Seed B,
Mason D (1989) A human macrophage-
associated antigen (CD68) detected by
six different monoclonal antibodies. 
Br J Haematol 73:6–11

33.Nerlich AG, Schleicher ED, Boos N
(1997) 1997 Volvo Award winner in
basic science studies. Immunohisto-
logic markers for age-related changes
of human lumbar intervertebral discs.
Spine 22:2781–2795

34.Nerlich AG, Weiler C, Zipperer J,
Narozny M, Boos N (2002) Immunolo-
calization of phagozytic cells in normal
and degenerated intervertebral discs.
Spine (accepted for publication)

35.Ohashi K, Nemoto T, Nakamura K,
Nemori R (2000) Increased expression
of matrix metalloproteinase 7 and 9
and membrane type 1-matrix metallo-
proteinase in esophageal squamous cell
carcinomas. Cancer 88:2201–2209

36.Osti OL, Vernon-Roberts B, Fraser RD
(1990) 1990 Volvo Award in Experi-
mental Studies. Anulus tears and inter-
vertebral disc degeneration. An experi-
mental study using an animal model.
Spine 15:762–767

37.Pearce RH, Thompson JP, Bebault
GM, Flak B (1991) Magnetic reso-
nance imaging reflects the chemical
changes of aging degeneration in the
human intervertebral disk. J Rheumatol
Suppl 27:42–43

38.Pulford KA, Sipos A, Cordell JL,
Stross WP, Mason DY (1990) Distri-
bution of the CD68 macrophage/myeloid
associated antigen. Int Immunol 2:973–
980

39.Roberts S, Caterson B, Menage J,
Evans EH, Jaffray DC, Eisenstein SM
(2000) Matrix metalloproteinases and
aggrecanase: their role in disorders of
the human intervertebral disc. Spine
25:3005–3013

40.Rothoerl RD, Woertgen C, Holzschuh
M, Rueschoff J, Brawanski A (1998) 
Is there a clinical correlate to the histo-
logic evidence of inflammation in her-
niated lumbar disc tissue? Spine
23:1197–1200

41.Thompson JP, Pearce RH, Schechter
MT, Adams ME, Tsang IK, Bishop PB
(1990) Preliminary evaluation of a
scheme for grading the gross morphol-
ogy of the human intervertebral disc.
Spine 15:411–415

42.Trout JJ, Buckwalter JA, Moore KC
(1982) Ultrastructure of the human in-
tervertebral disc. II. Cells of the nu-
cleus pulposus. Anat Rec 204:307–314

43.Trout JJ, Buckwalter JA, Moore KC,
Landas SK (1982) Ultrastructure of the
human intervertebral disc. I. Changes
in notochordal cells with age. Tissue
Cell 14:359–369


