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Herniated disc (HD) is a common health problem that is resolved by surgery unless spontaneous resorption occurs. HD
tissue contains abundant macrophage infiltration and high levels of matrix metalloproteinases (MMPs) MMP-3 and MMP-
7. We developed a model system in which disc tissue or isolated chondrocytes from wild-type or MMP-null mice were
cocultured with peritoneal macrophages and used this system to investigate the role of MMPs and
chondrocyte/macrophage interactions in disc resorption. We observed a marked enhancement of MMP-3 protein and
mRNA in chondrocytes after exposure to macrophages. Chondrocytic MMP-3, but not MMP-7, was required for disc
resorption, as determined by assaying for a reduction in wet weight and proteoglycan content after 3 days of coculture.
Surprisingly, chondrocyte MMP-3 was required for the generation of a macrophage chemoattractant and the subsequent
infiltration of the disc tissue by proteolytically active macrophages. We conclude that macrophage induction of
chondrocyte MMP-3 plays a major role in disc resorption by mechanisms that include the generation of a bioactive
macrophage chemoattractant.
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Introduction
The lifetime prevalence of low back pain (LBP) ranges
from 60 to 80% with an annual incidence of 5% (1, 2).
Back complaints are the leading cause for all visits to
orthopedic surgeons and neurosurgeons, and herniat-
ed discs (HD) are responsible for symptoms in up to
40% of all patients with LBP (1, 3, 4). Symptomatic HD
are so pervasive that almost 160 of 100,000 adults in
the United States undergo operations for HD every
year (5). Therefore, it is important to understand the
natural course and pathophysiology of HD to improve
the present treatment of this disease.

The intervertebral disc is composed of an outer annu-
lus fibrosus (AF) arranged in concentric lamellae sur-
rounding an inner gelatinous nucleus pulposus (NP)
(2). The disc is comprised mainly of the large proteo-
glycan aggrecan and type II collagen (6–9). The inter-
vertebral disc, nourished only through diffusion from
upper and lower endplates of vertebrae, lacks its own
blood supply. Over a normal life-span, the total pro-
teoglycan and water content in disc tissues is found to
decrease, which may result in an increased susceptibil-
ity to herniation (10). HD is classically described as the
protrusion of a degenerated disc into the spinal canal
or neural foramina (11). This protrusion can result in
compressed nerve tissue, depending upon the extent of
the protrusion, and neovascularization of the HD from

the spinal canal where there is an abundant blood sup-
ply. Surgical samples from patients with HD display
granulation tissue with prominent macrophage and
mild T-lymphocyte infiltration concomitant with the
onset of neovascularization that is not observed in
healthy intervertebral disc (12).

Interestingly, more than 50% of patients with back
pain and sciatica have been reported to recover within 6
weeks (13). Recently, a study with magnetic resonance
imaging (MRI) has shown that epidurally displaced HD
tissues more commonly undergo a gradual decrease in
the size of HD than those with minimal protrusion, and
this decrease is accompanied by a reduction in associat-
ed pain and neurological symptoms (14). This tendency
for natural resorption correlated with the accumulation
of a contrast agent gadolinium-diethylene pentaacetic
acid within the vascularized granulation tissues of the
HD (15). Changes initiated by contact with infiltrating
cells may thus contribute to the resorption process.

The matrix metalloproteinases (MMPs) are secreted
Zn2+-dependent proteases that degrade the components
of the extracellular matrix and are believed to play a role
in tissue remodeling in a number of normal and patho-
logical conditions. We examined previously the expres-
sion of MMP-3 (stromelysin-1, EC#3.4.24.17) and
MMP-7 (matrilysin, EC#3.4.24.23) in human surgical
samples of HD because these MMPs have been shown
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to cleave the cartilage proteoglycan aggrecan (16, 17).
Immunohistological analysis revealed that infiltrated
macrophages and chondrocyte-like cells expressed both
MMP-3 and MMP-7 in the granulation tissues of HD
(18–20). In contrast, discs obtained from patients who
underwent discectomy for scoliosis or spinal cord
tumors and who appeared normal on MRI showed no
such upregulation. These data suggest that these MMPs
may play an important role in removing matrix during
the resorption process of HD, similar to their proposed
role in cartilage degradation in arthritic conditions
(21–23). We hypothesize that these MMPs are upregu-
lated when infiltrating macrophages encounter chon-
drocytes in the intervertebral disc. In this study, we used
a coculture system of chondrocytes and macrophages in
an effort to reproduce the acute phase of disc herniation
in vitro. Using MMP-null mice, we have identified a spe-
cific role for MMP-3 in the resorption process of HD.

Methods
The experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee, Vanderbilt
University Medical Center.

Mice. Homozygous wild-type 129/Sv, MMP-3–null
129SvEv, and MMP-7–null 129SvEv mice were used in
these studies. MMP-3–null and MMP-7–null mice were
generated by homologous recombination in embryon-
ic stem cells, as described (24, 25).

Preparation of macrophages. Activated murine
macrophages were obtained by intraperitoneal adminis-
tration of 2 mL PBS containing 3% thioglycollate medi-
um (Difco Laboratories, Detroit, Michigan, USA). For
some experiments, red fluorescent cell linkers (PKH26;
Sigma Chemical Co., St. Louis, Missouri, USA) were
injected into the peritoneum 3 days after thioglycollate
administration, according to the manufacturer’s instruc-
tions. Cells were harvested by peritoneal lavage 4 days
after thioglycollate treatment and cultured in DMEM
(GIBCO BRL, Grand Island, New York, USA) supple-
mented with 10% FBS (Atlanta Biologicals, Norcross,
Georgia, USA), and 50 µg/mL gentamycin (GIBCO BRL).

Chondrocyte cell culture. Rat RCJ 3.1C5.18 (C5.18) chon-
drocyte cells were generously provided by Jane Aubin
(Department of Anatomy and Cell Biology, University of
Toronto, Toronto, Canada) (26). C5.18 cells were resus-
pended in 1.2% low-viscosity alginate (Keltone; a gift
from Monsanto Corp., St. Louis, Missouri, USA) in ster-
ile sodium chloride at a concentration of 4 × 106

cells/mL of gel, then gradually expressed through a 21-
gauge needle into a 102-mM calcium chloride solution
to promote gelling of the alginate. Gels were washed
once with 0.15 M NaCl and 3 times with DMEM. The
beads were cultured in a 1:1 mixture of DMEM and
Ham’s F-12 medium (GIBCO BRL) with 10% FBS, 25
µg/mL ascorbic acid (GIBCO BRL), and 50 µg/mL gen-
tamycin in a humidified atmosphere of 5% CO2 at 37°C.

For primary chondrocyte cultures, intervertebral discs
were obtained from the coccygeal spine after mice were
sacrificed using carbon dioxide. The mouse tails were

separated with a scalpel, and the skin and soft tissue
were removed to expose the disc. The disc was sharply
incised, and the immediate upper and lower coccygeal
vertebrae were bent apart, forcing the gel-like nuclear
material to protrude. The NP, observed as a gelatinous
and semitransparent tissue, was obtained from all coc-
cygeal discs. NP tissue was incubated in DMEM sup-
plemented with 10% FBS, 50 µg/mL gentamycin, and
0.05% collagenase (Sigma) overnight in a humidified
atmosphere of 5% CO2 at 37°C. After digestion, the iso-
lated chondrocytes were embedded in alginate beads as
described above, except larger (30-mm diameter) beads
were generated to measure macrophage infiltration.

Disc tissue cocultures. Coccygeal intervertebral disc tis-
sues were obtained using a dissecting microscope after
skin and soft tissues were removed. Whole interverte-
bral disc tissues (5 discs/35-mm dish) and PKH26-
labeled macrophages (106/mL) were cocultured in 5 mL
Opti-MEM containing 50 µg/mL gentamycin for 2
days in a humidified environment of 5% CO2 at 37°C.
After incubation, the medium was collected, and the
disc tissues were embedded in OCT compound, snap-
frozen in liquid nitrogen, and stored at –80°C.

To measure degradation of disc tissue quantitatively,
intervertebral discs (1 disc per well of a 24-well plate;
Corning-Costar, Cambridge, Massachusetts, USA) were
cultured with or without peritoneal macrophages
(106/mL) or 3 days in 1 mL Opti-MEM with 50 µg/mL
gentamycin and 0.25 µg/mL Fungizone (GIBCO BRL).
Before and after completion of incubation, samples were
removed from the culture medium, patted briefly with
sterile gauze to remove surface water, and their wet
weight was measured with an autobalance (CAHN 28
automatic electrobalance; CAHN Instrument Company,
Paramount, California, USA). Samples were then fixed
overnight at 4oC in freshly prepared 4% paraformalde-
hyde and were paraffin embedded. Sections were stained
with 0.25% Safranin O as an indicator of proteoglycan
content in tissue sections (27).

Cellular cocultures. Cell culture inserts (8.0 µm; FAL-
CON, Franklin Lakes, New Jersey, USA) were placed in
each well of a 6-well plate (Corning-Costar Corp., Cam-
bridge, Massachusetts, USA) thus forming transwell
chambers. Primary chondrocytes or C5.18 cells in algi-
nate beads were placed in the cell culture insert, and
macrophages were placed on the bottom of each well.
Cells cultured in DMEM containing 10% FBS, 25
µg/mL ascorbic acid, and 50 µg/mL gentamycin were
either fixed overnight at 4oC in freshly prepared 4%
paraformaldehyde and were paraffin embedded for
immunohistochemical analysis, or were maintained in
Opti-MEM for 2 to 4 days, then processed for determi-
nation of MMP mRNA and protein.

Immunohistological and histochemical staining. Paraffin or
OCT-embedded sections were treated with 0.6% hydro-
gen peroxide in methanol to deplete endogenous per-
oxidase activity and incubated with the following
murine monoclonal antibodies for 1 hour at room tem-
perature: anti-human/mouse MMP-7 (1:100 dilution;
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Fuji Chemical, Toyama, Japan), anti-rat/mouse MMP-3
(1:500 dilution) (28), anti-human proteoglycan (1:500
dilution; Seikagaku Corporation, Tokyo, Japan), or anti-
rat type II collagen (1:500 dilution; Chondrex, Seattle,
Washington, USA). Mouse IgG (Sigma) was used as a
negative control. Sections were then washed with 0.03%
saponin (J.T. Baker Chemical Co, Phillipsburg, New Jer-
sey, USA) in Tris-buffered saline (TBS; 0.15 M NaCl,
0.01 M Tris, pH 8.0) and incubated with biotinylated
anti-mouse IgG (Histofine Immunohistologic Staining
Kit; Nichirei, Tokyo, Japan) for 10 minutes, followed by
incubation for 5 minutes with peroxidase-labeled strep-
tavidin. Positive cells were visualized using True Blue
peroxidase substrate, and sections were counterstained
with contrast red (both from Kirkegaard and Perry Lab-
oratories, Gaithersburg, Maryland, USA).

Western blotting. After 2 to 4 days in culture, serum-free
cell culture medium was collected from single cultures
and cocultures and total protein was quantitated using
the bicinchoninic acid (Pierce Chemical Co., Rockford,
Illinois, USA) or Bio-Rad (Bio-Rad Laboratories Inc.,
Hercules, California, USA) assays. Media samples were
diluted 1:1 with Laemmli sample buffer, and 22.5 µg of
protein was subjected to SDS-PAGE (10% gel) under
reducing conditions; the proteins were transferred onto
nitrocellulose membranes (Nitro ME; MSI, Westbor-
ough, Massachusetts, USA). Membranes were blocked
with 5% nonfat dry milk in TBS containing 0.05%
Tween-20 (TBS-T) for 1 hour followed by a 1:5000 dilu-
tion of anti–MMP-3 or anti–MMP-7 antibody. Rat
MMP-3 (29) and recombinant mouse MMP-7 (30)
expressed in baculovirus were used as positive controls.
Membranes were then washed with TBS-T and incu-
bated sequentially with biotinylated anti-mouse IgG
(Vector Laboratories, Burlingame, California, USA) for
1 hour, washed again, and incubated with peroxidase-
conjugated streptavidin (Jackson ImmunoResearch
Laboratories Inc., West Grove, Pennsylvania, USA) for
1 hour. Immunoreactive proteins were identified by
chemiluminescence with a solution of 2.5 mM luminol
(Sigma), 0.4 mM p-coumaric acid (Sigma), and 0.02%
H2O2 in 50 mM Tris (pH 6.5).

RT-PCR. Cells grown singly or under conditions of
coculture were placed in sterile Eppendorf tubes, and
total RNA was extracted using a modified guanidini-
um isothiocyanate procedure (31). One microgram of
total RNA was incubated at 65°C for 10 minutes with
oligo dT primers (Promega Corp., Madison, Wisconsin,
USA) and then immediately chilled on ice. The cDNA
synthesis reaction mixture of 5× buffer (250 mM Tris-
HCl, 375 mM KCl, 15 mM MgCl2, 50 mM DTT;
Promega), DTT, ribonuclease inhibitor, dNTPs, and
MMLV-reverse transcriptase (all from Promega; used
according to manufacturer’s directions) was assembled
on ice, and the reaction was allowed to proceed at 37°C
for 1 hour. The cDNA synthesis reaction was terminat-
ed by boiling for 2 minutes and then chilling on ice.
Five microliters of synthesized cDNA was used for each
PCR. The cDNA mixture was supplemented with 10

pmol of 5′ and 3′ primers, 10× reaction buffer (50 mM
Tris-HCl, 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT,
50% glycerol, and 1.0% Triton-X-100; Promega), MgCl2

(1.5 mM), dNTPs (0.25 mM), and Taq polymerase (1.5
U; Promega). A5 murine spindle cell carcinoma cell
line–derived mRNA or MMP-7 plasmid was used as
positive control for MMP-3 and MMP-7, respectively
(28, 30). Sequence of the sense primers for MMP-3,
MMP-7, and GAPDH were 5′-TTCTCCAGGATCTCT-
GAAGGAGAGG-3′, 5′-TGGAGTGCCAGATGTTGCAG-3′,
and 5′-ACCACAGTCCATGCCATCAC-3′, with antisense
sequences of 5′-ATTTGGTGGGTACCACGAGGACATC-3′,
5′-TTTCCATATAGCTTCTGAATGCCT-3′, and 5′-TCCAC-
CACCCTGTTGCTGTA-3′, respectively. Products of 391,
518, and 451 bp were predicted for MMP-3, MMP-7,
and GAPDH, respectively. The MMP primers were
designed to detect both mouse and rat MMP-3 and
MMP-7 and not hybridize with other known MMPs. A
30-cycle PCR reaction was used, with each cycle con-
sisting of denaturation at 94°C for 1 minute, anneal-
ing at 50°C for 1 minute, and primer extension at 72°C
for 1 minute for MMP-3 or 2 minutes for MMP-7. RT-
PCR for GAPDH was performed at the same time and
under the same conditions. Ten microliters of the reac-
tion mixture was then subjected to electrophoresis in
2.0% agarose in 1× TBE (89 mM Tris borate and 2 mM
EDTA) buffer. The DNAs were visualized by ethidium
bromide staining and ultraviolet illumination.

Migration assay and Boyden chamber checkerboard analy-
sis. Migration activity of peritoneal macrophages was
examined by a modified Boyden chamber assay with a
48-well chamber (Neuroprobe, Gaithersburg, Mary-
land, USA). The upper and lower chambers were sepa-
rated with a polyvinylpyrrolidone-free polycarbonate
filter with 8-µm pores (Corning-Costar Corp.).
Macrophages (1.2 × 106 cells/mL) were suspended in
coculture-conditioned medium or Opti-MEM and
added to the upper wells. Conditioned media derived
from cocultures of macrophages and either wild-type
or MMP-3–null disc tissue diluted with Opti-MEM was
added to the upper and/or lower chambers as indicat-
ed. Medium concentration was achieved with micro-
concentrator tubes (MICROCON, 3,000 molecular
weight cut off; Amicon/Millipore, Beverly, Massachu-
setts, USA). Total volumes in each chamber were 27.5
µL in the lower and 50 µL in the upper chamber. After
incubation for 5 hours at 37°C, the membrane was
removed, washed with PBS, and nonmigrated cells on
the upper surface of the membrane were removed. Cells
were fixed in methanol for 5 minutes, stained with
hematoxylin for 5 minutes, and mounted on glass
slides. Cells on the lower surface were counted in 6
high-power fields (×400) per group. An insignificant
number of macrophages were observed in the lower
chamber at this time point and were not included in
the analysis. Statistical analysis of the data was per-
formed using the Mann-Whitney test. A P value less
than 0.05 was considered significant. Each experiment
was performed in triplicate and repeated at least twice.
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Results
MMP expression in an organ culture model of HD. Human HD
specimens demonstrate marked macrophage infiltration
and the expression of MMP-3 and MMP-7 in both chon-
drocytes and infiltrated inflammatory cells (18–20). To
provide an organ culture model of HD, coccygeal inter-
vertebral discs were dissected from adult mice. Peritoneal
macrophages were recruited by thioglycollate adminis-
tration, and isolated macrophages were placed in direct
contact with the disc tissue and maintained in serum-free
medium for 2 days. To determine if MMP expression in
disc organ cocultures recapitulated that observed in
human HD tissues, frozen sections were analyzed for
murine MMP levels by immunohistological staining. Disc
cells expressed detectable levels of MMP-3 and MMP-7
(Figure 1). Cultures of embedded disc cells in the absence
of macrophages had no detectable MMP-3 or MMP-7
(data not shown). No immunohistologically positive cells
were seen in control immunoglobulin–treated sections.
These features were similar to the findings in human HD
samples and indicate that the disc organ culture system is
appropriate for the study of the role of MMP-3 and MMP-
7 in HD resorption.

To address the contributions of chondrocytes and
macrophages independently, a cellular culture system
was developed. Monolayer culture of chondrocytes does
not support a differentiated phenotype as measured by
the loss of aggrecan and type II collagen production and
the onset of type I collagen synthesis (32). Thus, we
turned to a 3-dimensional culture system in which a lin-
ear polysaccharide, alginate, was used to encapsulate
cells by forming a gel in the presence of calcium (33). The
use of this matrix to grow chondrocytes or disc cells has
been demonstrated to maintain the differentiated phe-
notype of such cells (34, 35). Immortal C5.18 rat chon-
drocyte cells were embedded in alginate beads as
described previously (34, 36). The cells formed lacunae-
like structures, demonstrated extensive Safranin O stain-
ing, and expressed proteoglycan and type II collagen as
determined by immunohistological staining (data not
shown). Based on these results, encapsulated C5.18 cells
adopted the phenotype of a differentiated chondrocyte.

MMP expression in cellular cocultures of chondrocytes and
macrophages. The production of MMP-3 and MMP-7 by
chondrocytes and macrophages cultured singly or cocul-
tured in transwell chambers was analyzed by Western

blotting of conditioned medium. Differentiated C5.18
cells in alginate beads produced low levels of MMP-3,
but not MMP-7, at 2 and 4 days of culture (Figure 2, a
and b, lane C). Isolated macrophages produced MMP-7
only during the initial culture period (Figure 2, a and b,
lane M). In contrast, media derived from coculture sam-
ples were strongly positive for MMP-3 and MMP-7
throughout the culture time (Figure 2, a and b, lane M-
C). Thus, the production of both MMP-3 and MMP-7
was strongly upregulated by the conditions of coculture.

To determine if the MMP-3 and MMP-7 protein pro-
duced in cocultures was synthesized by the chondro-
cytes or the macrophages, mRNA from chondrocytes
(upper transwell chamber) or macrophages (lower
transwell chamber) was analyzed using RT-PCR.
Chondrocytes alone have barely detectable MMP-3
mRNA (Figure 3, lane C). However, MMP-3 mRNA
was easily detected in the chondrocytes following
coculture with macrophages and appeared to be abun-
dantly expressed, although the RT-PCR technique
used does not provide quantitative information (Fig-
ure 3, lane M-C). MMP-7 mRNA was not readily
detectable in chondrocytes with or without coculture
under the conditions used. The peritoneal
macrophages produced MMP-3 and MMP-7 mRNA in
both single and cocultured conditions (Figure 3).
These results are consistent with the results of the
Western analysis and indicate that MMP-3 was pro-
duced by both chondrocytes and macrophages in
coculture conditions and that MMP-7 was produced
predominantly by the macrophages.

Requirement for MMP-3 for disc degradation. To deter-
mine if chondrocyte MMP-3 or MMP-7 was required
for resorption of disc tissues in the coculture model
system, we examined the degradation of wild-type,
MMP-3–null and MMP-7–null discs cocultured with
peritoneal macrophages by measuring wet weight and
Safranin O staining. Safranin O staining has been
reported as a quantitative indicator of proteoglycan
content in tissue sections (27). Wild-type and MMP-
7–null disc tissues cocultured with macrophages for 3
days had irregular surfaces and a flocculent appearance
by macroscopic observation, whereas the surfaces of
MMP-3–null cocultured discs, or either discs in the
absence of macrophages, were distinctly defined (data
not shown). Degradation of wild-type and MMP-7–/–
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Figure 1
Immunohistochemical analysis of MMP-3 and MMP-7 in macrophage/disc cocultures. Frozen sections of murine coccygeal intervertebral discs
cocultured with peritoneal macrophages were immunostained with anti-rat/mouse MMP-3 (a), anti- human/mouse MMP-7 (b), and control IgG
(c) antibodies and visualized using True Blue peroxidase substrate. Counterstain is contrast red. ×400.



disc tissue during coculture with macrophages was
confirmed by a significant loss of Safranin O staining
(Figure 4a) and a decrease in wet weight (P < 0.01; Fig-
ure 4b) after 3 days of coculture. In contrast, MMP-
3–null discs demonstrated no loss of wet weight and
were spared from significant proteoglycan loss (Figure
4, a and b). These data demonstrated that disc-derived
MMP-3 was required for the physical degradation of
disc tissues cocultured with macrophages to occur.

To determine if MMP-3 production by chondrocytes
is sufficient for disc degradation, isolated discs were
treated with the cytokine TNF- α, a known inducer of
MMP-3 expression in chondrocytes (37). TNF-α treat-
ment resulted in a marked elevation in MMP-3 protein
levels in disc-conditioned medium (Figure 4b, inset).
However, there was no significant disc degradation as
measured by the loss of wet weight (Figure 4b). Thus, the
induction of chondrocyte MMP-3 levels by coculture
with macrophages was necessary, but not sufficient, for
matrix degradation in this model of HD resorption.

Requirement for chondrocyte MMP-3 for macrophage infil-
tration. The degradation and proteoglycan loss that
occurred in wild-type disc tissue in disc/macrophage
cocultures appeared to be accompanied by a marked
increase in cellularity, suggesting that macrophage pen-
etration of the disc tissue was a component of the
resorption process. In contrast, MMP-3–null discs
cocultured with macrophages lacked this cellularity and
resembled discs that were not exposed to macrophages
(Figure 4a). To determine if chondrocyte MMPs were
affecting macrophage infiltration of disc tissue, coc-
cygeal discs isolated from wild-type, MMP-3–null, and
MMP-7–null mice were cocultured with peritoneal
macrophages that had been prelabeled with PHK26 red
fluorescent cell linkers, and frozen sections of tissues
were analyzed for macrophage recruitment. The num-
ber of red fluorescent macrophages infiltrating into the
outer AF layer, the inner NP layer, and the intermediate
transitional zone of the disc organ cultures was quanti-
tated. The results indicated that the infiltration of
macrophages in MMP-3–null discs was strongly inhib-
ited (Figure 5). In contrast to wild-type discs, where

macrophages were observed to infiltrate all 3 layers of
the disc, the majority of macrophages remained on the
exterior surface of the MMP-3–null disc with no infil-
tration of the transitional zone or NP and with a more
than 95% reduction in the number of cells entering the
AF. The macrophages appeared to penetrate the NP of
MMP-7–null discs as efficiently as wild-type discs,
although there was a slight and statistically insignifi-
cant reduction in the absolute numbers of macrophages
in each zone. A similar lack of macrophage infiltration,
compared with wild-type controls, was observed when
MMP-3–null chondrocytes were embedded in a large
alginate bead and infiltration into the center of the bead
was quantitated (data not shown). Thus, chondrocyte
MMP-3 appeared to be required for macrophage pene-
tration irrespective of the chemical composition of the
matrix that was infiltrated. These results suggest that
chondrocyte MMP-3 activity may play a role in chon-
drocyte/macrophage communication through the
release of macrophage chemoattractive factors.

Chondrocyte MMP-3 releases a macrophage chemotactic fac-
tor. To determine if MMP-3 played a role in the release
of a macrophage chemoattractant, conditioned medi-
um from single or cocultured chondrocytes was tested
in a modified Boyden chamber migration assay. Con-
ditioned medium from discs alone resulted in modest
macrophage migration (Figure 6a). In contrast, medi-
um from cocultures of chondrocytes and macrophages
resulted in a 5.6-fold increase in macrophage migra-
tion. When medium was collected from cocultures of
MMP-3–null chondrocytes and macrophages, migra-
tion was reduced to control levels. We conclude that
MMP-3 production by chondrocytes in the presence of
macrophages contributes to the generation of a factor
that stimulates macrophage migration.

Stimulation of macrophage migration by a chondro-
cyte-released factor could involve enhancement of either
directional migration (chemotaxis), increased random
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Figure 2
MMP-3 and MMP-7 protein expression in chondrocyte/macrophage
cocultures. Western blotting analysis for MMP-3 (a) or MMP-7 (b)
of media from peritoneal macrophages (M) and C5.18 cells grown
singly (C) or in coculture (M-C). Recombinant rat MMP-3 (a, con-
trol) and baculovirus-produced murine MMP-7 (b, control) were
used as positive controls.

Figure 3
MMP-3 and MMP-7 mRNA from chondrocytes and macrophages in
coculture. RT-PCR analysis of RNA isolated from C5.18 cells (C) and
peritoneal macrophages (M) cultured in transwells either alone or in
coculture (M-C). A5 spindle cell carcinoma cell line–derived mRNA
and MMP-7 plasmid DNA were used as positive controls (control).
GAPDH transcripts were coamplified with the MMP transcripts and
are depicted in the lower lanes of each panel.



motility (chemokinesis), or a combination of both. To
identify these activities, a modified Boyden chamber
checkerboard analysis was performed. A concentration
gradient in both the upper and lower chambers of tran-
swell cultures was formed by diluting or concentrating
conditioned medium from macrophages that were
cocultured with either wild-type or MMP-3–null chon-
drocytes. Macrophage migration through an 8-µm pore
membrane was measured in response to this gradient.
Chemokinetic activity, indicated by an increase in
migration with increasing concentrations of medium in
the upper or the upper and lower chambers, was
observed at high concentrations of conditioned medi-
um from macrophages cocultured with either wild-type
or MMP-3–null discs. In contrast, chemotactic activity,
indicated by increased migration in response to a con-
centration gradient, was observed only with condi-
tioned medium from macrophage/wild-type disc cocul-
tures. The values obtained with conditioned medium
from macrophage/MMP-3–null disc cocultures were
subtracted from those obtained with macrophage/wild-
type discs to normalize for the presence of the back-
ground chemokinetic activity; the results are presented
in Figure 6b. When conditioned medium was placed in
the bottom chamber only, there was a marked, dose-
dependent enhancement in macrophage migration that
peaked at 200% medium (Figure 6b, 0% conditioned
medium in upper chamber). A decrease in migration
characteristic of desensitization was observed at the
highest concentration of conditioned medium in the
lower chamber. A similar chemotactic response toward
a concentration gradient was observed when
macrophage/wild-type disc–conditioned medium at a
concentration of 50% and 100% was placed in the upper
chamber, although the increase in migration was not
observed until the concentration in the lower chamber
exceeded that in the upper chamber (Figure 6). These
results indicate that the MMP-3–dependent factor has

chemotactic activity as it fulfills the requirement of
directional motility toward a gradient and desensitiza-
tion of the effect at high factor concentrations.

Discussion
Spontaneous resorption of HD is commonly observed
when there is substantial contact of the disc with the
spinal canal, vascularization, and marked macrophage
infiltration (12, 14, 15). Enhanced expression of MMP-3
and MMP-7 in the cells of macrophage-infiltrated discs
(18–20) suggested the hypothesis that MMP induction
by infiltrating macrophages facilitated spontaneous HD
resorption. Because human samples afforded the oppor-
tunity for correlative studies only, and no suitable ani-
mal model existed for HD, we devised organ and cell
coculture systems to study the interaction of
macrophage and disc chondrocytes in HD resorption.
The simplest form of coculture involved the direct place-
ment of isolated macrophages on intact intervertebral
discs in culture medium. Marked infiltration of the
macrophages and expression of MMP-3 and MMP-7 was
observed, similar to that seen in human HD surgical
samples. Discs underwent substantial loss of wet weight
and proteoglycan content under these conditions, mim-
icking the HD resorption process. The coculture model
was further refined to culture of activated peritoneal
macrophages with alginate-encased chondrocytes, either
directly or in a transwell system, so that it provided infor-
mation on the cellular source of molecules involved in
the resorption process, including MMP-3 and MMP-7.
Although the coculture system may not recapitulate HD
completely in that all cell types present in HD samples
are not represented, we have demonstrated the utility of
this model for identifying molecular components
important for disc resorption, macrophage infiltration,
and communication between these 2 major cell types.

The disc resorption studies indicated that disc-pro-
duced MMP-3, but not MMP-7, was required for the
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Figure 4
(a) Representative Safranin O–stained section of incubated whole disc tissue. Wild-type whole disc tissue cocultured with peritoneal
macrophages (mφ/wt) showed extensive reduction in staining compared with wild-type discs without macrophages (wt) or MMP-3–null
whole disc tissue cocultured with macrophages (mφ/3–). ×250. (b) Quantitative analysis of wet weight loss in whole disc tissue from MMP-
null organ cultures. Cocultures are indicated by the genotype of the mice donating macrophage/disc tissue. Wild-type discs were also treat-
ed with recombinant TNFα (rTNFα) and assayed for MMP-3 protein by Western analysis (inset) and wet weight (wt + rTNFα). Data were
analyzed with the Mann-Whitney test and were presented as mean ± SD, n = 7 discs/group. * Difference in wet weight between before and
3 days after incubation is significant (P < 0.01). wt, wild-type; 3–, MMP-3 null; 7–, MMP-7 null.



loss of proteoglycan content and wet weight in the
coculture system. The most straightforward interpre-
tation of this result is that MMP-3 is required for pro-
teolytic degradation of aggrecan, the major cartilage
proteoglycan, and the loss of associated water mole-
cules. There are several observations that argue against
this interpretation. Although MMP-3 can cleave aggre-
can at positions within the chondroitin sulfate-rich
region (16), induction of MMP-3 protein in isolated
discs by treatment with the cytokine TNF-α was not
sufficient for disc degradation as measured by the loss
of wet weight. In addition, MMP-3 activity is not
required for the cartilage degradation that occurs in
diseases such as rheumatoid arthritis, because MMP-
3–null mice display no reduction and even a slight
enhancement of symptoms in a collagen-induced
arthritis model system (24). An enzyme referred to as
aggrecanase has been identified and determined to be
a related but distinct metalloproteinase in the ADAM-
TS (a disintegrin and metalloproteinase-throm-
bospondin) family (38, 39). Although aggrecanase
activity appears to be an important component of car-
tilage degradation associated with arthritis, it has been
reported that it does not play a major role in aggrecan
cleavage in intervertebral disc tissue (40). In our cocul-
ture model, the infiltration of macrophages correlated
with disc resorption and was, in fact, required for disc
degradation. Thus, although a contribution of disc
aggrecanase cannot be ruled out, factors provided by
infiltrating macrophages played a critical role in disc
resorption in this model system. The role of chondro-
cyte MMP-3 in disc resorption thus appears to be pri-
marily indirect and correlates with its requirement for
macrophage infiltration as opposed to direct degrada-
tion of cartilage proteoglycan.

The macrophages appear to play at least 2 distinct
roles in disc resorption. The transwell coculture exper-
iments indicated that a soluble factor produced by
macrophages induced MMP-3 protein and chondro-
cyte MMP-3 mRNA. Activated macrophages are known
to generate proinflammatory cytokines such as TNF-α
or IL-1β (41), which are potent inducers of various
MMPs including MMP-3 (42, 43). Interestingly, we
have determined using a neutralizing antibody
approach that the presence of TNF-α in the coculture
medium is required for chondrocyte MMP-3 expres-
sion (44). Macrophage function in disc resorption was
not restored by the addition of TNF-α, however, indi-
cating that additional macrophage products are
required for the loss of proteoglycan and wet weight.
Our studies demonstrated a strong correlation between
macrophage infiltration and disc resorption in that
disc MMP-3, but not MMP-7, was required for both
processes. Thus, physical degradation of the disc tissue
is likely to be mediated by enzymatic activities elabo-
rated by infiltrating macrophages. Macrophage MMPs
are good candidates, because MMP-1 (45, 46), MMP-2
(45), MMP-3 (46), MMP-7 (47), MMP-9 (45), MMP-12
(48), and MMP-13 (49) are expressed by activated

macrophages, although we cannot rule out contribu-
tions by enzymes of other classes. We have evidence
that neither MMP-3 nor MMP-7 production by
macrophages is sufficient for disc resorption, because
MMP-3–null macrophages and MMP-7–null
macrophages supplemented with TNF-α effectively
reduce disc wet weight in coculture (44). It is likely that
a cascade of interacting proteases with complementa-
ry specificities for the matrix components of cartilage
are involved in the resorption process of HD.

Because the macrophages were important contribu-
tors to disc resorption, we also examined the role of
macrophage MMP-7 and MMP-3 in the coculture
model of HD resorption (44). MMP-7 production by
macrophages was required for the generation of TNF-
α and thus played a role in the communication
between macrophages and chondrocytes. Macrophage
MMP-3, in contrast, was dispensable for macrophage
infiltration and for disc resorption. Because our results
indicated that chondrocyte MMP-3 was required to
generate signals important for the infiltration of
macrophages, it is reasonable to ask if the lack of chon-
drocyte MMP-3 altered other macrophage responses
important for disc resorption. The culturing of MMP-
3–null discs with macrophages resulted in a significant
reduction in the production of MMP-3 by the
macrophages (data not shown), but the ability of
MMP-3–null macrophages to invade normally and
induce disc resorption indicated that the lack of
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Figure 5
Quantitative analysis of macrophage infiltration in MMP-null organ
cultures. A representative experiment showing the number of PKH26-
labeled red fluorescent–infiltrated peritoneal macrophages in 3 high-
power fields per zone of cocultured discs from wild-type (wt) and
MMP-null mice (7–, MMP-7–null; 3–, MMP-3–null) is depicted.
Cocultures are indicated by the genotype of the mice donating
macrophages/disc tissue. Whole disc tissue was classified into 3
zones, NP (inner gelatinous region), AF (outer layer), and transition
zone (TZ; intermediate layer). Data were analyzed with the Kruskal-
Wallis test and were presented as mean ± SD. *Difference from wild-
type is significant (P < 0.05).



macrophage MMP-3 induction was unimportant to
the resorption process. MMP-7 mRNA was produced
by peritoneal macrophages in the presence or absence
of chondrocytes, so the lack of MMP-3 in disc tissue is
unlikely to alter the production of MMP-7 and genera-
tion of soluble TNF-α. Thus, the lack of chondrocyte

MMP-3 did not appear to alter macrophage functions
that were important for disc infiltration.

The most interesting observation from these studies is
the role of chondrocyte MMP-3 in the generation of a
chemotactic factor that induces macrophage infiltra-
tion. MMP-3–null discs did not allow macrophage infil-
tration in the organ coculture model, and isolated chon-
drocytes lacking MMP-3 did not allow macrophage
infiltration of alginate beads. In addition, coculture
medium from wild-type macrophages and MMP-3–null
discs did not produce macrophage chemoattractants in
the checkerboard chemoattraction assay. The nature of
the MMP-3–dependent chemoattractant is not clear.
Potential candidates include cell-surface chemokines
such as monocyte chemotactic protein-1 (MCP-1).
Chemokine MCP-1 is a potent macrophage chemoat-
tractant that has been shown to be expressed by disc cells
and infiltrated macrophages in human HD samples (12).
Alternatively, MMP-3–mediated degradation of matrix
components may release macrophage chemoattractants.
For example, osteopontin is a glycosylated phosphopro-
tein secreted by chondrocytes that has been shown to be
a macrophage chemoattractant (50). Interestingly, we
have observed that MMP-3 cleavage of osteopontin
increases its chemoattractant activity (unpublished
data). In addition, we cannot rule out the possibility that
MMP-3 inactivates an inhibitory protein that interferes
with an endogenous chondrocyte chemoattractant. Irre-
spective of the molecular nature of the chemoattractant,
this is, to our knowledge, the first example of a definitive
role for MMP-3 in a chemoattractive process.

Our initial hypothesis was that MMP-3 and/or MMP-
7 would play a role in the degradation of cartilage pro-
teoglycan during spontaneous HD resorption. The
results of our studies indicated that chondrocyte MMP-
3, but not MMP-7, was required for disc resorption, but
that the mechanism underlying this response was relat-
ed to a role in cell/cell communication as opposed to a
direct role on proteoglycan degradation. Several factors
involved in the communication between macrophages
and chondrocytes were identified using the coculture
approach, although additional paracrine signals are like-
ly to be uncovered. For example, TNF-α treatment of
discs induced MMP-3, but was insufficient in itself to
generate the chemoattractant (data not shown), sug-
gesting that an additional macrophage factor cooperates
with TNF-α to induce and/or release the chemoattrac-
tive activity. Our results reinforce a theme that has
received increasing attention over the last several years
regarding the importance of proteolytic regulation of
biological processes. In addition to the classic examples
of the complement and fibrinolysis cascades, proteo-
some-mediated degradation of signaling molecules and
caspase regulation of programmed cell death are
acknowledged as important regulatory mechanisms.
There is increasing evidence that ectodomain shedding
of cell-surface factors and their receptors may also regu-
late biological activity (51). The example of MMP-3
involvement in the generation of a macrophage
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Figure 6
Chemotactic activity of macrophage/disc coculture–conditioned medi-
um. Peritoneal macrophages were placed in the upper level of a Boy-
den chamber, and migration was quantified by counting the number
of cells migrating to the lower side of the filter in 6 high-power fields
(×400) per well. (a) Medium in lower chamber was from wild-type (wt)
or MMP-3–null (3–) discs cocultured with or without macrophages
(mφ). *Significant migration (P < 0.05) compared with conditioned
medium without macrophages. (b) Migration of wild-type
macrophages toward macrophage/disc coculture media was analyzed
using a modified Boyden chamber assay and diluting (< 100%) or con-
centrating (> 100%) conditioned medium (CM) from either wt
macrophage/wt disc or wt macrophage/MMP-3–null disc cocultures.
A checkerboard analysis of migration toward a concentration gradient
was performed by placing increasing concentrations of coculture medi-
um in the lower chamber with 0% (squares), 50% (diamonds), or 100%
(circles) media in the upper chamber. Plotted are the average number
of cells induced to migrate by wt/wt coculture medium with the MMP-
3–independent background (number of cells induced to migrate by
wt/3– medium) subtracted. Note that enhanced migration does not
occur until the concentration of the medium in the lower chamber
exceeds the concentration of the medium in the upper chamber; i.e., a
concentration gradient is established.



chemoattractant and its requirement in HD resorption
provides additional evidence for this premise.
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