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A Synthetic Peptide of Link Protein Stimulates the
Biosynthesis of Collagens II, IX and Proteoglycan by
Cells of the Intervertebral Disc
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Abstract To date, there have been no reports on the effect on disc cells of the intervertebral disc (IVD) of the amino
terminal peptide of link protein (DHLSDNYTLDHDRAIH) (link N) which is generated by the cleavage of human link
protein by stromelysins 1 and 2, gelatinase A and B, and collagenase between His16 and Ile17. However, link N has been
shown to act as a growth factor and stimulate synthesis of proteoglycans and collagen by chondrocytes of human articular
cartilage. There are also no studies on the effect of link N on type IX collagen in any tissue. In the studies reported here,
a serum-free pellet culture system has been used to examine whether link N can play a role in maintaining the integrity of
disc matrix, specifically at the level of matrix assembly by cells of the IVD. Using this culture system, we determined the
capacity of link N to stimulate accumulation of these matrix proteins in the annulus fibrosus (AF) and nucleus pulposus
(NP).Gross inspection of separateAF andNPpellet cultures in the absence of linkN revealed a progressive increase in size
and a transition from ‘‘spherical’’ to ‘‘polygonal’’ pellets after centrifugation. Addition of 10 ng/ml link N resulted in
increased pellet sizes for both AF and NP pellet cultures. Link N increased proteoglycan, type II and type IX collagen
contents with an increase in DNA content over time. This study demonstrates that link N can act directly on disc cells to
stimulate matrix production, which involves increased accumulation of proteoglycan, and types II and IX collagens. This
study also identifies the value of pellet cultures for studies of the IVD cells in a serum-free chemically defined medium,
in which pellets can continue growing in size in response to growth factors with minimal cell loss. Link Nmay have value
in stimulating the growth and regeneration of the damaged IVD. J. Cell. Biochem. 88: 1202–1213, 2003.
� 2003 Wiley-Liss, Inc.
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Degeneration of the intervertebral disc (IVD)
of the spine is a common feature of the human
aging population [Bogduk, 1991; Buckwalter,

1995; Dai, 2000]. Our knowledge of factors
regulating the turnover, repair, and degenera-
tion of the IVD is lacking. IVDs are composed of
twomajor anatomic zones: the annulus fibrosus
(AF) and the nucleus pulposus (NP). The AF is
composed of laminated fibrous tissue wrapped
around the gelatinous NP [Parke and Schiff,
1971]. The NP is composed of a lattice frame-
work of collagen embedded in a highly hydrated
gelatinous mass. IVDs are characterized by
their abundant extracellular matrix and low
cell density, coupled with an absence of blood
vessels, lymphatic system, and nerves in all but
the most peripheral annular layers. The disc
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is thought to resist compressive forces by a
swelling pressure that exerts tensile forces on
the fibrous collagen network. The ability of disc
tissue to resist compressive forces is largely due
to their high content of the proteoglycan ag-
grecan [Tengblad et al., 1984; Hutton et al.,
1998]. Aggrecan is the largest proteoglycan
found in the interfibrillar matrix.
At least eight distinct collagen types have

been identified in the IVD: types I, II, III, V, VI,
IX, X, and XI [Eyre and Muir, 1976; Wu et al.,
1987]. The AF of the IVD contains all these col-
lagens, whereas the NP contains collagen types
I, II, VI, and IX only [Adams and Muir, 1976;
Eyre and Muir, 1976; Kaapa et al., 1994, 1995].
Type X collagen is present in the disc when
histomorphological alterations occur consistent
with degeneration [Boos et al., 1997; Aigner
et al., 1998]. Types I and II collagens are impor-
tant for the integrity of the disc, as they form the
fibrous framework of the tissue.
Link protein is a glycoprotein that stabilizes

the non-covalent interaction between an ag-
grecan molecule G1 domain and hyaluronate
[Hardingham, 1979; Kimura et al., 1979].
Human cartilage link protein can be separated
by SDS/PAGE into three components of molec-
ular mass 48, 44, and 41 kDa, referred to as LP-
1, LP-2, and LP-3, respectively [Roughley et al.,
1982]. LP-1 and LP-2 are different glycosylated
forms of the same intact protein core,while LP-3
is proteolytically derived from either LP-1 or
LP-2 [Mort et al., 1983]. In cartilage of new-
borns, LP-3 is a minor component generated by
stromelysin 1 [Nguyen et al., 1989]. With age,
LP-3 accumulates at the expense of LP-1 and
LP-2 [Mort et al., 1983]. There is an accumula-
tion of fragmented link protein molecules in
adult cartilage, resulting from cleavages with-
in the N-terminal disulphide-bonded loop.
The amino-terminal peptide of link protein
(DHLSDNYTLDHDRAIH) (link N) can be gen-
erated in vitro by the cleavage of human link
protein by stromelysins 1 and 2, gelatinase A
and B and collagenase between His16 and Ile17

[Nguyen et al., 1993] and is released in vivo by
LP-3 generation.
It is well known that isolated IVD cells ex-

press their native phenotype only in three-
dimensional cultures [Maldonado and Oegema,
1992; Yung Lee et al., 2001]. Although themain-
tenance of disc cells in pellet cultures stabilizes
the disc phenotype, the lack of nutritional sup-
port in the central area of the pellet prevents

further increase in size beyond 15 days [Yung
Lee et al., 2001]. This three-dimensional pellet
culture system established by Kato et al. [1988]
offers advantages over conventional alginate
bead microspheres, as the number of cells per
pellet is easy to control and is simple to perform
[Hall et al., 2001; Yung Lee et al., 2001].

Wecreatedpellet cultures of disc cells isolated
from different anatomical regions, i.e., AF and
NP,so thatwecancompare theeffect of linkNon
the biosynthesis of proteoglycan and collagens
types II and IX, separately. It has been shown
that link N can act as a growth factor and
stimulate synthesis of proteoglycans and col-
lagen in articular cartilage [Liu et al., 1997,
1999, 2000; McKenna et al., 1998; Dean and
Sansom, 2000].Wehave investigated the effects
of link N on cells of the IVD, which can respond
to growth factors differently than cartilage
[Thompson et al., 1991]. The recent devel-
opment of immunoassays provided an opportu-
nity to study the contents of types II and IX
collagens in the extracellularmatrix [Hollander
et al., 1996; Mwale et al., 2000]. We show that
link N stimulates proteoglycan and types II and
IX collagens in IVD cells. Such informationmay
be of value in maintaining the integrity of disc
matrix.

MATERIALS AND METHODS

Source of Disc

Adult bovine tails (2–4 years old) were
obtained from Les Abattoirs Corbex, Inc.
(QC, Canada). All IVDs were classified as non-
degenerate grade I according to the grading
system of Thompson et al. [1990]. A total of 12
tails were used.

Cell Isolation

Cells from 12 bovine tails (approximately
15� 106 cells from the AF per tail and 5� 106

cells from the NP per tail) were isolated imme-
diately after transportation from the abattoir.
The IVDs were dissected from their adjacent
vertebral bodies, placed in DMEM-high glucose
(Biomedia, QC, Canada), with 20 mM HEPES,
and 45 mM NaHCO3, pH 7.4, containing
(per ml) 150 ng gentamicin, 100 mg benzyl
penicillin, 100 U streptomycin, and 0.25 mg
fungizone (mediumA) (InVitrogen Life Techno-
logies, Burlington, ON, Canada). Under aseptic
conditions, the IVDs were separated by dissec-
tion into regions corresponding to the AF and
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the NP. The AF and NP dissected into approxi-
mately 2-mm thick fragments were washed
twice in medium A for 15 min. Cells were en-
zymatically isolated from the tissue using a
sequential protease type XIV/collagenase pro-
tocol [Maldonado andOegema, 1992;Baer et al.,
2001]. Briefly, 28 and 10 g of AF and NP tissue,
respectively, were incubated at 378C with
gentle agitation (75 rpm) for 1 h in medium
A with bacterial protease type XIV (Sigma,
Oakville, ON, Canada) at 0.2% (w/v) for the NP
and 0.4% (w/v) for the AF. The tissue was then
washed and a second digestion was perform-
ed overnight at 378C and 75 rpm in washing
medium (medium A without gentamicin and
fungizone) supplemented with 10% fetal bovine
serum (FBS) (Biomedia) and bacterial collage-
nase type IA (Sigma) at 0.03% (w/v) for the
NP and 0.06% (w/v) for the AF. The resulting
cell suspensions were passed through a 70-mm
cell strainer (VWR Canlab, Ville Mont-Royal,
QC, Canada) and washed twice in washing
medium containing 10% FBS, and cells were
recovered by centrifugation at 400�g for 6 min.
Cells were counted in a hemacytometer and the
viability was determined using 0.04% Trypan
Blue Dye.

Pellet Cultures

The cellswere culturedas a three-dimensional
pellet using a method originally described
by Kato et al. [1988]. In all experiments,
DMEM-high glucose with 20 mM HEPES and
45mMNaHCO3 pH 7.4 was supplementedwith
5 mg/ml penicillin, 10 mg/ml streptomycin,
2 mM glutamine, 50 mg/ml ascorbic acid (pre-
pared fresh), 1 mg/ml bovine serum albumin,
5 mg/ml insulin, 5 mg/ml transferrin, and 5 ng/ml
sodium selenite. Briefly, pellet cultures were
prepared by adding 1� 106 cells in 1mlmedium
to 15-ml conical polypropylene centrifuge tubes.
The cells were pelleted by centrifugation at
400�g for 6 min at room temperature. The
resulting cell pellets were cultured in the same
centrifuge tubes, with loosened lids, at 378C
and 5% humidified CO2. Medium was changed
every 2 days, and pellets were maintained up
to 20 days in medium without (control) or with
10 or 100 ng/ml of link N. Fresh peptide was
added with each change of the culture medium.
Before each media change the pellet was cen-
trifuged at 400�g for 6 min to maintain the
integrity of the pellet and ensure that cells were
not removed to the culture medium.

Synthesis of Link N

The N-terminal peptide of link protein
(DHLSDNYTLDHDRAIH) was synthesized
using Fmoc (9-fluoroenylmethoxycarbonyl)
chemistry, on a solid phase peptide synthesizer
(model 431A; Applied Biosystems, Foster City,
CA).

Scanning Electron Microscopy (SEM)
Specimen Preparation

Pellet cultures were examined by SEM to
study pellet growth. The pellets were fixed by
overnight immersion in 5% glutaraldehyde,
0.1 M sodium cacodylate buffer pH 7.4 at 48C,
overnight. After rinsing three times with the
buffer, the preparations were stepwise dehy-
drated in graded ethanol (25, 50, 95, and 100%,
60min each). The polypropylene tubes were cut
close to the pellet and the dried pellets were
mounted on SEM specimen stubs, and coated
with gold/palladium. SEMwas performed using
SEM (Jeol JSM-840A) at an accelerating vol-
tage of 10 kV. Image acquisition was performed
using an EDAX Phoenix microanalysis system.

Analyses of Cell/Matrix Proteins

The contents of cell/matrix proteins were an-
alyzed in pellets and culture media. The pellet
was rinsed twice with 2 ml of PBS and frozen at
�208C until analysis. After thawing, the har-
vested material was digested with a-chymo-
trypsin followed by proteinase K [Hollander
et al., 1994]. Aliquots were taken and the con-
tents of DNA, glycosaminoglycans (predomi-
nantly from the proteoglycan aggrecan), total
type II collagen content, and type IX collagen
content were determined as described below.

DNA

DNA was measured using Hoechst dye
[Labarca and Paigen, 1980].

Determination of Glycosaminoglycan Content

To measure sulfated glycosaminoglycans
(predominantly proteoglycan aggrecan), 10-ml
samples of a-chymotrypsin and proteinase K
digests of pellets and media were analyzed
using the 1,9-dimethylmethylene blue (DMMB)
dye binding assay [Farndale et al., 1986]. The
results of analyses were totaled to obtain total
proteoglycan content per culture tube.
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Extraction and Immunoassay of Total
Type II Collagen and its Denaturation

Total type II collagenwasmeasuredby immu-
noassay using the COL2-3/4m epitope [Hollan-
der et al., 1994]. This epitope is not destroyed by
a-chymotrypsin or proteinase K treatment.

Immunoassay for Determination of
Type IX Collagen NC4 and

COL2 Domains of the a1(Chain)

TheseELISAsweredescribedrecently [Mwale
etal.,2000].Theywereusedtoanalyzethemedia,
a-chymotrypsin and proteinase K extracts. The
results of the analyses of a-chymotrypsin and
proteinaseK in thepellet andmediawere totaled
to obtain type IX collagen content in the tube.
BoththeNC4andCOL2epitopesarestableunder
a-chymotrypsin and proteinase K treatment.
Total type IX collagen contentwas obtainedwith
the COL2(IX) immunoassay.

Collagen Synthesis

Cultures were labeled with 25 mCi/ml of
[3H] proline (Amersham Biosciences, Inc., Baie
d’Urfe, QC, Canada) for 24 h. Thereafter, cor-
responding media were frozen at �208C until
analyzed. Collagens were isolated from the
media by 30% saturated ammonium sulfate
(v/v), followed by digestion in 0.5 M acetic acid
with 150 mg/ml pepsin (Sigma, P-7012) at 48C
overnight. Collagens of the cell/matrix layer,
after harvesting the samples in 1 ml of TMT
(10mMTris pH 7.5, 0.5mMMgCl2, 0.1% Triton
X),were isolated by incubatingwith 0.5Macetic
acid containing 10 ml of a protease inhibitor
cocktail (Sigma, P-8340) and 150 mg/ml pepsin
(Sigma, P-7012). Collagen present in the super-
natant after centrifugation (pepsin soluble col-
lagen)wasprecipitatedwith trichloroacetic acid
(15% w/v) and washed with acetone. Precipi-
tated collagens from the media and the cell
pellets (pepsin soluble and pepsin insoluble
collagens) were analyzed directly by polyacry-
lamide gel electrophoresis with sodium dodecyl
sulfate (SDS–PAGE) using 4–20% gradient
gels, followed by autoradiography [Mwale et al.,
2000]. Gradient gels were soaked in 500 ml of a
5%glycerol (w/v), 40%methanol, and 10%acetic
acid for 3 h with constant gentle agitation to
ensure crack-free drying.

Immunoblot Analysis

Electrophoretic transfers to nitrocellulose
membranes (Bio-Rad Laboratories Ltd., Mis-

sissauga, ON, Canada) were performed as pre-
viously described [Mwale et al., 2000]. Briefly,
the PBS–3% BSA blocked membranes were
incubated overnight at 48C with anti-NC4 anti-
bodies diluted 1:1,000 in PBS–3%BSA–Tween.
After three 10-min washes in PBS–Tween, the
membranes were incubated at room tempera-
turewith alkaline phosphatase-conjugated goat
anti-rabbit IgG (HþL) diluted 1:30,000 with
PBS–3% BSA–Tween. The membranes were
given 3� 10-min washes in PBS–1% BSA–
Tween before adding alkaline phosphatase
substrate 5-bromo-4-chloro-3-indolyl phos-
phate and nitroblue tetrazolium solution from
a commercial kit (Bio-Rad Laboratories Ltd.).

Statistical Analysis

All experiments were performed in tripli-
cates. Statistical differences between the trea-
ted (10 and 100 ng/ml link N) and the control
were analyzed by Statview (version 5.0.1, SAS
Institute, Cary, NV) for each culture time.
Results were considered significant with a
P< 0.05.

RESULTS

Morphological Analysis of Pellet Cultures

This report determines the effect of link N
on disc cells in terms of the accumulation of
proteoglycan, and type II and type IX collagens
in a serum-free pellet culture system. Gross
inspection of IVD pellet cultures revealed a
progressive increase in volume over time (data
not shown). Addition of 10 ng/ml of link N re-
sulted in an increase in pellet volume of the AF
and the NP cells.

Examination by SEM of pellet cultures of
the NP on day 20 revealed a compact matrix
(Fig. 1A). At higher magnification of the insert
in (Fig. 1A) the absence of identifiable lacunae is
clearly evident (Fig. 1B). Figure 1C shows the
SEM image of a NP pellet culture with 10 ng/ml
of link N added. Here a marked difference in
the morphology of the pellet cultures was seen
where a dense ‘‘layered’’ matrix was produced.
Figure 1D represents a higher magnification of
the insert in (Fig. 1C) emphasizing the layers.
Similar observations were obtained with annu-
lus cells (data not shown).

DNA Content

DNA content showed a steady increase when
both AF and NP cells were cultured in serum-
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free medium, but with no significant difference
when link N was added (Fig. 2A,B, respec-
tively), suggesting that the growth in size of
pellets could partly be due to cell proliferation.
Previously, no significant increase in DNA was
shown [Chiba et al., 1997; Gruber et al., 1997;
Hall et al., 2001]. Addition of link N to human
articular cartilage did not alter DNA content
[McKenna et al., 1998]. Similarly, prehyper-
trophic growth plate chondrocytes did not pro-
liferate in this serum-free medium [Mwale
et al., 2000].

Synthesis of Extracellular Matrix:
Analyses of Pellet Cultures

Proteoglycan content. Figure 3 shows the
assembly of proteoglycan in pellet cultures with

time. There were progressive increases in pro-
teoglycan content throughout the culture and it
peaked between days 16 and 20. Link N, when
added at 10 or 100 ng/ml to pellet cultures,
stimulated proteoglycan synthesis (pellet plus
medium per DNA), in pellet cultures of AF cells
(Fig. 3A). The assembly of proteoglycan in the
AF was enhanced by the addition of 100 ng/ml
of link N reaching its highest level by day 16
(19� 4 mg/mg of DNA).

Total proteoglycan content normalized to
DNA increased significantly in the NP with
time (Fig. 3B). Stimulation of proteoglycan con-
tent in theNPreached its highest level byday16
(33� 3 mg/mg of DNA), and increased progres-
sively with the addition of 100 ng/ml of linkN. A
similar increase was observed with 10 ng/ml of

Fig. 1. Scanning electronmicroscopy (SEM) of the morphology
of NP cell pellet cultures. A: Overview of the control NP cell
pellet at day 20 (magnification� 1,000).B: Highermagnification
of the insert (dotted lines) shown in (A) (magnification�3,000).
C: Overview of the 10 ng/ml of link N treated NP cell pellet at

day 20 (magnification� 1,000). D: Higher magnification of
the insert (dotted lines) shown in (C) (magnification� 3,000).
Note the marked difference in the morphology between the
‘‘compact’’ control and ‘‘dense-layered’’ pellet cultures upon
addition of link N.
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link N with, however, a decline on day 20. The
results suggest that link N can stimulate pro-
teoglycan synthesis in cells from theAFandNP.
Previously, link N was shown to upregulate

synthesis of proteoglycan fromhuman articular
cartilage by amounts ranging from 20% to as
much as 270% [McKenna et al., 1998]. Link N
was also found to potently stimulate the synth-
esis of proteoglycans with normal glycosamino-
glycan chains in human articular cartilage and
the macromolecular characteristics of cartilage
proteoglycans did not change when synthesis
was upregulated by link N [Liu et al., 1999].
Total type II collagen content. Figure 4

shows the production of type II collagen in

serum-free medium monitored by the COL2-
3/4m immunoassay [Hollander et al., 1994].
Type II collagen content in the AF cell cultures
increased progressively with time. Previous
studies have shown that link N can stimulate
biosynthesis of collagen by human articular
cartilage [Liu et al., 2000]. From day 12 in the
AF, link N increased type II collagen content
(Fig. 4A). Levels of type II collagen reached peak
values on day 12, averaging 230� 21 pmol/mg
DNA when 100 ng/ml of link N was added.

Fig. 2. Effect of link N on disc cell proliferation in pellet
cultures. Annulus fibrosus (AF) cells (A) and NP cells (B) were
cultured in the absence of link N or with 10 and 100 ng/ml of
link N. The mean� standard deviation of total DNA content (in
triplicate) are shown in a typical experiment. Note the steady
increase in cell proliferation and that link N did not significantly
affect cell proliferation.

Fig. 3. Proteoglycan deposition in disc cell pellet cultures and
enhancement by link N. Total proteoglycan content per DNA in
pellet cultures of adult bovineAF (A) andNP (B) culturedwithout
(control) or with 10 or 100 ng/ml of link N. The results of total a-
chymotrypsin and proteinase K analyses of cell pellets and of
media are shown. Results show the content of proteoglycan
with the peptide or control without the peptide, and represent
the mean� standard deviation of triplicates. Asterisks indicate
values significantly different from the control (*P<0.05). Note
increased deposition of proteoglycan and enhancement by
the addition of link N.
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Figure 4B shows that total type II collagen
content also increased with time in cultures of
NP cells. Link N enhanced this increase in
type II collagen content ranging from day 12
with a mean of 184� 35 to 228� 35 pmol/mg of
DNA when 10 ng/ml of link N was added and of
198� 33 to 279� 44 pmol/mg of DNA when
100 ng/ml of link was added.

Type IX collagen content. Figure 5 shows
that type IX collagen content represented by the
COL2 (Fig. 5A,B) and NC4 (Fig. 5C,D) domains
increased in cultures of both AF (Fig. 5A,C) and
NP (Fig. 5B,D). Link N stimulated type IX

collagen accumulation. The increase in total
type IX collagen content (COL2) in the AF was
high, ranging from a mean of 0.58� 0.12 pmol/
mg of DNA (control) to as much as 0.71�
0.08 pmol/mg of DNA when 10 ng/ml of link N
was added and to 0.89� 0.07 when 100 ng/ml of
link Nwas added on day 20 (Fig. 5A). Figure 5B
shows the increase with time in total type IX
collagen (COL2 domain) content in the NP.
Enhancement of type IX collagen content by
link N reached peak values around days 18
and 20 when 100 ng/ml of link N was added
suggesting that link N can stimulate total
type IX collagen synthesis in cells from the AF
and the NP. Figure 5C,D shows that the long
form of type IX collagen represented by theNC4
domain is also enhanced by addition of linkN in
both the AF and NP.

The molar ratio of type II collagen to a1(IX)
COL2 collagen in theAF (Fig. 6A)was similar to
that of type II collagen to a1(IX) NC4 collagen
(not shown), averaging in the range of 116–
235:1 (lowest values on days 4 and 20), while
that of type II collagen to a1(IX) COL2 collagen
(Fig. 6B) and a1(IX) NC4 collagen (not shown)
in the NP averaged in the range of 22–149:1,
suggesting that there are much less type IX
collagen molecules in the disc compared to
the growth plate. During matrix assembly, the
molar ratio of type II/COL2 domain of the a(IX)-
chain in the growth plate varied from 8:1 to 25:1
[Mwale et al., 2002]. The molar ratio of the
COL2/NC4 domain in the NP and AF was ap-
proximately 1:1 (Fig. 5) suggesting that all
molecules of type IX collagen have the NC4
domain which differs from the growth plate
were the majority (90%) of type IX molecules
lack the NC4 domain [Mwale et al., 2000].

Table I shows the percent increase in proteo-
glycan, type II collagen and type IX collagen
content (COL2 andNC4 domains) in the AF and
the NP cell pellet cultures, when treated with
10 and 100 ng/ml of link N, compared to the
control. Enhancement by link N of type IX
collagen content in the AF, measured as NC4,
increased, ranging from 17 to 55%. Enhance-
ment by linkN of type IX collagen content in the
AF, measured as COL2, also increased, ranging
from22 to 53%. Similar resultswere obtained in
the NP. Enhancement of proteoglycan content
by linkN in theAF increased, ranging from30 to
45%, while that in the NP increased from 8 to
28%. Type II collagen increased from 74 to 113%
in the NP and 13 to 25% in the AF. This data

Fig. 4. Type II collagen content in cultures and enhancement
by link N. Progressive accumulation of type II collagen content
was observed in adult bovine AF cell (A) andNP cell (B) cultures.
This was enhanced by link N. Results show the content of type II
collagen per DNA with the peptide or control cultures with-
out the peptide and represent the mean� standard deviation of
triplicates. Asterisks indicate values significantly different from
the control (*P< 0.05).
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suggests that link N can stimulate proteogly-
can, types II and IX collagens in cells from the
NP and the AF.
Further, we decided to gain some insight into

the potential mechanism of how link N stimu-
lates collagen biosynthesis by analyzing col-
lagen synthesis rates on protein level, rather
than on collagen amounts deposited as they
would tell us whether our reported effect is
owing to enhanced collagen synthesis or re-
tarded degradation. To specifically analyze the
collagens, the [3H] proline-labeled media were
precipitated by the addition of (NH4)2SO4 and
analyzed by autoradiography [Mwale et al.,
2000]. Using this approach, quite variable
amounts of collagen bands appeared to be syn-
thesized at different stages of the culture
(Fig. 7). Large amounts of type II collagens
were detected in the media and this was
enhanced by the addition of link N. Type II
collagen (�120 kDa) began to be predominantly
expressed in the media at early time points.
While there was a large range in the size of
proteins synthesized, particularly prominent
bandswereevident at200, 120, 102, and78kDa.
To specifically analyze type IX collagen a
Western blot using anti-NC4 antibodies was
performed [Mwale et al., 2000]. Figure 8 shows
that type IX collagen was detected in the AF as
well as the NP, and this was enhanced by the

addition of link N. These results suggest that
the observed stimulation by link N is due to
enhanced collagen synthesis and not due to
retarded degradation.

DISCUSSION

Previous studies have shown that the link
protein amino terminal peptide DHLSDNY-
TLDHDRAIH (link N), which can be removed
by proteolysis from the N-terminus of the link
protein of cartilage proteoglycan aggregates,
can act as a growth factor and stimulate
synthesis of proteoglycans [McKenna et al.,
1998] and collagens [Liu et al., 2000] in human
articular cartilage. There have been no studies
of the effects of the peptide on cells of the IVD or
its effect on specific collagens such as types II
and IX.

Herewe show that linkNata concentration of
10 and 100 ng/ml can stimulate matrix assem-
bly in cultures of the NP and AF by increasing
production/accumulation of proteoglycans and
collagens II and IX, while having no effect on
cell division. These results of enhanced matrix
assembly are shown by the morphological
analyses. The concentrations of link N used
were chosen because earlier experiments
with human articular cartilage demonstrated
that significant stimulation was achieved at a

Fig. 5. Type IX collagen content in cultures and enhancement
by link N. Type IX collagen content represented by the COL2
(A, B) and NC4 (C, D) domains increased in cultures of both AF
(A, C) and NP (B, D) in a time-dependent manner. Results show

the content of type IX collagen per DNA with the peptide or
control without the peptide and represent the mean� standard
deviation of triplicates. Asterisks indicate values significantly
different from the control (*P< 0.05).
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concentration of link N that varied between
10 and 1,000 ng/ml, with optimum stimulation
at 100ng/ml of linkN [McKenna et al., 1998; Liu
et al., 2000]. Assuming a 1:1 ratio of link protein
to aggrecan and the molecular weight of the
peptide to be 1,760 Da, with that of link pro-
tein being 49 kDa, we calculate that addition of
100 ng/ml of link N corresponds to approxi-
mately 3.6% of total peptide content of link pro-
tein in the disc or culture at day 20 suggesting
that the concentrations used are in the physio-
logical range.

Our results suggest that degradation pro-
ducts of link protein generated by matrix
metalloproteinases can ‘‘feed-back’’ and stimu-
late matrix assembly. They may, therefore,
have a regulatory role in maintaining matrix
integrity in the IVD. Since link protein is
present in normal disc, with and without its
N-terminal peptide [Donohue et al., 1988; Liu
et al., 1991], the peptide must be generated
extracellularywithin the disc. Its concentration
would be dependent on the rate at which link
protein was synthesized and the degree of pro-
teolysis. Therefore, as previously postulated,
link N could be a primary indicator to disc cells
that matrix degradation was taking place, sig-
naling to the cells to increase synthesis of mat-
rix components to compensate for degradation.

We have also shown that the contents of col-
lagen types II and IX, and proteoglycans were
significantly greater in cultures of the NP than
the AF. Previously, it was found that type II
collagen accounts for approximately 82% of the
total collagen in theNP but only 64% of the total
collagen in the AF of the human L5-S1 IVD
[Antoniou et al., 1996]. These data are similar

Fig. 6. Effect of link N on type II/IX molar ratios. Analyses of
the molar ratios of total type II to total type IX contents measur-
ed as the COL2 domain for adult baine AF cell (A) and NP cell
(B) cultures. Data shown of type II/type IX collagen molar ratios
are means of pellet cultures for the experiments described in
Figures 4 and 5.

TABLE I. Summary of the Effect of Link N at Day 20 on Proteoglycan,
Type II Collagen, and Type IX Collagen Content COL2 and NC4 Domains

in the Annulus Fibrosus (AF) and Nucleus Pulposus (NP)

Percent increase (compared to control)

NP AF

10 ng/ml link N 100 ng/ml link N 10 ng/ml link N 100 ng/ml link N

Proteoglycan 7.7 28.2 30.4 44.9
Type II collagen 74 113 12.7 25.3
NC4(IX) 10.8 45.8 17.0 54.7
COL2(IX) 26.1 45.5 22.4 53.4

Results are shown as the percent increase inmatrix components of treated pellet cultures, compared to the
control, for the experiments described in Figures 2–5.
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to those ofEyre andMuir [1974],who found that
in adult human IVDs more than 85% of the col-
lagen inNPwas type II collagen, whereas in the
AF, type II collagen represented 50–65% of
total collagen [Adams et al., 1977]. The rela-
tively high content of type VI collagen ob-
served in bovine NP [Wu et al., 1987] may
account for a significant proportion of the
remaining collagen.
Previously, itwas found that humanIVDcells

seeded in pellet cultures at 5� 105 grew in size
and stabilized at a diameter of approximately
3 mm after 2 weeks. In this study, NP and AF
cells fromadult cowswere separatedand1� 106

cells were cultured to ensure sufficient tissue
formation for all our analyses on the same
sample. We found that if the pellets are main-
tained in the describedmannerwith centrifuga-
tion at each media change the compact pellets
continue to grow in size. However, if we did not
centrifuge, the pellets grew in size only for the
first 7–10 days (data not shown), probably due
to decreased nutritional support in the center of
the pellet [Yung Lee et al., 2001]. Alternative
possibilities are that centrifugation might
force unwanted waste product out of the pellet
or that centrifugation compresses the pellet,
which then swells up as new medium is added,
in a similar manner that loading regulates
protein synthesis [Koob et al., 1992; Puustjarvi

et al., 1994]. Another explanation is that cen-
trifugation provides a mechanical stimulus by
compacting cells.

Previous studies have shown that in the
adult, link protein content is lower in the disc
compared to autologous articular cartilage
[Pearce et al., 1989]. The AF contains more ext-
ractable link protein relative to tissue wet
weight than the NP, and the nuclear link pro-
tein, at least in adolescents, contains a greater
proportion of the smallest link protein. Such
changes in the quantity and structure of the disc
link proteins may affect the availability of the
link peptide and, therefore, responses to it.
Collectively, these results demonstrate that
link N can at physiological concentrations
stimulate the synthesis of matrix molecules
in the IVD. This information may be relevant
to the degeneration of IVD seen in aging
since with a reduction in content of link protein
the potential for this anabolic feedback loop
would be reduced. It also presents an alter-
native method to stimulate disc growth and
regeneration.
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