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SUMMARY: Mucopolysaccharidosis (MPS) Type VI (Maroteaux-Lamy Disease) is the lysosomal storage disease characterized
by deficient arylsulfatase B activity and the resultant accumulation of dermatan sulfate-containing glycosaminoglycans (GAGs).
A major feature of this and other MPS disorders is abnormal cartilage and bone development leading to short stature, dysostosis
multiplex, and degenerative joint disease. To investigate the underlying cause(s) of degenerative joint disease in the MPS
disorders, articular cartilage and cultured articular chondrocytes were examined from rats and cats with MPS VI. An
age-progressive increase in the number of apoptotic chondrocytes was identified in the MPS animals by terminal transferase
nick-end translation (TUNEL) staining and by immunohistochemical staining with anti-poly (ADP-ribose) polymerase (PARP)
antibodies. Articular chondrocytes grown from these animals also released more nitric oxide (NO) and tumor necrosis factor alpha
(TNF-�) into the culture media than did control chondrocytes. Notably, dermatan sulfate, the GAG that accumulates in MPS VI
cells, induced NO release from normal chondrocytes, suggesting that GAG accumulation was responsible, in part, for the
enhanced cell death in the MPS cells. Coculture of normal chondrocytes with MPS VI cells reduced the amount of NO release,
presumably because of the release of arylsulfatase B by the normal cells and reuptake by the mutant cells. As a result of the
enhanced chondrocyte death, marked proteoglycan and collagen depletion was observed in the MPS articular cartilage matrix.
These results demonstrate that MPS VI articular chondrocytes undergo cell death at a higher rate than normal cells, because of
either increased levels of dermatan sulfate and/or the presence of inflammatory cytokines in the MPS joints. In turn, this leads
to abnormal cartilage matrix homeostasis in the MPS individuals, which further exacerbates the joint deformities characteristic
of these disorders. (Lab Invest 2001, 81:1319–1328).

T he mucopolysaccharidoses (MPS) are a family of
inherited lysosomal storage disorders resulting

from the deficient activities of specific lysosomal en-
zymes required for the step-wise degradation of gly-
cosaminoglycans (GAGs) (Neufeld and Muenzer,
2001). To date, 11 distinct MPS enzyme deficiency
disorders have been described. In each disease the
primary enzyme deficiency leads to the accumulation
of partially degraded GAGs within the lysosomes of
the patient’s cells, resulting in an array of clinical
features that progress with age. For example, in MPS
type VI (Maroteaux-Lamy disease), a deficiency of

arylsulfatase B (ASB; N-acetyl galactosamine
4-sulfatase) activity results in the accumulation of
dermatan sulfate. MPS type VI is characterized by
short stature, dysostosis multiplex, cranial and tra-
cheal abnormalities, cornea and cardiovascular de-
fects, and degenerative joint disease (Neufeld and
Muenzer, 2001).
Histologically, chondrocytes from individuals with

the MPS disorders are filled with enlarged, GAG-
containing vacuoles that obscure other organelles and
displace and deform the nucleus. Clusters of dis-
tended and rounded chondrocytes are thereby
formed, disrupting the normal columnar architecture
of the growth plate cartilage and presumably leading,
in part, to the bone growth abnormalities (Abreu et al,
1995; Norrdin et al, 1993). Osteoblast and osteocyte
functions seem to be preserved in MPS individuals,
and bone formation and demineralization occurs at a
normal rate (Abreu et al, 1995). Abnormalities of the
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articular chondrocytes and cartilage are also likely to
play an important role in the degenerative joint disease
associated with the MPS disorders, but as with the
pathogenesis of the bone growth abnormalities, the
nature of the degenerative joint disease in the MPS
disorders is poorly understood. The articular cartilage
is initially thicker in MPS VI animals (as is the syno-
vium), suggesting that there may be abnormalities in
articular cartilage matrix formation and function
(Crawley et al, 1997).

Apoptosis is a normal and well-characterized pro-
cess in growth plate chondrocytes. During the forma-
tion of long bones, chondrocytes in the epiphyseal
growth plates proliferate in columns toward the diaph-
ysis of the bone, becoming hypertrophied as they
deposit cartilage matrix and eventually undergoing
apoptosis (Gerber et al, 1999; Hashimoto et al, 1999).
In contrast, apoptosis of articular chondrocytes has
not been described in healthy individuals, although
abnormal formation of apoptotic bodies has been
associated with pathogenic events, such as osteoar-
thritis (OA) (Hashimoto et al 1998), and/or the mechan-
ical loading of normal joints.

In the present study, we examined apoptosis in the
articular cartilage and cultured articular chondrocytes
of MPS VI rats and cats. We demonstrate age-
dependent morphological and biochemical changes
associated with increased apoptosis in the articular
cartilage of the affected animals, but not age-matched
healthy animals. We also observed a depletion of
proteoglycans and total collagen in the MPS VI carti-
lage matrix, suggesting that a direct consequence of
the enhanced apoptosis is abnormal cartilage matrix
composition. A hypothesis explaining the joint abnor-
malities in the MPS disorders is proposed whereby
articular chondrocyte cell death is induced by GAG
accumulation within these cells and/or the release of
inflammatory cytokines caused by mechanical stress
imposed on the MPS joints. The diminished function
and increase in cell death of the MPS VI chondrocytes
leads to abnormal articular cartilage matrix composi-
tion, ultimately causing degeneration of the articular
surfaces and further joint defects.

Results

Assessment of Apoptosis in Primary MPS VI Rat
Chondrocytes and Articular Cartilage

Primary chondrocyte cultures were established from
the articular cartilage (proximal tibia) of approximately
6-month-old MPS VI and healthy rats (n � 4 each) and
subjected to terminal transferase nick-end translation
(TUNEL) staining. After 5 days in culture, 7.5% of the
normal cells were TUNEL-positive, whereas 30.5%
were positive in the MPS VI cultures (not shown).

To further investigate these in vitro findings, articular
cartilage from MPS VI rats at various ages (2 weeks to 12
months) was assessed in situ by TUNEL staining using
both colorimetric and fluorometric detection systems. As
illustrated in Figure 1, many of the articular chondrocytes
in the proximal tibia of 6-month-old MPS VI rats were

found to be TUNEL-positive when compared with age-
matched healthy rats (compare Panels A and B). Similar
findings were observed in the proximal tibia of 1-year-old
MPS VI cats (not shown). Increased apoptosis in the tibia
was first observed at 3 months in the MPS VI rats and at
9 to 12 months in MPS VI cats (Fig. 2, A and B,
respectively), and progressed with age. To assess
whether enhanced chondrocyte apoptosis occurred in
other synovial joints, the proximal humeri from 6-month-
old MPS VI rats also were examined. As shown in Figure
1, Panels C and D, the articular chondrocytes from the
proximal head of the MPS VI humeri also had markedly
enhanced apoptosis compared with age-matched
controls.

TUNEL staining detects late-stage DNA fragmenta-
tion and is one measure of apoptosis. To confirm the
apoptosis indexes obtained with TUNEL assays, an
immunocytochemical study was performed using anti-
poly (ADP-ribose) polymerase (PARP, 85-kd fragment)
polyclonal antibodies. The 85-kd PARP is a product of
caspase-3 activity and a commonly used marker for
apoptosis. As can be seen in Figure 3, the MPS VI rat
tibia and humeri also had enhanced immunostaining
with anti-PARP antibodies compared with age-
matched controls, confirming the TUNEL results.

TNF-� and NO Production by Normal and MPS
VI Chondrocytes

To investigate whether the enhanced apoptosis ob-
served in the MPS VI cartilage was associated with
cytokine-induced nitric oxide (NO) production, primary
chondrocyte cultures were established from the prox-
imal tibia of MPS VI rats, and the levels of TNF-� and
nitrite were determined in the culture media. As shown
in Figure 4, both compounds were markedly increased
in the media of MPS VI cells compared with normal
cells, and the levels were significantly greater in older
MPS animals (8 months) compared with young (3
months). Similar nitrite results were obtained in cells
grown from the proximal tibia of MPS VI cats ranging
in age from 6 months to 5 years (Fig. 5).

Effect of LPS and Dermatan Sulfate on NO Production in
Normal and MPS VI Chondrocytes

Lipopolysaccharide (LPS) induces NO production in
many cell types, including chondrocytes (Palmer et al,
1993; Stadler et al, 1991). Dermatan sulfate, the GAG
that accumulates in MPS VI cells, is a complex poly-
saccharide with structural homologies to LPS. There-
fore, we compared the effects of LPS and dermatan
sulfate on NO release from normal and MPS VI artic-
ular chondrocytes (Fig. 6). Notably, dermatan sulfate
stimulated NO release from normal cells to an even
greater degree than LPS. Furthermore, in MPS VI
cells, the baseline level of nitrite in the media was
greater than normal, confirming the results shown
above in Figure 4B, and both LPS and dermatan
sulfate enhanced this effect.
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Effect of Coculturing Normal and MPS VI Chondrocytes
on NO Release

To determine whether arylsulfatase B that was secreted
by normal chondrocytes could reduce NO release by
MPS VI cells, a coculture experiment was carried out. As
shown in Figure 7, initially the NO levels in the media of
co-cultured normal and MPS VI cells (gray bars) were
approximately the sum of those found in the normal
(white bars) and MPS VI (black bars) control cultures.
However, by 80 hours these levels had been reduced to
almost normal. Also note that during this same time
period the NO levels in the control cultures did not vary
significantly. After 80 hours the cells were harvested
from the wells and arylsulfatase B (ASB) activity was
determined. The levels of ASB in the cocultured MPS VI
cells were approximately 60% of normal, indicating
significant release of the enzyme by normal cells and
reuptake by the MPS VI cells (not shown).

Analysis of MPS VI Articular Cartilage
Matrix Abnormalities

Chondrocyte apoptosis has been associated with
proteoglycan depletion in osteoarthritis (OA), leading

to cartilage degradation. Safranin-O and alcian blue
staining, both of which have been used to detect
proteoglycan depletion in OA (Hashimoto et al, 1998),
were used to assess proteoglycans in the articular
cartilage and underlying bone of MPS VI animals. As
illustrated in Figure 8, areas of the MPS VI rat cartilage
and bone stained much less intensely with safranin-O
than in healthy animals, indicating that matrix proteo-
glycan depletion is a feature of this MPS disorder.
Similar observations were obtained using alcian blue
in both the MPS VI rats and cats (not shown).

Collagen is a major component of articular cartilage
and is synthesized and degraded by chondrocytes
(Mayne, 1989). In the MPS disorders, where enhanced
chondrocyte apoptosis was observed, we hypothesized
that collagen metabolism might also be affected be-
cause of decreased collagen synthesis or aberrant re-
lease of collagen-processing proteases into the extracel-
lular matrix. Again, similar abnormalities in collagen
processing have been made in OA (Billinghurst et al,
1997). Articular cartilage was obtained from the proximal
tibia of healthy and MPS VI rats, and the total collagen
content was quantified by measuring hydroxyproline. As

Figure 1.
Fluorescence-based terminal transferase nick-end translation (TUNEL) staining of articular cartilage from mucopolysaccharidosis type VI (MPS VI) rats. Articular
cartilage and epiphyseal bone from the tibia of MPS VI and normal rats are shown in Panels A and B, respectively (magnification, �20). Note the presence of
fluorescent nuclei in the MPS VI animals (A). C and D, TUNEL staining was repeated on the articular cartilage from the proximal end of the humeri (magnification,
�40). Once again, note the fluorescent nuclei in the MPS VI rats (C) compared with normal animals (D).
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shown in Figure 9, significant (p � 0.05) collagen deple-
tion was observed in the MPS VI cartilage compared
with cartilage from healthy animals.

Discussion

The present study was designed to gain a better under-
standing of the mechanism(s) underlying degenerative
joint disease in the MPS disorders. Four general obser-
vations were made. First, and perhaps most importantly,
an age-dependent increase in articular chondrocyte ap-
optosis, as documented by positive TUNEL staining and
the presence of PARP-positive cells, was observed in
several synovial joints of both MPS VI rats and cats.

Consistent with this observation, cultured MPS VI artic-
ular chondrocytes released more NO than normal cells.
Second, dermatan sulfate, the GAG that accumulates in
MPS VI cells, induced NO production in normal cells to a
degree similar to or greater than LPS and enhanced the
release of NO from MPS VI cells. Third, the production of
the inflammatory cytokine, TNF-�, was markedly ele-
vated in MPS VI chondrocytes compared with normal
cells. And fourth, as a result of these chondrocyte
abnormalities, defects in the articular cartilage matrix
composition were observed in the MPS VI animals,
including a generalized proteoglycan and collagen
depletion.

Although apoptotic chondrocytes have been de-
scribed in normal growth plate cartilage during endo-
chondral ossification and chondrogenesis, they are
not a common feature of articular chondrocytes. In-
deed, in only one other condition has a similar finding
been reported, ie, OA. Enhanced chondrocyte apo-
ptosis has been observed in articular cartilage from
patients with OA and plays an important role in the
cartilage destruction and degenerative joint disease
characteristic of this condition (Lotz et al, 1999). The
pathways leading to chondrocyte apoptosis in OA
remain unknown, although elevated NO has been
associated with apoptosis of normal chondrocytes
following stimulation with IL-1 or LPS and OA cartilage
expresses a higher level of inducible NO synthetase
than does normal cartilage (Lotz et al, 1999).

The fact that articular chondrocytes from the MPS
VI animals had significantly higher rates of apoptosis
than those of age-matched controls suggests that the
accumulating GAG fragments might be directly induc-
ing apoptosis. Notably, dermatan sulfate has many
structural similarities to bacterial LPS, a potent and
well-characterized apoptosis inducer (Firestein, 1999).
Indeed, our data showed that dermatan sulfate could
elicit a similar or greater apoptosis effect (as measured
by NO production) on chondrocytes than LPS, con-
sistent with the hypothesis that the accumulating
GAGs in the MPS disorders endow these cells with an
enhanced propensity to cell death. It has also been
suggested that lysosomal hydrolases—eg, various
proteases (Sakahira et al, 1998), sphingomyelinase
(Santana et al, 1996), and ceramidase (Spiegel et al,
1996)—may play roles in the complex signaling events
leading to apoptosis. Thus, generalized lysosomal
dysfunction resulting from the primary GAG accumu-
lation may also be inducing articular chondrocyte cell
death. Consistent with these observations, coculture
of normal chondrocytes with MPS VI cells reduced the
amount of NO release by the mutant cells, presumably
because of ASB release from the normal cells and
reuptake by the MPS VI cells.

In our experience the enhanced apoptosis in the
MPS animals was specific for articular chondrocytes
and was not found in chondrocytes from the hyaline
cartilage of the trachea or other connective tissue
cells, which also accumulate dermatan sulfate (CM
Simonaro, unpublished data). This suggests that ap-
optosis is dependent on close interactions with the
surrounding articular cartilage environment and is not

Figure 2.
Age-dependent accumulation of TUNEL-positive cells in the articular cartilage
of MPS VI rats and cats. Saggital sections were prepared from rat and cat
proximal tibia, and the chondrocytes were analyzed by TUNEL staining. Two
hundred cells were counted for each section. In each age group, multiple
sections (2–4) for at least two animals were scored. The height of the columns
indicates the mean number of apoptotic cells identified. The error bars show
the standard error of the mean. Gray columns represent MPS VI animals; open
columns indicate healthy animals. Panels A and B depict data for the MPS VI
rats and cats, respectively. Percent apoptosis represents the percent of
TUNEL-positive cells.
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due to GAG accumulation alone. One unique feature
of articular cartilage in the MPS individuals is its
possible exposure to abnormal mechanical forces that
may arise from the joint deformities in these patients.
Such mechanical forces can lead to the release of
inflammatory cytokines that exacerbate cell death, as
in OA (Hamerman et al, 1999). We found that MPS VI
articular chondrocytes released markedly elevated
levels of TNF-� compared with normal cells, consis-
tent with the hypothesis that inflammation is also
involved in the pathogenesis of joint disease in this
MPS disorder.

Because of the increased numbers of dead or dying
chondrocytes in the articular cartilage of MPS VI
animals, we predicted that there might also be a
resulting abnormal matrix composition in these indi-
viduals. Indeed, we found a depletion of total proteo-
glycans and collagen in the MPS articular matrix
compared with normal. In OA, the only other condition
where enhanced articular chondrocyte apoptosis has
been found, abnormal collagen metabolism has also
been observed (Lotz, 1999). Collagen is the major
protein component of the cartilage matrix and is
required for tensile strength and matrix organization.
Notably, a relationship between collagen and apopto-
sis has also previously been implicated through the
use of gene-targeting technology. Mice in which the
type II collagen gene was inactivated by gene target-
ing had enhanced chondrocyte apoptosis (Yang et al,
1997), again suggesting that cell-matrix interactions
play a key role in the normal program of chondrocyte
cell death.

Another phenomenon obvious in the MPS VI ani-
mals was depletion of the proteoglycans in the carti-
lage matrix and underlying bone, as visualized by
safranin-O and alcian blue staining. The OA literature
may also provide analogies to the MPS conditions in
this regard because OA cartilage with apoptotic chon-
drocytes also has reduced proteoglycan content. This
observation is not surprising because chondrocytes
are the major source of new cartilage matrix compo-
nents and any condition that leads to a depletion in the
cellularity of cartilage and/or to reduced function of
chondrocytes is likely to result in such a phenomenon.

From these studies a theory may be proposed to
explain the pathogenesis of degenerative joint disease
in MPS VI (Fig. 10). We propose that the age-
progressive accumulation of dermatan sulfate frag-
ments provides an enhanced propensity for cell death
in the articular chondrocytes of MPS VI individuals.
This is compounded by the mechanical forces placed
on joints, which lead to inflammatory responses. To-
gether, the progressive GAG accumulation and inflam-
mation lead to articular cartilage matrix abnormalities,
causing further destruction of the joints. The varying
degree of skeletal involvement in the various MPS
disorders may depend, in part, on the type of GAG
fragments that are accumulating and being released
into the surrounding matrix upon chondrocyte cell
death, as well as on the degree of mechanical stress
placed on the joints. A study comparing the effects of
individual GAGs on chondrocyte cell death is currently
underway.

Figure 3.
Poly (ADP-ribose) polymerase (PARP) immunostaining of the articular cartilage of MPS VI rats. Rabbit anti-human PARP polyclonal antibodies were used to visualize
the early events of apoptosis in healthy and MPS VI rats. Sagittal sections of the proximal ends of the tibia and humeri from 6-month-old rats were used. A and B,
MPS VI and normal rat tibia, respectively; C and D, MPS VI and normal rat humeri, respectively. Note the strongly fluorescent chondrocytes in both MPS VI articular
surfaces. Magnification, �60.
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Finally, these findings suggest new approaches for
the management and treatment of MPS VI and per-
haps other MPS disorders. To date, efforts to treat the
MPS conditions have relied on the delivery of the
relevant normal enzyme to various sites of pathology
in vivo by enzyme replacement (Bielicki et al, 1999;
Kakkis et al, 1996; Turner et al, 1999), cell transplan-
tation (Peters et al, 1998; Simonaro et al, 1997), or
gene transfer approaches (Daly et al, 1999; Ohashi et
al, 1999; Simonaro et al, 1999). Although these strat-
egies have been effective to varying degrees, their
effects on skeletal and joint pathology have generally
been limited. In part, this may be due to the unique
and difficult challenge of delivering recombinant en-
zymes or enzyme-expressing cells to the bone growth
plates and articular cartilage. The current studies
suggest that an alternative approach to treatment may
be to prevent or reduce the articular chondrocyte
apoptosis in these disorders by some means other
than enzyme delivery. Small-molecule inhibitors of
apoptosis are being developed for numerous disor-

ders, including various forms of cancer and arthritis,
and a further understanding of the mechanisms that
lead to chondrocyte apoptosis in the MPS disorders
would seem an important avenue of future research
that might lead to new therapeutic approaches. In
addition, traditional anti-inflammatory treatments may
be useful in the management of these patients.

Materials and Methods

Animals and Sample Isolation

The MPS VI cat and rat models have been previously
described (Jezyk et al, 1977; Yoshida et al, 1993).
Affected and control animals were raised under Na-
tional Institutes of Health and United States Depart-
ment of Agriculture guidelines for the care and use of
animals in research. The animals were housed with ad
libitum food and water, 12-hour light cycles, at 21° C,
with 12 to 15 air changes per hour. Euthanasia was
performed on cats using concentrated sodium pento-
barbital in accordance with the American Veterinary
Medical Association guidelines. Euthanasia of rats
was performed using carbon dioxide inhalation.
Breeding colonies were maintained under Institutional
Animal Care and Use Committee (IACUC)-approved
protocols and were genotyped by PCR-based meth-
ods. Humeri, femurs, and proximal tibia were collected
from age-matched healthy and MPS animals and
placed in either PBS for chondrocyte isolation or fixed
in neutral buffered 10% formalin (Sigma, St. Louis,
Missouri) for histological assessment (see below). The
tissues were obtained from four animals in each age

Figure 4.
Tumor necrosis factor alpha (TNF-�) and nitric oxide (NO) formation in the
media of MPS VI rat articular chondrocytes. Articular chondrocytes were
obtained and grown from age-matched normal and MPS VI rats as described
in “Materials and Methods,” and the nitrite and TNF-� concentrations were
determined in the culture media after 24 hours. For each age group,
chondrocyte cultures from at least three different animals were analyzed in
duplicate. The height of the columns represents the mean values obtained, and
error bars show the standard error of the mean.

Figure 5.
NO formation in the media of MPS VI cat articular chondrocytes. Articular
chondrocytes were obtained and grown from normal (n � 3) and MPS VI (n
� 6) cats ranging in age from 6 months to 5 years, and the nitrite
concentrations were determined in the culture media after 24 hours. The height
of the columns indicates the mean values obtained from the duplicate analysis
of individual animals, and the error bars show the standard error of the mean.
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group, ranging from 2 weeks to 12 months in the rats
and from 3 to 60 months in the cats.

Chondrocyte Isolation and Cross-Correction Studies

To obtain chondrocytes the articular cartilage was
sliced from the humeri, femoral heads, and condyles
of the proximal tibia and washed in minimal essential
medium (MEM; Gibco, Grand Island, New York). The
cartilage was minced and digested in 15-ml conical
tubes with 1% hyaluronidase for 1 hour at 37° C,
washed three times with PBS containing 1 mM EDTA,
and sequentially incubated with 0.25% trypsin (Gibco)
and 0.01 M EDTA for 1 hour at 37° C, followed by
further digestion at 37° C for 8 hour with 0.2% colla-
genase (Sigma) prepared in MEM containing 10%
FCS. Cells were isolated by centrifugation (450 �g),
washed twice, and plated in 96-well plates at a con-
centration of 7 � 104 cells in MEM containing 10%
fetal bovine serum, 1% glutamine, penicillin (150 units/
ml), and streptomycin (50 �g/ml).

For the cross-correction studies, normal and MPS
VI rat chondrocytes (107 cells in 1 ml of culture media)
were plated into individual wells of Transwell coculture
plates (Fisher Scientific, Morris Plains, New Jersey)

and grown for up to 80 hours. At various time points,
100 �l of media was removed and the nitrite levels
were determined as described below. The media that
had been removed was replaced with fresh media to
maintain a constant volume of 1 ml. Three cocultures
were established: normal � normal; MPS VI � MPS VI,
and normal � MPS VI.

Histological Staining

The formalin-fixed bones were decalcified in 8% for-
mic acid (Sigma) for 5 days, embedded in paraffin, and
sectioned (5 �m) for histological analysis. Paraffin-
embedded tissues were deparaffinized and stained
with hematoxylin and eosin (Sigma) and/or safranin-O
(Sigma) and alcian blue (Sigma) for proteoglycan anal-
ysis (Hashimoto et al, 1999).

Apoptosis Assessments

Apoptosis in tissue sections and chondrocyte cultures
was assessed by colorimetric and/or fluorometric DNA
terminal transferase (TdT) nick-end translation methods
(TUNEL assays). The colorimetric system measured nu-
clear DNA fragmentation by using TdT to add biotinyl-
ated nucleotides to the 3'-OH DNA ends and allowing

Figure 6.
Effects of lipopolysaccharide (LPS) and dermatan sulfate on NO formation in
normal and MPS VI chondrocytes. Articular chondrocytes were obtained as
described in “Materials and Methods,” and grown in standard culture media
(white boxes), media containing 100 �g/ml LPS (black boxes), or dermatan
sulfate (gray boxes) for 24 hours. NO formation was then determined by
quantifying nitrite production in the media using the Greiss reaction. For each
age group, chondrocyte cultures from at least three different animals were
analyzed in duplicate. The height of the columns indicates the mean values
obtained and the error bars show the standard error of the mean.

Figure 7.
NO levels in the media of cocultured normal and MPS VI chondrocytes.
Articular chondrocytes were obtained from normal and MPS VI rats, and three
sets of cocultures were established as described in “Materials and Methods”:
1) both wells contained normal cells, white bars; 2) both wells contained MPS
VI cells, black bars; and 3) each of the wells contained either MPS VI or normal
cells, gray bars. The media was shared between the chondrocytes in each well,
but the cells were never in direct contact. Each set of cocultures was
established in duplicate. For sets 1 and 2 (controls), the height of the bars
indicates the average NO values, whereas for set 3 (MPS VI and normal
cocultures), the individual values for the duplicate experiments are shown. NO
levels were determined at three time points after the cells were plated. Note
that the NO levels in the media of MPS VI (black) cultures were approximately
2-fold greater than that found in normal (white) cultures, similar to the data
shown in Figure 4. The initial NO levels in the media of the normal and MPS
VI cocultures (gray) were approximately the sum of the two individual levels,
but by 80 hours, these levels had been reduced to almost normal.
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them to bind with horseradish peroxidase-labeled
streptavidin (Promega, Madison, Wisconsin). Apoptotic
nuclei were detected with peroxidase substrate (Sigma),
hydrogen peroxide, and diaminobenzidine (DAB, Sigma)
(Fuks et al, 1995). In the fluorescence-based TUNEL
system (Promega), TdT added fluorescein-12-uridine
triphosphate (UTP) to the 3'-OH ends of fragmented
DNA. The fluorescently labeled DNA was visualized
using a Nikon Eclipse E800 fluorescent microscope
(Nikon, Tokyo, Japan). To determine the percentage of
apoptotic cells in the tissue sections from each experi-
mental group, a minimum of 200 cells/animal were
counted and the percentage of TUNEL-positive cells
was scored. For the cultured cells, 100 cells were
counted and the percentage of TUNEL-positive cells
scored.

Immunocytochemical staining using anti-PARP anti-
bodies was used to confirm the results of the TUNEL
assays. Tissue sections were deparaffinized in xylene,
hydrated with 100%, 95%, 80%, and 70% ethanol, and
permeabilized in PBS containing 0.2% Triton-X-100
(Sigma). The sections were blocked for 2 hours at room
temperature in PBS containing 0.1% Tween 20 (Sigma)
and 5% FCS and then incubated overnight at 4° C in a

humidified chamber with rabbit anti-PARP polyclonal
antibodies specific for the 85 kd fragment (p85) of
human PARP (Promega). Sections were washed in �1
PBS, immersed in blocking buffer, and incubated for 2
hours at room temperature with a biotin-conjugated
secondary antibody (rabbit Vectastain Elite ABC Kit;
Vector Laboratories, Burlingame, California). Following
incubation, the sections were washed and incubated
with FITC-antihorseradish peroxidase (Accurate Chemi-
cal & Scientific Corporation, Westbury, New York) for 1
hour at room temperature before being mounted on
cover slips in Vectashield (Vector Laboratories).

Nitrite and TNF-� Quantification

Chondrocytes were isolated as described above, and
100 �g/ml of LPS (Sigma) or dermatan sulfate (Sigma)
was added to the culture media. After 24 hours, the
media was collected and the Griess reaction was used
to detect nitrite accumulation (Green et al, 1982), a
standard measure of NO formation. TNF-� quantifica-
tion was performed on the rat media using a rat
Quantikine® M immunoassay kit (R&D Systems, Min-
neapolis, Minnesota).

Hydroxyproline Quantification

Articular cartilage from the proximal tibia of 6-month-
old healthy and MPS VI rats (n � 3 each) was finely
minced, washed twice with PBS and centrifuged. The
pellet was dried, weighed (approximately 20 mg), and
placed in a sealed hydrolysis vial at 105° C for 18
hours and processed for hydroxyproline content ac-
cording to a previously described method (Firschein

Figure 8.
Proteoglycan depletion in the articular cartilage of MPS VI rats. Longitudinal
sections of 6-month-old MPS VI (A) and normal (B) rat proximal tibia were
stained with safranin-O to visualize proteoglycans. BM, bone marrow; E,
epiphyses; AC, articular cartilage. Note that the epiphyses of the MPS VI rats
stained less intensely than those of normal rats of the same age. Magnification,
�40.

Figure 9.
Hydroxyproline content in normal and MPS VI articular cartilage. Articular
cartilage from the proximal tibia of 6-month-old healthy and MPS VI rats (n �
3 each) was obtained and hydroxyproline was determined as described in
“Materials and Methods” to estimate the total collagen content. Note that there
was a significant reduction in the hydroxyproline content of MPS VI compared
with normal cartilage (p value �0.05).
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and Shill, 1966). Briefly, the hydrolyzed samples were
neutralized with NaOH in 0.25 M sodium citrate buffer
containing 1 M acetate, pH 6.0, at 4° C. A total of 100
�l of chloramine-T reagent containing 1.4% (w/v)
chloramine T, 20% (v/v) H2O, 30% (v/v) ethylene
glycol monomethyl ether (EGME), and 50% (v/v) ci-
trate buffer was added to 200 �l of the sample,
incubated for 20 minutes, and supplemented with 100
�l of 6.3 M perchloric acid. After 5 minutes, 100 ml of
20% w/v p-dimethylaminobenzaldehyde in EGME was
added. The color was developed at 60° C for 20
minutes, cooled at room temperature, and read at 546
nm. Hydroxyproline content from soluble collagen
fragments was determined using pure hydroxyproline
(Sigma) as a standard.
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