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Phagocytosis of Hydroxyapatite or Calcium Pyrophosphate Dihydrate Crystals by
Rabbit Articular Chondrocytes Stimulates Release of Collagenase,
Neutral Protease, and Prostaglandins E; and F,, (41628)
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Abstract. Synthetic hydroxyapatite (HA) and calcium pyrophosphate dihydrate (CPPD) mi-
crocrystals are phagocytosed by rabbit articular-cartilage chondrocytes in primary culture. The
ingestion of crystals greatly stimulated the release of collagenase, neutral protease, and prosta-
glandins E, and F,, into the ambient medium. Lactate dehydrogenase was not released by either
crystal despite electron microscopic evidence of cell damage by HA crystals (partial loss of
phagolysosomal membrane and increased myelin figures). HA, but not CPPD crystals, stimulated
release of B-glucuronidase. HA crystal concentrations from 50 to 200 ug ml™' induced a dose-
dependent release of collagenase and of extracellular protein. Both phagocytosis and collagenase
release were greatly attenuated when HA crystals were added to the chondrocyte monolayers in
the absence of serum. As HA and CPPD crystals have been identified in human articular cartilage
in association with degenerative changes, it is possible that the cell-crystal interaction described

here may be pathogenetically important.

Acute attacks of arthritis associated with
monosodium urate (MSU) or calcium pyro-
phosphate dihydrate (CPPD) crystals are as-
sociated with phagocytosis by polymorpho-
nuclear leukocytes (1). But perhaps the more
significant clinical association of CPPD crys-
tal deposition disease is with a destructive ar-
thropathy rather than with the more dramatic
acute arthritis (2). Intrasynovial hydroxyap-
atite (HA) and CPPD crystals have been cor-
related with radiologic evidence of joint de-
struction (3). These observations have fo-
cused our interest on the role of synovial cells
in the pathogenesis of the devolutionary joint
changes induced by crystals. Recently, we re-
ported that phagocytosis of hydroxyapatite
(HA) or calcium pyrophosphate dihydrate
(CPPD) crystals stimulated the release of col-
lagenase and neutral protease, and, in the case
of HA crystals, prostaglandins (PG) E, and
F5, from human rheumatoid synovial cells in
monolayer culture (4). An augmentation of
release of collagenase, neutral protease, and
PGE, after phagocytosis of MSU or latex beads
by cultured synovial fibroblasts has also been
described by a number of investigators (5-7).

However, there is increasing evidence to
suggest that articular chondrocytes may be ac-
tive participants in joint destruction in hu-
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man osteoarthritis (8, 9). Factors isolated from
monocytes (10, 11) and synovium (12) are
known to stimulate chondrocytes to secrete
proteases capable of matrix macromolecular
degradation.

Since HA and CPPD crystals are found in
cartilaginous tissue in both chondrocalcinosis
(13) and osteoarthritis (14, 15) we have pos-
tulated that articular chondrocytes may play
an active role in the matrix destruction as-
sociated with these crystal deposition diseases.
We show here that both HA and CPPD crys-
tals are phagocytized by rabbit articular chon-
drocytes in primary culture and that this
is associated with augmented secretion of
collagenase, neutral protease, and PGE,
and PGF,,. ,

Materials and Methods. All culture me-
dium such as Dulbecco modified Eagle me-
dium (DMEM) with high glucose (4.5 g/liter
w/v), fetal calf serum, and penicillin-strep-
tomycin-fungizone mixture were obtained
from M.A. Bioproducts (Walkersville, Md.).
Trypsin, soybean trypsin inhibitor, lactate de-
hydrogenase, and S-glucuronidase colorimet-
ric diagnostic kits were purchased from Sigma
Company (St. Louis, Mo.). Highly character-
ized hydroxyapatite (HA) crystals were a gift
from Dr. M. D. Francis of the Proctor and
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Gamble Company (Cincinnati, Ohio).
[*H]Glycine (20 Ci/mmole) was obtained from
Amersham-Searle (Arlington Heights, IlL.).

Tissue culture. Cells were released from ar-
ticular-cartilage slices taken from the knee and
hip joints of immature New Zealand white
rabbits by a modification (16) of the method
of Green (17). The chondrocytes were plated
at a density of approximately 1.5 X 10° cells
per 100-mm-diameter Falcon plate in DMEM
supplemented with 10% fetal calf serum and
a 1% solution of penicillin-streptomycin-
fungizone. Only confluent primary cell cul-
tures were used in these experiments. The
number of cells per confluent plate varied from
5.0 to 5.5 X 106 cells.

Cells were harvested at the end of each ex-
periment using 0.25% trypsin and counted by
hemocytometer.

Crystal preparation and characterization.
Clumps of hydroxyapatite (HA) crystals were
sieved to less than 20 um in greatest diameter
(Endicott test sieves, London, G.B.). The HA
crystals showed a remarkable tendency to
clump—the individual crystals were less than
1 um in length by transmission electron mi-
croscopy. These crystals showed only the in-
terplanar spacings of hydroxyapatite by X-ray
diffraction. Their molar Ca/P was 1.66 by X-
ray energy-dispersive analysis and by direct
chemical analysis for calcium and phosphorus.
Triclinic CPPD crystals were synthesized as
recorded earlier (18). These crystals showed
only the interplanar spacings of triclinic CPPD
by X-ray diffraction and a molar Ca/P of 1.0
by both direct chemical analysis and by X-
ray energy-dispersive analysis. They were
crushed and sieved to between 20 and 50 pm
in greatest diameter before use.

Enzyme analyses. Collagenase activity was
determined by measuring the release of sol-
uble radioactive product from '“C-labeled re-
constituted fibrils as described by Evanson et
al. (19), except that the radioactive neutral-
salt-soluble rabbit-skin collagen substrate was
prepared according to the method of John-
son-Wint (20). One unit of collagenase activ-
ity = solubilization of 1 ug of reconstituted
collagen fibrils/min at 37°C. Incubation of
100 ul of tissue culture fluid with 100 ug col-
lagen gels was carried out for 12 to 24 hr. All
assays were performed in duplicate and in-
cluded a control gel incubated with trypsin 20

PHAGOCYTOSIS OF CRYSTALS BY CHONDROCYTES

ug/ml (w/v). Results were discarded if release
of radioactivity by trypsin was greater than
15% above control gels incubated with buffer
alone. A trypsin activation curve was deter-
mined on conditioned medium obtained on
Days 2 and 7 after addition of HA crystals
using 10, 20, 50, and 200 ug trypsin/ml. These
samples were incubated at room temperature
for 30 min and the trypsin was then inacti-
vated by addition of a fourfold excess of soy-
bean trypsin inhibitor. Trypsin activation of
collagenase was performed as outlined by
Dayer et al. (21).

We determined the rabbit articular-carti-
lage collagen degradation products using a
modified method of Malemud et al. (22).
Conditioned media from chondrocytes was
pooled for 1 week after HA crystals had been
added as described below; 0.5 m! of medium
was incubated with 0.5 ml of pepsin soluble
type II rabbit cartilage collagen in 50 mM
Tris-Cl, pH 7.5, 3 mM CaCl,, 200 mM NaCl.
The reaction was carried out at 27°C for 48
hr. Collagenase digestion products were ex-
amined by NaDodSO,-polyacrylamide gel
electrophoresis (23).

Neutral protease activity was estimated in
duplicate in each conditioned medium as out-
lined previously (24), except that '’I-human
gamma globulin (Cohn fraction II) (specific
activity = 1.5 X 10° cpm/mg) was substituted
for '*’I-bovine serum albumin. One unit
of activity = 1 ug of protein digested/min
at 37°C.

Assay for lactate dehydrogenase (LDH) was
performed daily on each conditioned me-
dium as described elsewhere (25). The LDH
contents of cells was determined at the end
of each experiment by addition of Triton X-
100, 0.2% (v/v) final concentration, and son-
ication. Results were expressed as the mean
+ SEM percentage release of total enzyme
m/(cellular LDH + m) X 100; m = condi-
tioned medium Days 1-7. 8-Glucuronidase
levels were determined daily in each condi-
tioned medium using a colorimetric assay
(Sigma kit).

Prostaglandins (PG) E, and F,, were mea-
sured by radioimmunoassay as outlined by
Dunn et al. (26). From 0.3 to 3 ml of con-
ditioned medium were extracted for each de-
termination depending on the PG concentra-
tion. Levels of both PGE, and PGF,, were
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determined on the conditioned medium from
the first 5 days of the experiment. Day-one
medium contained 10% fetal calf serum and
the subsequent medium contained 0.2% LH.

Experiments. Crystals were sterilized and
rendered pyrogen-free by heating (180°C X 2
hr) and suspended in DMEM containing 10%
fetal calf serum and 1% penicillin-strepto-
mycin-fungizone mixture. HA or CPPD crys-
tals were added to chondrocyte monolayers
in final concentration of 1 mg/10 ml of cul-
ture medium. After 24 hr, the medium was
replaced by DMEM containing 0.2% lactoal-
bumin hydrolysate (LH), then replaced daily
with the same for 7 days. Collagenase activity
was determined in each conditioned medium
after dialysis against 50 mAM Tris-HCI buffer,
pH 7.5, containing 200 mA/ NaCl and 3 mM
calcium chloride. 8-Glucuronidase and LDH
levels were estimated daily in each condi-
tioned medium. Prostaglandin levels were de-
termined on the conditioned medium for the
first 5 days only.

At the end of the initial 24-h incubation
with crystals, all cell cultures were examined
by phase-contrast microscopy. Scanning and
transmission electron microscopy (EM) were
performed on one plate at this time and again
at the end of the experiment, i.e., 7 days after
the crystals were added. The cultures were
fixed in situ in Karnovsky’s solution. The bot-
tom of the plastic culture dish was scored and
broken. Scanning EM was performed as out-
lined before (4). The tissues were postfixed in
1% osmium tetroxide and embedded in
Spurr’s low-viscosity epoxy resin for trans-
mission EM.

To determine the effect of crystal dose, 0.5,
1.0, and 2.0 mg HA crystals per 10 ml
DMEM-10% FCS were added to four plates
each. In addition to the daily measurements
of collagenase and LDH, the incorporation of
[*H]glycine into extracellular protein was de-
termined. Fifty microcuries of [*H]glycine was
added to the original crystal suspension and
to the fresh media added daily. Four 1-ml
aliquots were removed from the conditioned
medium obtained daily and precipitated by
addition of an equal volume of 10% trichlo-
roacetic acid. Each precipitate was redissolved
in 2 ml of 1% NaCl and 50 mM Tris-HCl,
pH 7.5, and dialyzed extensively against the
same buffer at 4°C. The nondialyzable *H was
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measured in a Tricarb liquid scintillation
counter and regarded as representing extra-
cellular proteins synthesized by the cells.

To determine whether serum was required
for crystal phagocytosis, four plates of con-
fluent chondrocytes were fed 1 mg HA in 10
ml DMEM containing 10% FCS; four more
were washed once with DMEM-0.2% LH and
were then fed a similar dose of crystals. These
were incubated thereafter in LH. A third set
were incubated in DMEM 0.2% LH without
crystals. After 24 hr, one plate from each set
was removed for transmission electron mi-
croscopy. All media was replaced with DMEM
with 0.2% LH and the media changed daily
for 6 days. Collagenase activity was measured
on each conditioned medium.

Results. Both HA and CPPD crystals were
phagocytosed by chondrocytes as determined
by phase-contrast microscopy, scanning EM,
and transmission EM (Fig. 1a, b).

Figure 2 (A-D) summarizes the effect of
phagocytosis of HA and CPPD crystals on
chondrocytes compared to control cells in-
cubated without crystals. Compared to con-
trol, HA crystals induced a 15-fold increase
in collagenase, a 3-fold increase in neutral
protease, and a 2.5-fold increase in S-gluc-
uronidase released by chondrocytes. An equal
mass of CPPD crystals induced an increase in
collagenase secretion by 5-fold, a significant
increase in neutral protease release (P = 0.05).
Cell lysis could not account for enzyme re-
lease as LDH levels in the conditioned me-
dium from cells incubated with crystals were
nearly identical to control values. Less than
5% of total cellular LDH has been released
into the medium even by the seventh day.

The cumulative release of PGE, and PGF,,,
into the conditioned medium after feeding HA
or CPPD crystals is shown in Fig. 3. Nearly
all PG release occurred in the first 24 hr. CPPD
was less effective per milligram. PGF,, par-
alleled PGE, but at a lower level.

The induction of increased collagenase se-
cretion was a function of crystal concentra-
tion (Fig. 3A). A dose-dependent relationship
was also evident in the incorporation of
[*H]glycine into extracellular protein (Fig. 4B).

It appears that serum is necessary for the
full stimulatory effect of crystals on collage-
nase secretion (Fig. 5). The cumulative release
of collagenase by cells exposed to HA crystals
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FIG. 1. (a) Scanning electron micrograph of synthetic triclinic CPPD crystals. Arrows indicate intracellular
crystals. Other crystals are clearly extracellular. X1190. (b) Transmission electron micrograph showing a
mass of hydroxyapatite crystals within a chondrocyte | day after exposure. A limiting membrane can be
seen in some (arrows) but not all areas. Extensive cellular damage has occurred as manifested by the myelin
figures. Such figures were unusual in control cultures. X10,740.
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FI1G. 2. (A-D) Cumulative enzyme changes induced during the week after the addition of crystals to
chondrocytes in primary culture (x + SD, N = 4). X, hydroxyapatite; o, CPPD; @, no crystals. See text

for details.

suspended in LH was about 2.5 times that of
control cells maintained in LH alone, but 5-
fold less than that which followed the addition
of crystals in fetal calf serum. Very few crys-
tals were intracellular by phase-contrast, scan-
ning, or transmission EM (data not shown).

Rabbit chondrocyte collagenase was active
against both type I and type II collagens, split-
ting the molecules into the classical fragments
as shown in the NaDodSO,-gel electrophor-
etigrams shown in Fig. 6.

Discussion. Hydroxyapatite (HA) and tri-
clinic calcium pyrophosphate dihydrate
(CPPD), two microcrystalline species some-

times found in human cartilage (14, 15), are
phagocytosed by rabbit chondrocytes in pri-
mary culture (Fig. 1). As shown previously
using mammalian synovial cells (4), the inges-
tion of crystals induces increased release of
collagenase, neutral protease, and prostaglan-
dins E, 4d F,, into the ambient medium (Figs.
2A,B, 3). As lactate dehydrogenase was not
released from the cells (Fig. 2C), these phe-
nomena cannot be attributed to cell lysis or
cell death. HA crystals induced a more marked
release of all three substances compared to an
equal mass of CPPD (Figs. 2A,B, 3). HA crys-
tals stimulated the release of S-glucuronidase,
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a lysosomal enzyme, whereas CPPD crystals
did not (Fig. 2D). HA concentrations from 50
to 200 gg ml~' induced a dose-dependent re-
lease of collagenase (Fig. 4A), and of extra-
cellular protein (Fig. 4B). Both phagocytosis
and collagenase release were greatly atten-
uated when HA crystals were added to chon-
drocyte monolayers in the absence of serum.

Acute inflammation induced by micro-
crystalline substances in joints is dependent
on phagocytosis by polymorphonuclear leu-
kocytes [reviewed in Ref. (1)]. Endocytosis of
crystals by synovial cells has been linked to
the pathogenesis of chronic destructive ar-
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thropathies such as tophaceous gout [mono-
sodium urate monohydrate (5, 6)], the “Mil-
waukee Shoulder Syndrome” [hydroxyapatite
(24, 27)], and the severe joint degeneration
associated with CPPD crystals (2). All three
of these microcrystalline species occur in ar-
ticular cartilage, raising the possibility of their
interaction with local chondrocytes. The data
presented here show that articular chondro-
cytes can phagocytose crystals, release pro-
teases capable of degrading cartilage collagen
(Fig. 6), and prostaglandins which have been
shown to decrease macromolecular synthesis
(28). We can find no published reports iden-
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FIG. 3. (A) The cumulative release of prostaglandin PGE, and PGF,, for 5 days after exposure of
chondrocytes to hydroxyapatite (closed symbols) and control (open symbols). N = 4, X + SD. (B) The
cumulative release of prostaglandin PGE, and PGF,, for 5 days after exposure of chondrocytes to calcium
pyrophosphate dihydrate crystals. Control values for PGE, and PGF,, are shown in (A). N = 4, X + SD.
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FiG. 4. (A) Cumulative collagenase secretion during the week after the addition of varying amounts of
hydroxyapatite crystals to chondrocytes in primary culture (X + SD; N = 4). A, 200 ug ml™Y; X, 100 ug
ml~'; @, 50 ug ml™'; @, no crystals. (B) Cumulative nondialyzable *H in conditioned media obtained daily
after the addition of varying amounts of hydroxyapatite crystals to chondrocytes in primary culture
(X £ SD; N = 4). Symbols identical to Fig. 3A; See text for details.

tifying any intracellular microcrystals in hu-
man cartilage. However, few electron micro-
scopic studies of such material have been done.

Mammalian chondrocytes in primary cul-
ture do not behave phenotypically identical
to those in vivo (23). Parallel experiments us-
ing articular cartilage slices in organ culture
and a model of cartilage calcification by hy-
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FiG. 5. Cumulative collagenase secretion by chondro-
cytes during the week after addition of hydroxyapatite
crystals in serum (M), lactoalbumin (A), and control (®).
See text for details.
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FIG. 6. NaDodSO,—gel electrophoretigrams. (A) Con-
trol type II collagen; (B) partial digestion products of type
11 collagen after 24 hr incubation with the same pooled
conditioned media; (C) complete digestion of type II col-
lagen after 48 hr incubation.
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pervitaminosis D are underway in our labo-
ratory.

Our data showing that articular chondro-
cytes in monolayer culture secrete small but
measurable amounts of collagenase are in
agreement with those of Malemud e al. (22)
and Deshmukh-Phadke et al. (10). Augmen-
tation of this basal level of enzyme secretion
may occur by mechanisms other than crystal
phagocytosis. “Catabolin,” a substance re-
leased from synovium (12), and factors from
mononuclear cells (11) have been shown to
stimulate chondrocytes causing cartilage ma-
trix degradation. Increased synthesis of both
collagenase and neutral protease by chondro-
cytes exposed to a factor from macrophages
has also been demonstrated (10). Both CPPD
and HA are phagocytosed by macrophage-like
synovial cells in tissue culture (4) and in vivo
(29, 30). These cells may release factors into
the synovial fluid that stimulate chondrocyte-
mediated matrix degradation. Synovial cell
PG release (4-6) may also contribute to car-
tilage damage by inhibiting macromolecular
synthesis by chondrocytes (28).

Collagenase release in response to increas-
ing doses of crystals (Fig. 4A) was stimulated
out of proportion to the increase in synthesis
of extracellular protein (Fig. 4B). This sug-
gests some degree of specificity in the response
to crystal phagocytosis. The recent demon-
stration of messenger RNA translating for
rabbit synovial collagenase in a cell-free
mRNA-dependent system after stimulation
of rabbit synovial fibroblasts with phorboles-
ters or MSU crystals (31) also suggests that
such stimulated cells synthesize collagenase
out of proportion to other macromolecular
species. Chondrocyte collagenase can degrade
type II collagen readily (Fig. 6), although its
kinetic properties against the various colla-
gens have not yet been determined.

The role of chondrocytes in crystal depo-
sition diseases is still theoretical. As hydroxy-
apatite, calcium pyrophosphate dihydrate, and
monosodium urate crystals often occur in car-
tilage, and as destructive arthropathy involv-
ing articular cartilage occurs in association
with all three crystals, such an interaction is
anticipated and potentially very important.
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