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patients (4). Furthermore, development of experimen-
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Cartilage loss in osteoarthritis is characterized by
atrix degradation and chondrocyte death. The lipid
essenger ceramide is implicated in signal transduc-

ion of the catabolic cytokines tumor necrosis factor
TNF) and interleukin-1 (IL-1), as well as in apoptosis.
he aim of this study was to examine the in vitro
ffects of ceramide on proteoglycan degradation,
atrix-metalloproteinase (MMP) expression and ac-

ivity, and chondrocyte apoptosis in rabbit articular
artilage. Cell-permeant ceramide C2 stimulated pro-
eoglycan degradation in cartilage explants starting
rom 3 3 1025 M, with 100% increase at the dose of 1024

. This effect was probably due to MMPs since it was
locked by the MMP inhibitor batimastat. Further-
ore, in isolated chondrocytes, C2 stimulated the ex-

ression of MMP-1, 3, and 13 at the mRNA level, MMP
ctivity, and MMP-3 production. Ceramide also caused
hondrocyte apoptosis at doses ranging from 1025 to
024 M. This study supports the hypothesis that cer-
mide might play a mediatory role in both matrix deg-
adation and apoptosis in processes of cartilage loss
uch as those observed in osteoarthritis. © 2000 Academic

ress

Progressive loss of articular cartilage, finally leading
o subchondral bone exposure, is the main feature of
steoarthritis (OA). MMPs likely play a major role in
artilage matrix degradation (1). Their production is
timulated by various cytokines and growth factors,
mong which IL-1, whose involvement in OA is sug-
ested by growing evidence. Ex vivo production of IL-1
s increased in samples of diseased synovium (2) and
artilage (3) and higher levels of the cytokine are de-
ected by immunohistochemistry in joint tissues of OA

1 To whom correspondence should be addressed at Division of
heumatology, IdRS, 11 rue des Moulineaux, 92150 Suresnes,
rance. Fax: (33) 1-55-72-24-40. E-mail: sabamas@netgrs.com.
438006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
al OA is inhibited by IL-1 receptor antagonist (IL-1
a), either injected (5) or locally produced by synovio-
ytes transduced with IL-1 ra gene (6). In a variety of
ell types, signal transduction of IL-1, as well as other
atabolic cytokines such as TNF, involves activation of
phingomyelinases, which degrade the membrane
hospholipid sphingomyelin into phosphocholine and
he intracellular messenger ceramide (7). Reunanen et
l. showed that ceramide stimulates mRNA expression
f collagenase-1/MMP-1 and stromelysin-1/MMP-3 in
uman fibroblasts (8), through activation of three dif-
erent mitogen-activated protein kinases (MAPK),
RK1/2, SAPK/JNK and p38. The transduction cas-
ade initiated by ceramide ends with the induction of
un and Fos and the AP-1-dependent transcription of
MP genes. This effect is not restricted to a single cell

ype because also in keratinocytes ceramide stimulates
MP production, namely of gelatinase B/MMP-9 (9).
Besides its involvement in cytokine signaling and
MP expression, ceramide mediates apoptosis in-

uced by Fas, a member of the TNF-receptor superfam-
ly (10). Ceramide mimics Fas pathway through Ras
nd MAPK phosphorylation (11), caspase activation,
D3 ganglioside formation and cell death (12). Fas is
lso present on the surface of chondrocytes and its
ctivation in vitro by Fas-ligand (Fas-L) or Fas-binding
ntibodies leads the cells to apoptosis (13). That this
echanism could also function in vivo, is suggested by

he fact that Fas-L is present in the synovial fluid of
steoarthritic patients and expressed by infiltrating
ymphocytes (14). Another inducer of apoptosis in car-
ilage is nitric oxide (NO), which is produced by NO
ynthase (NOS) II in response to IL-1 and TNF (15).
ven though NOS inhibitors do not block Fas-induced
hondrocyte death (13), the two pathways are other-
ays connected since ceramide generation is observed

n HL-60 leukemia cells undergoing NO-induced apop-



tosis (16). Cells with characteristic features of apopto-
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is are present in sections of human articular cartilage
nd their number increases in OA (17). Distribution
nd frequence of apoptosis among chondrocytes corre-
ate with OA grade and proteoglycan depletion, sug-
esting a link between cell death and matrix degrada-
ion (18). The possibility that sphingomyelin pathway
lays a mediatory role in MMP-dependent matrix deg-
adation and chondrocyte apoptosis prompted us to
xamine the effects of ceramide on articular cartilage.
The aim of this in vitro study was therefore to deter-
ine whether ceramide (a) stimulates cartilage degra-

ation through the induction of MMPs and (b) causes
hondrocyte apoptosis.

ATERIALS AND METHODS

eagents

All the media, and supplements for tissue culture were from
IBCO BRL (Cergy-Pontoise, France), unless noted. Recombinant
ouse IL-1b was from Genzyme (Cergy-St Christophe, France).
-Acetyl-D-sphingosine (ceramide C2), sphingomyelinase (from
taphilococcus aureus), bovine serum albumin (BSA), ethidium bro-
ide, propidium iodide (PI), ribonuclease A, dimethyl sulfoxide

DMSO), Dithiothreitol (DTT), ethylenediamino tetraacetic acid
EDTA) and papain were from Sigma (Saint Quentin Fallavier,
rance). N-Acetyl-D-sphinganine (dihydroceramide C2) was from
iomol (Plymouth Meeting, PA). Ceramides were freshly dissolved at
022 M in DMSO and then diluted in culture medium to the final
oncentration. Hyaluronidase, trypsin and collagenase were from
oehringer Mannheim (Meylan, France). Annexin-V coupled to flu-
rescein isothiocyanate (FITC) and the cell binding buffer were from
harmingen (San Diego, CA). RNA NOW reagent was purchased

rom Biogentex (Seabrook, TX), VENT polymerase from Biolabs
Massachusetts), oligo d(T)12-18 from Pharmacia (Orsay, France) and
uperscript II from Gibco. The fluorogenic peptide Dnp-Pro-b-
yclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(N-Me-ABz)-NH2 was pur-
hased from Bachem (Voisins-les-Bretonneux, France) and the reac-
ion buffer (LC2671) from Novex (San Diego, CA). Batimastat was
ynthesized in the Division of Medicinal Chemistry at the Institut de
echerches Servier (IdRS) (Suresnes, France).

nimals

Male New Zealand rabbits (500–600 g, Charles River, Cléon,
rance) were anesthesized under isoflurane and nitrogen protoxide
nd killed by cervical dislocation. Ethical guidelines for experimen-
al investigation in animals were followed, and the experimental
rotocol was used after acceptance by the IdRS animal experimen-
ation ethics committee.

artilage Degradation

Fragments (1–2 mg) of articular cartilage were isolated from the
nees of one rabbit and labeled with 3.7 MBq (100 mCi) of 35SO4

2

Amersham, Les Ulis, France) in 25 ml of Dulbecco’s minimal essen-
iam medium (DMEM)/Ham’s F12 media supplemented with 10%
etal calf serum (FCS) and 1% of a stock solution of 104 IU/ml
enicillin and 10 mg/ml streptomycin (PS). After 3 days, the unin-
orporated radioactivity was removed by 6 media changes over 24 h
sing DMEM/Ham’s F12 supplemented with 0.1% BSA and 1% PS.
ach fragment was then transferred to 48-well plates into 0.5 ml of
edia containing the treatment or its vehicle. Each group was made

f 8 fragments. After 3 more days, the fragments were collected and
439
0 mM sodium phosphate, pH 6.8 at 56°C for 16 h. Radioactivity in
he culture media and in the tissue digest was measured by liquid
cintillation using a b-counter (Beckman, Gagny, France). Proteogly-
an degradation in each fragment was expressed as the percentage of
eleased radioactivity.

hondrocyte Studies

Articular chondrocytes were isolated from knee cartilage by se-
uential enzymatic digestion with hyaluronidase, trypsin and colla-
enase as described (19). Cells were then cultured in DMEM/Ham’s
12 media supplemented with 10% FCS and 1% PS.
For studies of MMP expression and apoptosis, chondrocytes were

lated in Petri dishes of 10 cm diameter at the density of 5 3 105

ells/dish/10 ml media. After reaching confluence, the cells were
insed twice with Hanks’ balanced salt solution (HBSS), then fed
ith 10 ml of serum-free media supplemented with 0.1% BSA and
% PS. Cells were treated with IL-1, ceramide or its vehicle (DMSO),
nd incubated for various times before assay.

T-PCR Studies

Total RNA was extracted using RNA NOW reagent. Five mg of
otal RNA was loaded onto a 1% agarose gel containing ethidium
romide, in order to check for RNA integrity and loading. 2.5 mg to
otal RNA was reverse transcribed (RT) for 1 h at 37°C, using oligo
(T)12-18 and Superscript II, in a total reaction volume of 20 ml. Two
l of the RT reaction was used for each PCR reaction. Gene-specific
ligonucleotide primers were designed from the reported cDNA se-
uences of rabbit MMP-1 (20), MMP-3 (21), MMP-13 (communicated
y D. Herbage, Lyon, France) and 18S rRNA (22), used as a house-
eeping gene. The amplification profile involved 35 cycles of dena-
uration at 94°C for 30 s, annealing at 55°C for 30 s and extension at
2°C for 1 min in a Gene Amp PCR system 2400 (Perkin-Elmer,
ourtaboeuf, France) using VENT polymerase. The PCR products
ere then separated by electrophoresis on a 1% agarose gel and
hotographed under UV light.

MP Production

Cells were plated in 12-well plates at the density of 1.6 3 105

ells/well/2 ml of 10% FCS, 1% PS, DMEM/Ham’s F12 media. At
onfluence cells were rinsed twice with HBSS, then refed with 0.6
l/well of serum-free, 0.1% BSA media containing the treatment or

ts vehicle; each treatment group consisted of 4 wells. After 3 or 6–7
ays, the conditioned media were collected and assayed for either
elatinase/collagenase activity or pro-MMP-3 concentration.

MMP activity. MMP activity was measured using the fluorogenic
ubstrate peptide Dnp-Pro-b-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-
ys(N-Me-ABz)-NH2, cleaved by gelatinase-B/MMP-9 (kcat/Km 5
.3 3 104 M21s21) and collagenase-1/MMP-1 (kcat/Km 5 8.7 3 104

21s21) (23). Tests in our laboratory showed that this substrate is
lso cleaved by gelatinase-A/MMP-2, collagenase-2/MMP-8 and
ollagenase-3/MMP-13 but not by stromelysin-1/MMP-3 (data not
hown). In order to assess the proteolytic activity due to MMPs only,
ach sample was assayed both in the absence and presence of 1025 M
atimastat. Briefly, 60 ml/well of Novex reaction buffer was pipetted
n microtiter plates together with 10 ml of 2 3 1023 M substrate in
uffer, 20 ml of conditioned media and 10 ml of 1024 M batimastat.
fter 24 h of incubation at 37°C, the plates were read at excitation
nd emission wavelengths of 360 and 460 nm respectively, using a
ytofluor 2350 from Millipore (St Quentin-Yvelines, France). For
ach sample, MMP-dependent activity was obtained by using as a
lank the fluorescence measured in the presence of batimastat.

MMP-3 assay. pro-MMP-3 was measured in the culture medium
y an EIA kit (Amersham, Orsay, France) specific for the rabbit
rotein.
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Apoptotic cells were detected by flow cytometry using annexin-V-
ITC (24) and PI (25) labeling. In both cases, cells in the supernatant
ere pooled with those harvested by trypsin/EDTA.

Annexin-V labeling. After collection, the cells were washed twice
ith culture media, pelleted by centrifugation and resuspended in
0% FCS medium at the final concentration of 106 cells/ml. After 1 h
t 37°C, the cells were washed twice with cold PBS and resuspended
n 200 ml binding buffer containing 10 ml annexin-V-FITC and 5
g/ml PI. After 15 min at room temperature, 800 ml binding buffer
as added before flow cytometric analysis. For each sample, 104 cells
ere analysed on an EPICS XL/MCL flow cytometer (Coulter, Mar-
ency, France). FITC and PI fluorescences were collected through
20 and 630 nm bandpass filters, respectively.

PI labeling. Cells were sedimented by centrifugation then fixed
n cold (220°C) 70% ethanol for at least 1 h. The cells were then
ashed twice with PBS, pelleted, and their DNA was labeled by
ddition of 1 ml of 50 mg/ml PI in the presence of 100 mg/ml ribonu-
lease A. After 30 min at room temperature the DNA content was
nalysed by flow cytofluorimetry using a 630 nm bandpass filter. For
ach sample 104 cells were analysed, and the results were expressed
s the percentage of cells in sub-G1 state.

tatistics

Control and treated groups were statistically compared by analy-
is of variance followed by Dunnett’s test. Significance was noted as
ollows: ***P , 0.001; **P , 0.01; *P , 0.05. Data shown are
verages 6 standard error of the mean (SEM) unless otherwise
oted.

ESULTS

ffect of Ceramide on Cartilage Degradation

The effect of ceramide was first tested on proteogly-
an degradation in explants of rabbit articular carti-
age. Synthetic cell-permeant ceramide C2 dose-
ependently increased proteoglycan release starting at
he concentration of 30 mM (Fig. 1A). Increased pro-
uction of endogenous ceramides, following addition of
acterial sphingomyelinase, exerted the same degrada-
ive action (Fig. 1B). The effect of ceramide C2 was
pecific, as the analog dihydroceramide C2, which lacks
he double bond between C4 and C5 in the sphingoid
ase, was inactive (Fig. 1C). Since MMPs are thought
o play a major role in cartilage degradation, we exam-
ned the effect of the MMP-inhibitor batimastat on
eramide action. Batimastat is a broad-spectrum in-
ibitor with potent activity on MMPs-1, 2, 3, 7, and 9,

n the nanomolar range (26). The increase of proteogly-
an degradation caused by 100 mM ceramide C2 was
ignificantly decreased by 0.1 mM, and completely
locked by 1 mM batimastat (Fig. 2A), which also in-
ibited cartilage degradation caused by 10 ng/ml IL-1b
Fig. 2B). These results suggest that increased produc-
ion of MMPs mediates the degradative action of cer-
mide on cartilage.

ffect of Ceramide on MMP Expression and Activity

RT-PCR was then used to study ceramide effect on
he expression of MMP at mRNA level in isolated chon-
440
rocytes. Twenty four and 48-h treatments with cer-
mide C2 at 10 to 30 mM, dose-dependently increased
he messages of MMP-1 and MMP-3 (Fig. 3). Higher
eramide concentrations did not further increase the
ffect (data not shown), which remained lower than
hat of 10 ng/ml IL-1 b. Forty eight h treatment with
eramide C2 at 20 and 30 mM also increased
ollagenase-3/MMP-13 expression, to a level in this
ase comparable to that obtained with IL-1 (Fig. 4).
hat stimulation of MMP expression at mRNA level
esulted in increased proteolytic activity was verified
y a fluorogenic substrate that is cleaved by gelati-
ases and collagenases. At concentrations of 30 and 40

FIG. 1. Effects of ceramides and sphingomyelinase on proteogly-
an degradation of cartilage explants after 3-day treatment. (A),
eramide C2; (B), sphingomyelinase; (C), ceramide C2 (open boxes)
nd dihydroceramide C2 (black boxes). Asterisks indicate a signifi-
ant difference with the vehicle: ***P , 0.001; **P , 0.01; *P ,
.05. Data are averages 6 SEM; n 5 8.
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M, ceramide C2 increased MMP activity in the culture
edia of isolated chondrocytes (Fig. 5A). Maximum

ctivity was reached by day 3 in the presence of 40 mM

FIG. 2. Effect of batimastat on proteoglycan degradation of car-
ilage explants after 3-day treatment with ceramide C2 (A) or IL-1b
B). Asterisks indicate a significant difference between batimastat
lus ceramide (or IL-1) vs ceramide (or IL-1) alone: ***P , 0.001;
*P , 0.01. Data are averages 6 SEM; n 5 8.

FIG. 3. Effects of ceramide C2 and IL-1b on MMP-1 and MMP-3
ere amplified by RT-PCR, electrophoresed and visualized by eth
ouse-keeping gene. Representative results are shown of 1 out of 3
441
nd by day 7 in the presence of 30 mM ceramide C2.
eramide C2 (50 mM) also increased media concentra-

ion of pro-MMP-3, measured by an immunoassay, by
2 and 20 times after 3 and 6 days of treatment, re-
pectively (Fig. 5B).

ffect of Ceramide on Chondrocytes Apoptosis

It was then examined if ceramide caused apoptosis
n isolated chondrocytes. Translocation of phosphatidyl
erine from the inner to the outer leaflet of the plasma
embrane is an early event in apoptosis (27), which

an be detected by flow cytometry using the Ca21-
ependent, phospholipid-binding protein annexin-V.
urthermore, the simultaneous use of PI allows dis-
rimination between apoptotic cells with an intact
embrane from cells undergoing necrosis. Figure 6A

hows typical biparametric histograms of annexin-V-
ITC binding of chondrocytes incubated with PI. In the
ontrol culture, only a few cells (5%) showed annexin-V
abeling, without PI uptake. In contrast, 23% of the
ells treated for 5 h with 50 mM ceramide C2 were
nnexin-V positive, thus entering apoptosis. Figure 6B
hows the average results of 3 separate experiments, in
hich chondrocytes treated for 5 h with ceramide C2 at
5 and 50 mM underwent a dose-dependent increase of

NA expression by chondrocytes treated for 24 or 48 h. Transcripts
m bromide staining under UV light; 18S rRNA was taken as a

eriments.

FIG. 4. Effects of ceramide C2 and IL-1b on MMP-13 mRNA
xpression by chondrocytes treated for 48-h. Transcripts were am-
lified by RT-PCR, and processed as in Fig. 3. Representative results
re shown of 1 out of 2 experiments.
mR
idiu
exp
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nnexin-V labeling. No increase was observed of cells
abeled with PI alone (necrotic cells). A later event in
poptosis is chromatin degradation by endonucleases,
hich progressively cleave DNA in fragments small
nough to diffuse out of fixed, permeabilized cells. The
mount of intact or partially degraded DNA remaining
nside the cells can then be measured by flow cytom-
try on PI labeled cells. Treatment with ceramide C2 at
oncentrations between 20 and 80 mM induced a time-
nd dose-dependent increase of the fraction of chondro-
ytes with an hypodiploid (sub-G1) content of DNA
Fig. 7).

ISCUSSION

This study shows that exogenous synthetic as well
ndogenous ceramides cause matrix degradation in
ultures of articular cartilage. This effect is specific to
eramide, because dihydroceramide C2, a synthetic an-
log lacking the C4-C5 double bond in the sphingoid
ase is inactive. Ceramide-induced degradation seems
o depend on MMPs, since it is antagonized by a broad-
pectrum inhibitor of this type of enzymes. More im-
ortantly, ceramide stimulates chondrocyte expression
f MMP-1, 3, and 13, three of the main enzymes in-

FIG. 5. Effect of ceramide C2 on MMP production. (A) MMP
ctivity of conditioned media of chondrocytes cultured for 3 and 7
ays in the presence of vehicle alone (h) or ceramide at concentra-
ions of 20 (Œ), 30 (�) and 40 (F) mM. (B) pro-MMP-3 concentration
n conditioned media of chondrocytes cultured for 3 and 6 days in the
resence of vehicle alone (h) or ceramide at concentrations of 25 (Œ)
nd 50 (F) mM. Asterisks indicate a significant difference between
eramide and vehicle: ***P , 0.001; **P , 0.01. Data are aver-
ges 6 SEM; n 5 4.
442
olved in matrix degradation of cartilage. It also in-
reases MMP activity due to gelatinases/collagenases
nd pro-MMP-3 concentration in chondrocyte media.
aximum effect of ceramide C2 on MMP expression

FIG. 6. Effect of ceramide on chondrocyte apoptosis. (A) Repre-
entative biparametric histograms of chondrocytes cultured for 5 h in
he presence of vehicle or 50 mM ceramide C2. Cells were analysed by
ow cytometry using annexin-V-FITC (x axis) and PI (y axis) double

abeling. (B) Percentage of chondrocytes annexin-V-positive (PI-
egative) (■), and PI-positive (annexin-V-negative) (Œ). Data are
verages 6 SEM of data of 3 experiments. Asterisks indicate a
ignificant difference between ceramide and vehicle: **P , 0.01.
ata are averages 6 SEM; n 5 3.

FIG. 7. Effect of ceramide C2 on chondrocyte apoptosis. Cells
ere treated with vehicle alone (h) or ceramide C2 at 20 mM (Œ), 40
M (�) and 80 mM (F) for the indicated times, then fixed and
nalysed by flow cytometry after PI labeling. Data are from 1 of 2
xperiments with similar results.
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as seen at lower concentration than that necessary
or strongest proteoglycan degradation in tissue ex-
lants. This discrepancy is probably due to the li-
ophilic nature of ceramide, which limits its diffusion
o the chondrocytes embedded in the highly-charged
xtracellular matrix of cartilage. As already men-
ioned, catabolic cytokines such as IL-1 and TNF acti-
ate sphingomyelinases (7). In our experiments
hough, the effect of synthetic exogenous ceramide C2

n MMP-1 and 3 expression, assessed by RT-PCR, was
ower than that caused by IL-1, suggesting that the
phingomyelinase pathway may just account for part of
he transduction mechanisms of this cytokine. Our re-
ults showing stimulation of MMP expression by cer-
mide do not exclude that enzymes other than MMPs
articipate to the increased degradation observed on
artilage explants. It is in fact possible that, similarly
o what observed with IL-1, ceramide-induced proteo-
lycan degradation is also mediated by aggrecanases
28), zinc-metalloproteinases belonging to the ADAMTS
a disintegrin and a metalloproteinase) family (29).
xperiments are currently under way to clarify this
oint. The catabolic activity of ceramide C2 was other-
ise confirmed with another synthetic, cell-permeant
nalog, ceramide C6, which also stimulated proteogly-
an degradation and expression of MMPs-1 and -3
data not shown).

Ceramide can also cause apoptosis of cultured chon-
rocytes, as shown by two independent parameters,
nnexin-V binding and DNA content, which reflect
arly and late phases of programmed cell death. Even
f the concentrations of ceramide that stimulate

MP-1, 3 and 13 expression are in the same range as
hose that cause apoptosis, this does not allow to dis-
inguish if stimulation of MMP expression and apopto-
is are concomitant events in the same cell or alterna-
ive responses that depend on the differentiation and
ctivation state of the chondrocyte. It was previously
hown that fibroblasts and keratinocytes increased
heir MMP production without signs of apoptosis (8, 9),
uggesting that stimulation of MMP expression by cer-
mide is not necessarily linked to programmed cell
eath.
This paper extends to chondrocytes the notion that

eramide activates MMP expression and links it to
egradation of extracellular matrix and cell death in
artilage. Ceramide could act as intracellular signal in
hondrocytes targeted by different stimuli such as
as-L, TNF and IL-1. As already mentioned, Fas-L was
etected in the synovial fluid of osteoarthritic patients,
here it derives from infiltrating lymphocytes (14),
hile articular chondrocytes cannot produce it (13).
lthough evidence for a role of TNF in osteoarthritis is

ess clear than for IL-1, an increase of TNF and its
eceptors was reported in articular cartilage with mild
egenerative changes (30).
443
ole of the sphingomyelinase pathway in both chondro-
yte apoptosis and matrix degradation during cartilage
egeneration. Availability of specific inhibitors of
phingomyelinase would allow further investigation to
est this hypothesis and determine in which measure
eramide is involved in cytokine-induced cartilage deg-
adation. On this background the sphingomyelin path-
ay could also represent an additional target for phar-
acological intervention on cartilage loss in arthritic

iseases.
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7. Blanco, F. J., Guitian, R., Vàzquez-Martul, E., deToro, F. J., and
Galdo, F. (1998) Arthritis Rheum. 41, 284–289.

8. Hashimoto, S., Ochs, R. L., Komiya, S., and Lotz, M. (1998)
Arthritis Rheum. 41, 1632–1638.

9. Corvol, M. T., Carrascosa, A., Tsagris, L., Blanchard, O., and
Rappaport, R. (1987) Endocrinology 120, 1422–1429.



20. Fini, M. E., Plucinska, I. M., Mayer, A. S., Gross, R. H., and

2

2

2

2

2

M. A., Lassota, P., and Traganos, F. (1992) Cytometry 13, 795–

2

2

2

2

3

Vol. 267, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Brinckeroff, C. E. (1987) Biochemistry 26, 6156–6165.
1. Fini, M. E., Karmilowicz, M. J., Ruby, P. L., Beeman, A. M.,

Borges, K. A., and Brinckeroff, C. E. (1987) Arthritis Rheum. 30,
1254–1264.

2. Sasaki, K., Hattori, T., Fujisawa, T., Takahashi, K., Inoue, H.,
and Takigawa, M. (1998) J. Biochem. 123, 431–439.

3. Bickett, D. M., Green, M. D., Berman, J., Dezube, M., Howe,
A. S., Brown, P. J., Roth, J. T., and McGeehan, G. M. (1993)
Anal. Biochem. 212, 58–64.

4. Koopman, G., Reutelingsperger, C. P., Kuijten, G. A., Keehnen,
R. M., Pals, S. T., and van Oers, M. H. (1994) Blood 84, 1415–
1420.

5. Darzynkiewicz, Z., Bruno, S., Del Bino, G., Gorczyca, W., Hotz,
444
808.
6. Rasmussen, H. S., and McCann, P. P. (1997) Pharmacol. Ther.

75, 69–75.
7. Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J.,

Bratton, D. L., and Henson, P. M. (1992) J. Immunol. 148,
2207–2216.

8. Hughes, C. E., Little, C. B., Büttner, F. H., Bartnik, E., and
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