Collagenase Production by Rheumatoid Synovial Cells:
Stimulation by a Human Lymphocyte Factor

Abstract. Human peripheral blood lymphocytes incubated in culture for I to 3 days
at 37°C, but not at 4°C, release a soluble factor which can stimulate, up to 400-fold,
collagenase production by isolated, adherent, rheumatoid synovial cells. Production
of lymphocyte factor is enhanced by phytohemagglutinin or concanavalin A. By gel

filtration the factor has an apparent molecular weight of about 12,000.

Augmented production of collagenase
by hypercellular synovial tissue may be
an important cause of the destruction of
joint structures which characterizes rheu-
matoid arthritis (I, 2). We have devised
methods (3) for isolating rheumatoid syn-
ovial cells that adhere to culture vessels
and produce typical mammalian collage-
nase for prolonged periods (weeks to
more than 1 year). These cells are large,
slow-growing, and morphologically dis-
tinct from fibroblasts, and lack macro-
phage markers. In searching for natural
and synthetic agents that might influence
collagenase production by synovial cells,
we have examined lymphocytes as a po-
tential source of such material. Lympho-
cytes are present in rheumatoid subsyno-
vial infiltrations ¢), and immunological
disturbances are features of rheumatoid
arthritis (5). Recently, several lympho-
kine-like substances, such as a migration
inhibitory factor (MIF) and mitogenic
factors, have been described in synovial
fluid and in the supernatants of synovial
tissue cultures from patients with rheu-
matoid arthritis (6). In addition, products
released by guinea pig lymphocytes stim-
ulated with concanavalin A or specific
antigens have been reported to increase
collagenase production by guinea pig
macrophages in culture (7). In this report
we describe a factor released by human
lymphocytes incubated in culture which
markedly stimulates collagenase produc-
tion by rheumatoid synovial cells.

Heparinized venous blood from nor-
mal persons or patients with classical
rheumatoid arthritis was used as a
source of lymphocytes which were sepa-
rated on gradients of sodium metrizoate
and Ficoll (Lymphoprep, Nyegaard, Os-
lo) 8). The mononuclear cells (2 x10¢
cells per milliliter) were cultured at
37°C in an atmosphere of 5 percent
CO, and 95 percent air, in 6-cm-diam-
eter polystyrene petri dishes (Falcon)
in Dulbecco’s minimum essential medi-
um (MEM) containing 10 percent fetal
calf serum (FCS; Microbiological Asso-
ciates). After 24 hours the nonadherent
lymphocytes were separated from the ad-
herent monocytes, centrifuged, resus-
pended in fresh MEM and 10 percent
FCS, and incubated for a further 3 days.

The lymphocyte-free supernatant me-
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dium (LM) prepared by centrifugation
(3000¢g for 10 minutes) was used as a
source of the stimulating factor. Collage-
nase activity was undetectable in all LM.
To test for stimulating activity, this LM
was diluted with MEM and 10 percent
FCS (1:6 to 1:40, depending upon the
experiment). These LM were incubated
with adherent rheumatoid synovial cells
in 6-cm-diameter polystyrene petri dish-
es or in trays (Costar) containing 24 wells
each of 16 mm in diameter. After 1 to 3
days, collagenase activity was assayed in
the medium after prior treatment with
trypsin (3); “C-labeled reconstituted
guinea pig skin collagen fibrils were used
as substrate (9). Our previous studies
had shown that, although collagenase ac-

tivity was detectable without trypsin
treatment in serum-free media from syn-
ovial cells, the inclusion of serum in the
media, which was essential for pro-
longed survival of the synovial cells, ren-
dered the collagenase undetectable un-
less the medium was first incubated with
trypsin (3). One unit of collagenase activ-
ity represents the lysis of 1 ug of colla-
gen per minute.

The addition of LM increased the col-
lagenase released by rheumatoid syno-
vial cells from each of ten different
patients. The stimulation was approxi-
mately two- to threefold for synovial
cells tested soon after isolation when bas-
al activity was still high (3). After several
months in culture or after several pas-
sages of the synovial cells, when spon-
taneous, basal production of collagenase
had fallen to low levels, the relative stim-
ulation by LM was much greater (up to
400-fold). In some synovial cell cultures
incubated with LM, collagenase levels
reached those found in freshly isolated
synovial cells. Examples of typical re-
sponses are shown in Fig. 1 and Table 1.
Each of the 28 lymphocyte preparations

Table 1. Collagenase production by synovial cells after exposure to LM. In each different exper-
iment the synovial cells were derived from a different subject: lymphocytes used in experiment
1 were from a different normal subject from those used in experiments 2 and 3 (same normal
subject). Adherent rheumatoid synovial cells after one passage were plated into wells (experi-
ment 1, 6 X 10 cells per well; experiments 2 and 3, 1 x 10% cells per well) and incubated for 2
days (experiment 1) and 5 days (experiments 2 and 3) in MEM, with 10 percent FCS. After this
time the medium was removed and replaced with diluted (experiment 1, 1:6; experiments 2
and 3, 1:10) fresh MEM and 10 percent FCS. Incubation of the synovial cells was contin-
ued for an additional 41 hours and collagenase released into the medium assayed. Equal por-
tions of the lymphocytes previously incubated for 3 days at 37°C (experiment 1, 2 X 10° cells
per milliliter; experiments 2 and 3, 1 X 10° cells per milliliter) as shown above were removed
for the last 16 hours of incubation and [*H]thymidine was added (4 X 10® count/min), to assess
the mitogenic effects of phytohemagglutinin (PHA) or concanavalin A (Con A) by isolation of
[*HIDNA on glass fiber strips after filtration. All values represent the mean =+ standard error for
three wells in experiment 1 and four wells in experiments 2 and 3.

Treatment of LM [*H]Thymidine Collagenase
incorporation production by
Lymphocytes Mitogen by lymphocytes synovial cells
(3 days) (5 pg/ml) (count/min per well) (units per well)
Experiment 1
- None 0.20 = 0.01
+ None 1,082 = 103 3.67 = 0.30
+ PHA 16,341 = 1,993 5.15 = 0.77
- PHA 0.11 = 0.01
+* None 1,168 = 103 4.28 +0.19
Experiment 2
- None Undetectable
+ None 6,156 = 329 Undetectable
+ PHA 19,339 * 1,757 10.91 = 1.10
- PHA Undetectable
+ Con A 6,769 = 149 16.62 + 0.93
- Con A Undetectable
Experiment 3
- None 1.92 = 0.70
+ None 6,156 = 329 24.94 + 1.99
+ PHA 19,339 = 1,757 26.95 + 3.05
- PHA 1.84 + 0.53
+ Con A 6,769 = 149 29.56 + 4.25
- Con A 1.12 = 0.50

*This sample contained 10 percent heat-inactivated autologous human serum, whereas all the other samples
contained 10 percent FCS.
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tested (from four control and three rheu-
matoid subjects) stimulated the activity
of synovial cells prepared by proteolytic
dispersion. Collagenase production was
increased within the first 38 hours of ex-
posure to LM (Fig. 1). The rate of col-
lagenase production then declined after 3
days and in other experiments, not
shown, reached baseline levels within 10
to 20 days after the removal of the LM
and could be restimulated by a second
exposure to LM. The continued re-
sponse of synovial cells to LM seemed to
depend on cell density as well as on the
passage number and age of the cultures.
The collagenase from stimulated syn-
ovial cultures yielded cleavage products
of collagen which were identical to those
obtained with other typical mammalian
collagenases, as determined by polyac-
rylamide disc gel electrophoresis (data
not shown) (7).

Figure 1 also shows that increasing the
time of incubation of lymphocytes from 1
to 3 days resulted in increased stimula-
tion of collagenase by synovial cells ex-
posed to these LM. The stimulating fac-
tor produced by lymphocytes was not
present in supernatants of freshly iso-
lated lymphocytes lysed by repeated
freezing and thawing or in cultures of
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Fig. 1. Effect of time of incubation of lympho-
cytes on the production of collagenase-stimu-
lating activity (measured as units per well).
Lymphocytes (2 X 10° cells per milliliter)
from a normal subject were incubated for 1, 2,
or 3 days at 37°C. The cell-free medium was
diluted 1:6 with fresh MEM and 10 percent
FCS, and exposed for 38 hours to adherent
rheumatoid synovial cells, plated 18 days pre-
viously in multiwell trays (1 X 10° cells per
well). Synovial cell media were replaced with
fresh MEM and 10 percent FCS, in all wells at
the times shown. The points represent the mean
+ standard error of collagenase measured in
media from three wells, plotted to show the cu-
mulative production of collagenase through-
out the experiment. Spontaneous production
of collagenase was measured in wells not ex-
posed to LM (bottom curve).
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Fig. 2. Production of collagenase by synovial
cells in response to the logarithm of the vol-
ume of added LM. Lymphocytes (1 x 10°
cells per milliter) from a normal subject were
incubated for 3 days at 37°C. The cell-free me-
dium in volumes indicated was added to cul-
tures of adherent rheumatoid synovial cells
plated S days previously, in multiwell trays
(1 X 10° cells per well; total volume 0.3 ml)
and incubation continued for 41 hours at 37°C.
The points represent the mean = S.E. of col-
lagenase measured in media from each of four
wells. The correlation coefficient (r) is calcu-
lated for the three points connected by the sol-
id line.

lymphocytes incubated at 4°C. It was
possible, with some synovial cell cul-
tures, to establish a pattern of dose-re-
sponse to LM. In the experiment de-
picted in Fig. 2 there was a linear in-
crease in collagenase produced which
was proportional to the logarithm of the
volume of LM.

The stimulating factor is produced by
lymphocytes rather than by monocytes.
The cells which adhered to culture ves-
sels during the first 24 hours of in-
cubation and remained after washing,
and which were then incubated for an ad-
ditional 3 days, produced no detectable
stimulating activity. The possibility that
some early interaction occurs between
monocytes and lymphocytes cannot be
excluded and we cannot say whether B
or T lymphocytes, or both, are involved.
Collagenase-stimulating activity was not
present in media exposed to comparable
numbers of normal and SV40-trans-
formed fibroblasts [SV clone 80 (10)] and
a lymphoblast line transformed by Ep-
stein-Barr virus.

The previous observations indicated
that intact cell metabolism and the in-
cubation of lymphocytes in culture are
necessary for the spontaneous produc-
tion of the collagenase-stimulating fac-
tor. Spontaneous production of an ac-
cepted lymphokine (MIF) has been de-
scribed in human blood mononuclear
cells cultured in autologous serum alone
(11). Heat-inactivated (56°C for 45 min-
utes) autologous human serum (10 per-
cent) and FCS (10 percent) could substi-
tute for the nonheated FCS usually used
in our lymphocyte cultures (Table 1).
When spontaneous production of the

stimulating factor was high and the syn-
ovial cells relatively sensitive, no signifi-
cant effect of phytohemagglutinin on the
production of the factor was observed
(experiment 1, Table 1). The stimulating
effect of the lectins on production of the
factor was revealed either by diluting the
LM or by using less sensitive cells to as-
say the response at low dilution (experi-
ments 2 and 3, Table 1). When older, less
sensitive synovial cells were tested for
their response, significant increase in
stimulating factor production was found
in cultures of normal lymphocytes in-
cubated with either phytohemagglutinin
or concanavalin A (experiment 2, Table
1). The same dilution of LM used in ex-
periment 2 (Table 1) would cause the
maximum stimulation of another culture
of synovial cells in the absence of lectin
(experiment 3, Table 1). Both normal
and rheumatoid lymphocytes produced
stimulating factor spontaneously.

The stimulating activity was stable in
MEM and 10 percent FCS for at least
several days at room temperature and for
months at —30°C; it was not inactivated
by heat (56°C for 30 minutes). When cul-
ture media from unstimulated lympho-
cytes were subjected to gel filtration on
calibrated columns of Ultrogel AcA54
(Fig. 3), collagenase-stimulating factor
was eluted as a single sharp peak, just be-
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Fig. 3. Effect on synovial cells of lymphocyte
culture medium after gel filtration. Lympho-
cytes (2 X 10% cells per milliliter) from a
patient with rheumatoid arthritis were incu-
bated for 3 days in MEM and 10 percent FCS.
The cell-free medium (3 ml) was applied to a
calibrated column (36.5 by 2.5 cm) of Ultrogel
AcAS54 (LKB Instruments) equilibrated and
eluted with MEM without FCS. Fetal calf se-
rum was added to each fraction to bring its final
concentration to 10 percent. These fractions
were then incubated with adherent rheumatoid
synovial cells (1 x 10° cells per well) in the
fourth passage which had been plated 5 days
previously. After a further 3 days the media
were assayed for collagenase (solid line). Lac-
tate (dotted line) was assayed in neutralized per-
chloric acid extracts (I4). Substances used for
molecular weight calibration were eluted in
positions shown. Abbreviations; Cat., cata-
lase; B.S.A., bovine serum albumin; Ovalb.,
ovalbumin; Chym., chymotrypsinogen; Carb.,
carbonic anhydrase; Cyto. ¢, cytochrome c.

SCIENCE, VOL. 195



hind the cytochrome ¢ marker, suggest-
ing a molecular weight of about 12,000.
THe behavior on gel filtration of media
from lymphocytes incubated in the pres-
ence of lectins was not determined.
Crude LM or activity partially purified
by gel filtration did not increase the pro-
liferation of synovial cells over controls
as judged by cell counting or by uptake
of [*H]thymidine (not shown), nor did it
stimulate lactate production (Fig. 3), sug-
gesting an effect different from the so-
called connective tissue-activating pep-
tide which characteristically stimulates
glycolysis in its target cells (/2). The syn-
thesis of lysozyme, a characteristic prod-
uct of macrophages (/3), was also not
stimulated by the factor, providing addi-
tional evidence that the responsive syn-
ovial cells are distinct from typical macro-
phages (3). Furthermore, we could not
detect collagenase activity in cultures of
human peripheral blood monocytes ex-
posed to lymphocyte media. The levels
of collagenase in guinea pig macrophages
stimulated by lymphocyte products as re-
ported by Wahl et al. (7) are calculated
to be less than 0.1 percent of those of the
stimulated human synovial cells in the
present study.

The biological significance and speci-
ficity of the production and effects of this
lymphocyte factor remain to be deter-
mined. Lymphocytes are abundant in the
subsynovial region in rheumatoid syn-
ovitis, and the production of this stimulat-
ing factor might serve as a cell-to-cell me-
diator acting between lymphocytes and
susceptible target cells in the prolifera-
tive synovial lining layer. If the factor
can stimulate collagenase in vivo, it may
have an important role in regulating con-
nective tissue turnover, and may be re-
sponsible for some of the deleterious ef-
fects on joint structures in theumatoid ar-
thritis and connective tissue resorption
in a variety of other inflammatory dis-
orders.
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Localization of Cyclic GMP and Cyclic AMP in Cardiac
and Skeletal Muscle: Immunocytochemical Demonstration

Abstract. When rat cardiac and skeletal muscle are explored by immuno-
cytochemical procedures designed to show sites of localization of adenosine 3’,5'-
monophosphate (cyclic AMP) and guanosine 3',5'-monophosphate (cyclic GMP),
distinct staining patterns for the two nucleotides are seen. Antibody to cyclic AMP is
found in the area of the sarcoplasmic reticulum, while antibody to cyclic GMP is
found with a periodic distribution corresponding to that of the A band. This suggests
a role for cyclic GMP in the regulation of myosin.

The regulation of calcium concentra-
tion by the membranes of the sarcoplas-
mic reticulum is important in coupling ex-
citation and contraction in muscle. Evi-
dence suggests that adenosine 3’,5'-
monophosphate (cyclic AMP) is in-
volved in the sequestration of calcium by
the sarcoplasmic reticulum (/). Cyclic
AMP stimulates the activity of protein ki-
nase and increases calcium uptake by en-
riched preparations of fragmented sarco-
plasmic reticulum isolated from cardiac
and fast skeletal muscle (7). Calcium up-
take by the sarcoplasmic reticulum is as-
sociated with relaxation of both cardiac
and skeletal muscle (2).

Changes in the intracellular concentra-
tions of cyclic AMP and cyclic GMP
have been observed in each contraction
cycle in heart (3). In addition, cyclic
GMP levels increase in cardiac muscle af-
ter stimulation with acetylcholine ().
However, the role. of cyclic GMP in the
control of contraction is not understood.
In a number of tissues in vitro the in-
creased concentration of cyclic GMP ob-
served after the addition of acetylcholine
and other agents depends upon the pres-
ence of extracellular calcium (5). This
suggests that calcium fluxes participate
in the control of intracellular cyclic GMP
concentrations. These and other experi-
ments have led to the postulate that cy-
clic GMP might participate in the feed-
back regulation of calcium transport
across membranes (6).

To investigate the roles of both cyclic
nucleotides in cardiac and skeletal
muscle, we have used an immuno-
cytochemical technique that reveals sites

of localization of cyclic AMP and cyclic
GMP in specific cell types and in a vari-
ety of tissues (7). We have found thatin a
number of rat tissues cyclic GMP is pre-
dominantly located in the plasma mem-
brane area and in the nucleus, whereas
cyclic AMP is often found in cytoplasmic
elements and in the plasma and nuclear
membrane areas. Since cyclic nucleotide
immunocytochemistry utilizes unfixed
tissues, and free cyclic nucleotide might
be lost during the staining procedure,
sites of localization of these cyclic nucle-
otides appear to indicate sites of binding
or receptor proteins.

Cardiac and skeletal muscle were ob-
tained from rats killed by cervical dis-
location. Skeletal muscle was taken from
the lower part of either the fore or hind
limbs and the skin quickly dissected
away. Tissues were immersed in OCT
compound (optimal cutting temperature;
Miles, Elkhart, Indiana) and frozen in an
aluminum container in a mixture of ace-
tone and solid CO,. Tissues were frozen
within 1 minute after removal, and were
later cut into sections, 3 to 4 um thick,
with a cryostat. The sites of localization
of both nucleotides were determined by
an indirect immunofluorescent technique
(7) for which we used rabbit immunoglob-
ulin (Ig) specific to either cyclic AMP or
to cyclic GMP, prepared by the method
of Steiner ez al. (8). Air-dried slides were
treated sequentially as described pre-
viously (7). To test the specificity of the
procedure, we showed that similarly pre-
pared Ig fractions from unimmunized
rabbits failed to produce significant stain-
ing. In addition, passage of the specific
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