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Summary. Osteoclast activating factor (OAF) is
a lymphokine which may participate in the patho-
logic destruction of bone observed in a num-
ber of disorders. In the current studies, we investi-
gated the action of OAF on cAMP accumulation by
bones and isolated bone cells in culture. OAF was
shown to stimulate accumulation of cAMP in mouse
cranial bones at doses between 1 and 1000 ng/ml.
Stimulation of bone resorption was observed in
bones treated with the same doses of OAF. In order
to investigate the cell types responsible for cAMP
responses to OAF, we isolated bone cells and grew
them in monolayer culture. The cells were isolated
by a variety of techniques which separate bone cells
into two types of parathyroid hormone (PTH)-re-
sponsive populations: (a) cells derived from the
periosteal regions of the bone, which also respond
to calcitonin with increases in cAMP: and (b) cells
derived from the matrix, which do not respond to
calcitonin. OAF caused elevation of cAMP levels in
both the periosteum-derived cells and the matrix-
derived cells. The magnitudes and time courses of
OAF effects in these populations resembled the ef-
fects previously reported for PTH in the same popu-
lations. OAF stimulated adenyl cyclase in both
types of cell populations. but did not produce signif-
icant changes in cAMP phosphodiesterase activity.
OAF differed from PTH in that its effects on cAMP
accumulation decreased sharply at supramaximal
doses in both bone and isolated cells, especially in
the matrix-derived populations. Bone resorption
did not decrease as markedly as did cAMP accumu-
lation at high doses of OAF, suggesting that cAMP
accumulation and resorption could be dissociated
under some conditions. These results indicate that
OAF has effects on cAMP production in the same
cell populations as PTH, and suggest that OAF
could modify not only resorption but also formation
of bone in vivo. OAF may exert its effects on bone
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by means of cAMP-dependent mechanisms, but
more data will be necessary to establish this un-
equivocally. The observed differences between
OAF and PTH may be of relevance in the mecha-
nism and treatment of pathologic bone destruction
in vivo.
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Introduction

The lymphokine osteoclast activating factor (OAF)
has been shown to stimulate destruction of bone in
vitro [1]. OAF or similar factors are secreted by hu-
man peripheral lymphocytes activated by specific
antigens [ 1] or mitogens [1, 2], by human tonsil lym-
phocytes activated by mitogens [3], by unstimu-
lated primary cultures of human myeloma and lym-
phoma [4] cells, and by stable lymphoid cell lines
derived from human myelomas and other bone-de-
stroying lymphoid tumors [5]. The species of OAF
secreted by phytohemagglutinin (PHA)-activated
human tonsil lymphocytes has been purified [3], and
shown to be a peptide of molecular weight approxi-
mately 9000. Bone destruction is observed fre-
quently in association with diseases involving
chronic accumulation of lymphoid cells, e.g.. peri-
odontal disease [6], or lymphoid tumors such as
myelomas [4] or lymphomas [7]. This bone destruc-
tion histologically appears to be mediated by osteo-
clasts rather than by the inflammatory cells or tu-
mor cells themselves [4-7]. The above observations
have led to suggestions [ 1-5] that OAF or a similar
factor secreted by lymphocytes is responsible for
pathologic bone destruction in some diseases. Re-
cently, a bone-destroying factor with the same ul-
trafiltration and electrophoresis characteristics as
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OAF has been demonstrated in the serum of some
patients with myeloma [8].

Studies in vitro of the effects of OAF on bone me-
tabolism have demonstrated that it stimulates
osteoclastic resorption [9] and inhibits synthesis of
new collagen by bone [10]. These activities of OAF
are similar to those observed in vitro for the pri-
mary hormones which regulate bone metabolism,
parathyroid hormone (PTH), and 1,25 dihydroxy-
vitamin D3 [1,25(OH),D;]. Although the precise
mechanisms of action of PTH and 1.25(OH),D,
still are not well understood in bone, it is clear that
PTH causes accumulation of adenosine-3'5’-mono-
phosphate (cAMP) in skeletal tissue [11] and isolat-
ed bone cells [12] whereas 1,25(0OH),D, does not ap-
pear to have this effect [13, 14]. In order to examine
the biological effects of OAF on bone, it was there-
fore of interest to determine whether or not this fac-
tor could influence cAMP metabolism in bone or
bone cells.

In addition, it was of interest to determine which
cell types in bone could respond to OAF. Several
studies have shown that different populations of
cells can be isolated from bone [12, 15-18). The iso-
lated populations can be grown in primary monolay-
er culture and their responses to bone-active agents
can be monitored biochemically. In previous stud-
ies [12], we have shown that PTH has effects on
separated bone cell populations which account for
many of the effects of the hormone on intact bones.
Other investigators [15-18] have also shown that
separated populations of bone cells have sub-
stantially different cAMP responses to PTH and
other agents. Therefore, we have examined the ef-
fects of OAF on accumulation of cAMP in isolated
bone cell populations which were prepared by a va-
riety of methods. The results suggest a possible role
for cAMP in the responses of bone and bone cells to
OAF, and imply that other lymphokines also may
act on their target cells by means of cAMP-depen-
dent mechanisms.

Materials and Methods

Isolation of OAF

OAF was isolated from the culture medium of human tonsil lym-
phocytes which had been activated with PHA [3]. Pooled culture
medium was concentrated 100X by ultrafiltration using an Ami-
con HIPI10 hollow-fiber device with a molecular weight cutoff
(nominal) of 10,000. The 100X concentrate was further concen-
trated to approximately 1000x using an Amicon ultrafiltration
cell with a UM2 membrane (nominal molecular weight cutoff
1000). The concentrate was fractionated by gel filtration using
Sephacryl S-200. Active OAF fractions (K = 0.5-0.6) were
pooled and further purified as described previously [3]. The puri-
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fied material produced a single protein band in native gel and
sodium dodecylsulfate-urea gel electrophoresis. It was biologi-
cally active at concentrations between 1 and 1000 ng/ml, as as-
sessed by stimulation of calcium release from cultured mouse
cranial bones [19]. OAF prepared by these procedures has been
shown previously [2, 5] to be free of bone-resorbing activity from
prostaglandins or vitamin D metabolites, and to contain no im-
munoreactive PTH.

Assay of CAMP Responses in Isolated Bone

Cranial bones were removed from 2- to 3-day-old Swiss albino
mice using aseptic dissection procedures. The cranium (frontal
and parietal bones) was split in half at the midline suture and
halves were placed in separate wells of multiple-well culture
dishes (Linbro) containing 0.5 ml Eagle’s minimal essential medi-
um (MEM) with 5 mM theophylline. without added serum. The
bones were equilibrated 30 min at 37°C in 5% C0,.:95% air. Then
an additional 0.5 ml of MEM, containing OAF or other test
agents as described (also equilibrated in 5% C0,:95% air at
37°C), was added to each well with rapid mixing. At a designated
time (normally 5 min after addition of the test medium) the cul-
ture medium was rapidly aspirated. The dish, containing bones,
was quickly placed in a commercial microwave oven (450 W,
radiation frequency 2450 MHz) and irradiated for 2 min to stabi-
lize tissue cAMP levels. The bone was then immersed in 0.5 ml
of 0.2M sodium acetate buffer, pH 4.0. and left at 4°C for at least
18 h to extract soluble cAMP. If more than 24 h was to elapse
between treatment and cAMP radioimmunoassay. the samples
were frozen at —30°C until the day of assay. The extracted sam-
ples were acetylated {20] at room temperature by adding 20 ul of
triethylamine per 0.5 ml sample with vigorous mixing, followed
immediately by 10 ul of acetic anhydride. with further vigorous
mixing. Aliquots of this acetylated sample were used for cAMP
radioimmunoassay.

Isolation of Bone Cells

Three methods were used for preparation of bone cell popu-
lations. The most frequently used method (method A) was se-
quential digestion of bones with 0.1% collagenase at room tem-
perature. This was carried out exactly as described previously
[12] yielding five separate populations of cells. The cells were
grown in plastic flasks in MEM containing 109 fetal bovine
serum (Gibco) in an atmosphere of 5% C0,:95% air. The mono-
layers reached confluence at 6-7 days after isolation. At this time
cells were resuspended using 4 mM EDTA in Ca*'- and Mg**-
free Tyrode's solution, pH 7.4. The cells were then subcultured
to multiple-well culture dishes at 0.5-1 x 10° cells per well in
MEM with 10% fetal bovine serum. These cells were allowed to
attach to the dish and were cultured for at least 24 h before use in
assays. In other experiments an alternative bone cell isolation
(method B), described by Peck et al [15]. was used. Periosteal
cells were separated from bone matrix by stripping the periosteal
layers from bones using fine forceps under a dissecting micro-
scope. Then periosteum and matrix were subjected separately to
total digestion with 0.2% collagenase at 37° C [21]. The sus-
pended cells were washed twice with MEM containing 10% fetal
bovine serum, then cultured to confluence (5-8 days) before sub-
culture to multiple-well dishes. as described above. A final varia-
tion of this cell isolation procedure (method C), developed by
Chen and Feldman [16], was used in other experiments: instead
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of manually stripping the periosteum, periosteal cells were re-
moved by a 30-min digestion in 0.1 collagenase at 25°C. Histo-
logic examination showed that this procedure effectively re-
moved the periosteal layers of the bone. The remaining matrix
was then subjected to total digestion using 0.29 collagenase at
37°C. Periosteal cells and matrix-associated cells were cultured
separately, subcultured to multiple-well culture dishes as de-
scribed above, and treated for hormone response.

Assay of cAMP Responses in Bone Cell
Monolayers

After 24 h culture of bone cells in multiple-well dishes, the medi-
um was replaced with 0.5 ml per well of fresh MEM containing §
mM theophylline and no serum. The cultures were then allowed
to equilibrate 30 min at 37°C in 5% CQ,:95% air. Another 0.5 ml
of pre-equilibrated MEM. containing OAF or other test sub-
stance as described. was added to each well to initiate the experi-
ment. Aspiration of medium, irradiation by microwave. extrac-
tion of cAMP, and acetylation of samples were carried out ex-
actly as described above for cranial bones.

Radioimmunoassay of Cyclic AMP

Acetylated extracts from bone or bone cells. prepared as de-
scribed above. were analyzed for cAMP using the radioimmuno-
assay method of Steiner et al. [22], as modified by Harper and
Brooker [20]. The antisera used were prepared in this laboratory
using the procedures suggested by Steiner et al. The antisera
showed no cross-reactivity with ATP or with nucleotides other
than ¢cAMP at concentrations up to 10°-fold excess over the
cAMP concentrations normally encountered. The assay was sen-
sitive, i.e., greater than 2 S.D. deflection from total binding or
nonspecific binding, between 3 and 1000 fmol cAMP per sample.
The within-assay coefficient of variation [23] at 30-100 fmol was
less than 109, and the between-assay coefficient of variation was
8.5% for a representative series of 20 assays. Data were proc-
essed using a logit-log transformation program for a desk-top
computer. In order to validate the results obtained with the
cAMP assay, we also assayed some samples in parallel experi-
ments using the cAMP-binding protein method of Gilman [24].
Representative samples were also treated with phosphodieste-
rase prior to radioimmunoassay, in order to test for nonspecific,
non-cAMP substances which might compete for ligand binding to
antibody. In addition, some experiments contained tissue sam-
ples to which cAMP had been added in known quantities in order
to monitor recovery through the extraction and acetylation
steps. Recovery in these experiments was greater than 90%.

Adenyl Cyclase and Phosphodiesterase Assays

Bone cell homogenates were assayed for these activities by the
methods of Rapoport and Adams [25]. Cell monolayers were sus-
pended in Dulbecco’s phosphate-buffered saline (PBS: Gibco).
washed twice with PBS. and sonicated in 10 mM Tris-HCl. pH
7.5. 4 mM MgCl,. Aliquots of homogenate containing 20-50 ug
protein were incubated in an adeny! cyclase assay mixture con-
taining the same buffer and 2 mAM ATP, | mM I-methyl-3-isobutyl
xanthine, 10 mM creatine phosphate. 0.75 mg/ml creatine phos-
phokinase, 0.1 bovine serum albumin, and OAF or PTH as in-
dicated. After 10 min incubation at 37°C, the reaction was
stopped by boiling for 3 min; 0.5 ml of 50 mM sodium acetate
buffer, pH 6.2, was added. and the mixture was centrifuged at
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13,000 x g for 2 min. Aliquots of the supernatant were acetylated
and cAMP was determined by radioimmunoassay. For phospho-
diesterase assay. the cells were washed twice with PBS and soni-
cated in 40 mM Tris-HCL. pH 8.0, 5 mM MgCl,. Aliquots con-
taining 50ug protein were incubated in the same buffer con-
taining 0.1 mM unlabeled ¢cAMP, 0.05 uCi/ml [,HkAMP
(Amersham), and OAF or PTH as indicated. After 30 min in-
cubation at 30°C the reaction was stopped by boiling. Then 50 ug
of Ophiophagus hannah snake venom (Sigma) was added and the
mixture was incubated for another 20 min. at 30°C following
which | ml of Dowex AG-1-X8 resin slurry in 3 mAf acetic acid
was added. The samples were shaken at room temperature for 10
min, centrifuged. and the supernatants were counted in a liquid
scintillation counter. Counts of [*H]adenosine remaining in the
supernatant were derived trom cAMP hydrolyzed by phospho-
diesterase; blank values were obtained by treating some samples
with homogenate which had been boiled prior to the assay.
These blanks were subtracted from ail hydrolysis values.

Materials

All tissue culture media and sera were obtained from Gibco. Lin-
bro multiwell dishes were obtained from Flow Laboratories. Bo-
vine parathyroid hormone was obtained from the Hormone Dis-
tribution Officer, NIAMDD. Dr. Anthony W. Norman kindly
furnished samples of 1.25(0OH),D;. Synthetic salmon calcitonin
(SCT) was supplied by Armour. All other materials were reagent
grade or better, and were obtained from various commercial sup-
pliers.

Resnits
Validation of cAMP Assay Procedures

Microwave irradiation has been used as a rapid and
efficient means of fixing cAMP in tissues and whole
animals [26]. Fixation is accomplished primarily by
thermal inactivation of cAMP forming and degrad-
ing enzymes. We adopted this procedure as a means
of simultaneously fixing multiple tissue culture sam-
ples without the laborious extraction and recovery
procedures previously employed. Because of the
low mass and physical thinness of cell monolayers
and of the cranial bones used (net thickness < 0.5
mm), it was not necessary to employ the special-
ized high-power microwave beams used by other in-
vestigators [26] for large-scale tissue fixation. A
household microwave oven (J.C. Penney model
863-5700-70-021) produced stabilization of concen-
trations of cAMP in bone cell monolayers within 30
s under the conditions employed for these experi-
ments (Table 1). Recovery of known amounts of
cAMP, added to the tissue before irradiation, re-
mained near 1009 for times up to 5 min of irradia-
tion. The standard irradiation time of 2 min was
chosen because this produced slightly higher recov-
eries of tissue cCAMP than either 30 s or 1 min (Table
1). The protocol used in these experiments (2 min of
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Table 1. Effect of fixation method on parameters of cAMP radioimmunoassay

Fixation method Nonspecific Specific Measured cAMP (pmol/10° cells)
binding (cpm) binding (cpm)
Control PTH PDE-sensitive
TCA precipitation 2808 + 124 6935 = 64 43 0.3 324 +28 84%
Ethanol-HCl extraction 2247 + 148 7088 = 113 39+0.2 28.4 + 33 88%
Microwave irradiation (min)
0 1315 = 93 3842 = 102 6.0 = 0.8 9.5 1.4 95%
0.5 1014 = 136 6344 + 215 44 =03 27.4 = 2.5 93%
1 1135 £ 2.02 7418 = 125 3.8 =04 314 x 4.0 96%
2 1047 = 78 8814 * 113 42 04 332 28 95%
5 1788 = 102 7542 = 83 1.6 = 0.3 16.4 = 4.1 81%

Bone ceil monolayers were prepared from population 4 cells produced using digestion method A (see Methods). These cells were
incubated for 5 min at 37°C in the presence or absence of 300 ng/ml PTH. The medium was removed and the monolayers were then fixed
and the cAMP extracted using 3 methods. (a) TCA precipitation: 0.5 ml of ice-cold 109% trichloroacetic acid (TCA) was added directly to
the cell layer and the cells were homogenized with a rubber policeman. TCA was removed by 5 extractions of the aqueous phase using 3
vol of ether. the samples were lyophilized and then reconstituted with 0.5 ml of 0.2 M sodium acetate buffer, pH 4.0. (b) Ethanol-HC1
extraction: 0.5 ml of 95% ethanol-0.02 N HC1 at —20°C was added to the cell layers, and the dishes were kept at —20°C overnight. The
cells were then homogenized with a rubber policeman, and the ethanol-HC1 solution was removed by boiling to dryness. The residue was
redissolved in 0.5 mi of pH 4.0 buffer as above. (c) Microwave irradiation: cell monolayers were irradiated for the designated period of
time, then 0.5 ml of pH 4.0 buffer was added and the samples were allowed to stand overnight at 4°C

Some samples from all 3 fixation procedures were treated with cAMP phosphodiesterase (PDE). Then all samples were acetylated as
described in Methods, and analyzed for cAMP by radioimmunoassay. Nonspecific binding represents the cpm of '#I-succinyl cAMP
tyrosine methyl ester which were associated with antibody when a high cAMP concentration (> 100 pmoles/sample) was added to the
sample before acetylation. Specific binding represents the amount of '*’I-derivative bound to antibody in phosphodiesterase-treated
samples, less the nonspecific binding (i.e.. nonspecific binding + specific binding = total binding). A total of 20,000 cpm of '2° derivative
was added per assay tube: thus total binding was 409%-509% at zero cAMP concentration. Values in the “*PDE-sensitive column denote
the percentage decrease in measured cAMP which was induced by phosphodiesterase treatment of identical samples. All values are
means = SEM of 4 samples.

microwave fixation, 18 h of sodium acetate extrac- 1 ng/ml purified OAF, and maximum effect at about
tion) produced higher recoveries and less variability 10 ng/ml. At low doses, the effects of OAF on
in recovery of cAMP than extractions with either cAMP accumulation were correlated with increases
trichloroacetic acid [22] or ethanol-HCI [12]. In ad- in calcium release from mouse cranial bones treated
dition, this method of fixation and extraction of with the same doses of OAF for 72 h in organ cul-
samples resulted in significantly lower values for ture (Fig. 2). At doses of OAF above 10 ng/ml, stim-
nonspecific binding and for phosphodiesterase-in- ulation of both bone resorption and cAMP accumu-
sensitive displacement of ligand in the cAMP radio- lation decreased progressively (Fig. 2). No signifi-
immunoassay (Table 1). cant decrease in either bone resorption or cAMP

accumulation was observed when supramaximal
doses of PTH were used in this system (data not

Stimulation of cAMP Accumulation in Bones by shown).

OAF and PTH

Addition of OAF to the culture medium produced a Effects of OAF on Bone Cell cAMP
rapid stimulation of accumulation of ¢cAMP in
mouse cranial bones (Fig. 1). The peak in cAMP In order to compare the effects of OAF with those

concentration occurred approximately 5 min after reported in other studies using isolated bone cells,
addition of OAF, and was followed by a more grad- we prepared bone cells by three techniques pre-
ual decrease in concentration, reaching baseline viously shown to produce separate populations of
(i.e, prestimulation) levels after approximately 20 cells with different metabolic characteristics. These
min. These results are not significantly different cell populations were cultivated in vitro and the ef-
from the results obtained for PTH in this system fects of OAF on cAMP accumulation were assessed
(Fig. 1). The cAMP response to OAF was markedly (Tables 2 and 3: Figs. 3 and 4). The digestion tech-
dose dependent (Fig. 2), with minimum significant nique of Wong (method A in the current study),

stimulation of cAMP accumulation occurring below which produces five separate populations of cells
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Fig. 1. Time course of cAMP accumulation in mouse cranial
bones treated for the indicated times with 300 ng/m! PTH (A—A),
10 ngml OAF (@—@®). or no addition (C—C). All values are
mean + SEM for 4 bones per point

[17], was the primary preparation procedure used
for these studies. Using this system, it was shown
(Table 2) that there were two distinct populations in
which OAF stimulated cAMP accumulation. One of
these was population 2 (i.e., those cells derived
from the second 20-min digestion with collagenase).
The stimulation of cAMP accumulation observed
was relatively low, 1.5- to 3-fold, even with maxi-
mal doses of OAF. Similar magnitudes of cAMP ac-
cumulation were observed using PTH or SCT in the
same population (Table 2), but another stimulator of
bone resorption, 1,25-dihydroxyvitamin D,, did not
affect cAMP concentrations in these cells (data not
shown). OAF also caused increases in cAMP in
populations 4 and 5 of the cells prepared by method
A. In these populations, the stimulation was much
higher, approximately tenfold (Table 2). These data
also were comparable with those obtained for PTH
in the same populations. although PTH caused
somewhat higher peak cAMP concentrations, ap-
proximately 15-fold higher than baseline concentra-
tion. Again 1,25-dihydroxyvitamin D; failed to
cause elevation of cAMP concentrations in the pop-
ulation 4 and 5 cells. Likewise, SCT failed to stimu-
late cAMP accumulation in these populations, as re-
ported previously [12].

Reproducibility of Effects

The basal levels of cAMP in bone cell populations
varied between 0.8 and 2.5 pmol/10° cells for popu-
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Fig. 2. Dose-response relationships in bone for OAF on cAMP
accumulation (C—C), measured at 5 min of treatment, and on

calcium release (@ —®), measured after 72 h treatment in organ
culture. Calcium release was measured by atomic absorption
spectrometry, and is expressed relative to bones killed by freez-
ing and thawing prior to culture. Values are mean + SEM for 3-4
bones per point

lation 2 cells and between 1.8 and 4.2 pmol/10° cells
for population 4 cells over a series of experiments,
probably because of minor differences in the animal
populations and bone digestion technique from ex-
periment to experiment. The maximal levels of
stimulation induced by PTH or OAF varied in pro-
portion to the basal levels of cAMP, with the result
that the ratios between treated and control cultures
were consistent: €.g., 1.5- to 3-fold maximum stim-
ulation in population 2 and 10- to 15-fold maximum
stimulation in population 4, for both OAF and PTH.
All major findings reported here were reproduced in
4 to 10 experiments within these variations.

Comparison of Digestion Procedures

Two other procedures were used to separate popu-
lations of bone cells. Both of these techniques pro-
duce only two populations, previously character-
ized [14, 16] as periosteal cells and matrix-associat-
ed cells. An additional feature characterizing these
populations is the ability of periosteal cells to re-
spond to SCT with increased cAMP levels, whereas
the matrix-derived cells fail to respond to SCT [12,
14, 16]. The procedure of Peck et al. [15] corre-
sponds to method B in the current study. Using this
procedure. we obtained modest elevations of
cAMP, only about 509z over base line in cultures
derived from periosteal cells (Table 2). This result
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Table 2. Effect of separation technique on cAMP Responses of bone cell populations

Separation used

cAMP (pmol/10° cells)

Control OAF (10 ng/ml) PTH (300 ng/ml) SCT (50 ng/ml)

Method A

Population 1 2.1 =03 2.6 0.2 2904 2.6 03

Population 2 3204 6.9 = 0.5 7.1 = 0.6 5.7 £ 0.3

Population 3 36 £04 42 0.4 4.4 0.5 35+0.2

Population 4 39+04 432 + 1.8 59.3 + 2.8 43 = 0.5

Population 5 42 0.5 22,7 + 2.12 184 = 1.9 48 = 0.6
Method B

Periosteum-derived 29 +03 4.6 = 0.5 4.8 £ 0.42 5.1 0.4

Matrix-derived 3.6 04 28.3 £ 3.12 304 = 3.62 0.5
Method C

Periosteum-derived 2 x0. 7.3 £ 0.62 6.9 = 0.52 6.8 = 0.8

Matrix-derived 45 *0.35 21.2 £ 3.12 19.7 = 2.22 39+ 06

Cell monolayers prepared by the indicated procedure (see Methods for details of cell isolation procedures) were treated for 5 min with

each agent, then assayed for cAMP. Values are mean + SEM for 4 samples
aSignificantly different from control, P < 0.05 (Dunnett multiple comparison test, ref. 27)

Table 3. Effects of OAF and PTH on adenyl cyclase and
phosphodiesterase activities of bone cell populations

Cell population
and treatment

Adenyl cyclase Phosphodiesterase
pmol/min/mg protein nmol/min/mg protein

Population 2

Control 216 £ 1.9 26 +0.3

PTH (300 ng/ml) 63.2 x* S.42 2.1 +0.2

OAF (10 ng/mD) 58.5 = 4.32 3.1 £ 04
Population §

Control 235+ 14 2.7 0.1

PTH (300 ng/ml) 87.4 % 6.22 3.1 +x04

OAF (10 ng/ml) 91.3 = 8.62 3303

Cell monolayers from the indicated populations were prepared
and assayed for adenyl cyclase and phosphodiesterase as de-
scribed in Methods. Homogenates were treated with OAF or
PTH for 10 min for adenyl cyclase studies and 30 min for
phosphodiesterase studies. Values are mean + SEM for at least
4 samples

aSignificantly different from corresponding control, P < 0.05
(Dunnett multiple comparison test, ref. 27)

was found for OAF, PTH, and SCT at maximal
doses. In the cultures derived from matrix-associat-
ed cells, approximately eightfold increases over
baseline values were observed for OAF and PTH
(Table 2), although no response to SCT was ob-
served.

In the cell isolation procedure of Chen and Feld-
man an initial collagenase digestion step was used
to remove periosteal cells, followed by total diges-
tion of the matrix. This technique (method C) was
found [16] to produce periosteal cells which main-
tained substantial cAMP responses to PTH in cul-
ture. In our hands, periosteal cells isolated by this
technique exhibited higher levels of cAMP accumu-

lation than those cells islated by method B (Table
2), demonstrating responses essentially equal to
those produced by PTH, OAF, or SCT in the cells
isolated by method A. However, the responses of
matrix-derived cells were lower than those derived
from method B, and considerably lower than re-
sponses observed in population 4 of the ceils isolat-
ed by method A. Because of the higher responses,
and therefore apparently more efficient enrichment
of responsive cells in populations 2 and 4, method A
was used for cell isolation in the remainder of the
studies reported here.

Time Courses and Dose Dependency of Responses
to OAF

Periosteal cells and matrix-associated cells (i.e.,
population 2 and population 4 cells, respectively)
showed different time courses of cAMP response to
OAF (Fig. 3). Accumulation of cAMP in both cell
types reached maximum levels at approximately 5
min after addition of OAF. The maximum cAMP
concentration was sustained for several minutes in
population 2 cells, returning to baseline levels only
after at least 30 min. In contrast, cAMP concentra-
tions decreased sharply after reaching peak levels in
population 4 and had returned to baseline levels by
approximately 20 min after treatment with OAF
was begun. When the responses to OAF were mea-
sured at 5 min (the time of peak c AMP elevations in
each cell type), similar dose-response curves were
obtained for the two populations (Fig. 4). Although
the magnitudes of response in the two populations
differed substantially, the ascending slopes of the
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Fig. 3. Time course of cAMP response to a maximal dose of OAF
(10 ng/ml) in isolated bone cells from population 2 (O—OC) and
population 4 (@—@). Values are mean = SEM for 4 samples per
point

dose-response curves, when compared to maximum
effect, were indistinguishable. However, at supra-
maximal doses of OAF the cAMP response in ma-
trix-derived cells fell off sharply while the response
in periosteal cells remained relatively constant up to
a dose approximately 10 times the lowest maximal
dose of OAF. At even higher doses, the response of
periosteal cells decreased, but more gradually than
the decrease observed in matrix-derived cell popu-
lations.

Effects of OAF on Adenyl Cyclase and
Phosphodiesterase Activities

OAF and PTH caused significant stimulation of ade-
nyl cyclase activity in cell membranes from both
periosteal and matrix-derived cells (Table 3). Con-
versely, no significant effects on overall levels of
cAMP phosphodiesterase were observed in cell ho-
mogenates treated with either OAF or PTH (Table
3).

Discussion

Since the finding by Chase and Aurbach [11] that
PTH caused increased accumulation of cAMP in
isolated bones, there has been a general assumption
that at least some of the effects of PTH on bone in
vivo are mediated by cAMP. This assumption is not
universally agreed on, however; other possible
routes for mediation of PTH action have been pro-
posed, notably uptake of calcium by bone celis [34,
36]. Likewise, there is little agreement about the
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Fig. 4. Dose dependency of cAMP response to OAF in bone cells
from population 2 (O—O) and population 4 (@—@®). Values are
mean + SEM for 4 samples per point

mechanisms by which pathologic factors might me-
diate bone resorption, although prostaglandins also
may act via a cAMP-dependent mechanism [30]. It
was therefore of interest to determine whether the
lymphokine OAF could modulate cAMP metabo-
lism in skeletal tissue.

The data shown in Figures 1 and 2 demonstrate
that at submaximal and maximal doses OAF stimu-
lated cAMP accumulation in bone, with kinetics
and dose dependency resembling the effects of
PTH. Moreover, the doses of OAF which produced
stimulation of cAMP accumulation were closely
correlated with the doses found to cause stimulation
of calcium release from cultured bone (Fig. 2). In
order to clarify the metabolic importance of the ob-
servations in intact bone, we wished to determine
which cell types in bone were responsible for the
observed elevation of cAMP concentrations. As
shown by numerous workers, different populations
of cells in bone can differ radically in their metabol-
ic responses to various agents. The techniques used
by various workers typically result in two general
types of bone cell populations: (a) those cells de-
rived from the periosteal layers of the bone, cul-
tures of which contain relatively high levels of lyso-
somal enzymes and respond to SCT as well as PTH;
and (b) those cells derived from the bone matrix af-
ter prior removal of the periosteum, cultures of
which contain relatively high levels of alkaline
phosphatase and collagen-synthesizing enzymes,
and do not respond to SCT. The former populations
have been referred to as osteoclast-like cells,
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whereas the latter populations are regarded as os-
teoblast-like [12]. We separated these populations
using a variety of techniques, and found (Tables 2
and 3; Figs. 3 and 4) that both periosteal and matrix-
derived cells responded to OAF with elevated
cAMP levels. The cAMP responses in the cells re-
sembled the responses of the same cells to PTH
[12], with the exception that OAF produced a
sharply biphasic dose-response curve in matrix-de-
rived cells (Fig. 4), just as it did in cultured bones
(Fig. 1). In contrast, the cAMP response fell off on-
ly slightly in periosteal cells at supramaximal doses
of OAF. Since osteoblasts far outnumber resorptive
cells in the intact bone [28]. and since the osteo-
blast-like populations respond with about ten times
as much cAMP per cell as the periosteal cells, it is
reasonable to hypothesize that the biphasic cAMP
response of intact bone to OAF is largely due to
osteoblasts.

The effects of OAF on ¢cAMP accumulation were
apparently mediated by stimulation of adenyl cy-
clase in both periosteal and matrix-derived popu-
lations (Table 3), as were the effects of PTH. No
significant changes in overall cAMP phosphodies-
terase activity were observed in cell homogenates
treated with OAF or PTH (Table 3). However. this
clearly does not exclude the possibility that
phosphodiesterases of different kinetic or substrate
specificities could be influenced in the intact cells or
in specific intracellular compartments [42]. More
comprehensive studies of the effects of OAF on a
number of enzymes will be necessary before we can
elucidate the mechanisms by which OAF changes
intracellular cAMP concentrations. In addition, it
will be necessary to clarify the relationships be-
tween intracellular free cAMP and the role of this
cAMP in mediation of the cellular effects of OAF.
For example, at the highest doses used, OAF con-
tinued to stimulate bone resorption (albeit at a re-
duced level), even though cAMP levels in bone
were not significantly elevated. This failure to ob-
serve stimulation of cAMP accumulation was not
due to changes in the time of peak cAMP levels in
bones, since the time course of cAMP response at
higher doses of OAF was not significantly different
from that at lower doses (unpublished data). Other
workers have shown that both bone resorption and
cAMP accumulation can exhibit sharply biphasic
responses to effectors such as dibutyryl cyclic AMP
[32, 33], theophylline [33], or the ionophore A23187
[34]. In contrast, several studies show that both
bone resorption and cAMP concentrations remain
elevated at doses of PTH up to two orders of magni-
tude above those required for maximum response
[35]. The sharply biphasic dose relationships of re-
sponses to OAF, and the apparent dissociation of
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bone resorption from cAMP accumulation at high
OAF doses, may constitute major metabolic dif-
ferences between OAF and PTH. These differences
could be of importance in understanding the in vivo
actions of OAF, particularly in determining why
pathologic bone destruction apparently fails to re-
spond to the normal homeostatic controls over bone
turnover.

Thus it seems clear that OAF can cause increased
accumulation of cAMP in bone and bone cells. An
important question is whether or not these data in-
dicate that increased accumulation of CAMP is nec-
essary for the effects of OAF on bone. It has been
shown previously [34] that the ionophore A23187
can mimic many of the effects of PTH in bone and in
isolated bone cells. In that study [34], A23187 also
stimulated cAMP accumulation, although it did not
do so at all doses which caused bone resorption. In
fact, at high doses of A23187 there was a dis-
sociation between cAMP accumulation and bone
resorption, similar to that observed for OAF in this
study. Incubation of bone cells in medium contain-
ing high calcium concentrations also has been re-
ported to cause PTH-like effects without increased
cAMP accumulation [36]. It is therefore conceiv-
able that OAF could be acting, by mechanisms simi-
lar to A23187 and/or high calcium concentrations,
to cause bone resorption independent of its ability
to cause increases in cAMP accumulation. The
close correlation between cAMP elevation in peri-
osteal cells and resorption in intact bones (Fig. 1)
tends to argue against this concept. but this argu-
ment can hardly be called conclusive. The resolu-
tion of this and other questions will require more
extensive studies of the intracellular processes
which trigger resorptive events, both for OAF and
for other agents which modify bone resorption.

Lymphokines bring about a large number of re-
sponses in a wide variety of target cells. For
lymphokines other than OAF. the relationship be-
tween cAMP and effects on target cells may vary
considerably. For example, although cAMP itself
and agents known to elevate intracellular cAMP can
mimic the effects of migration inhibition factor
(MIF) on macrophages, MIF itself apparently does
not produce elevated cAMP levels in the same cells
[37]. Lymphotoxin (LT) likewise is not known to
elevate cAMP in target cells, but seems instead to
stimulate calcium uptake as a trigger for the intra-
cellular processes mediating its cytotoxic effects
[38]. This could conceivably be of significance in
the case of OAF, bearing in mind the similarity of
the dose-response curves for OAF and the iono-
phore A23187 on both bone resorption and cAMP
accumulation. However, it is not at all clear that all
of the effects of A23187 on bone cells are due to
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increased calcium uptake [34]. Moreover, other im-
munologic mediators such as the inhibitor of DNA
synthesis (IDS) and lymphocyte activating factor
(LAF) do activate adenyl cyclase in their target
cells [39, 40], and it is likely that this is an integral
part of the biological activities of these factors [41].
A major problem which has confused interpreta-
tions of most previous studies of the mechanisms of
action of lymphokines is that either the lymphokine
or the target cell preparations (and often both) have
been poorly characterized. Use of purified lympho-
kines such as the OAF used in this study, along with
target cell populations whose responses to other ef-
fectors are characterized, should improve the preci-
sion of future studies. In turn, more precise knowl-
edge of the intracellular mechanisms which mediate
lymphokine action should improve understanding
of the role of these factors in both normal and patho-
logic processes in vivo.
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