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Adenyl Cyclase and Interleukin 6 Are Downstream Effectors of Parathyroid
Hormone Resulting in Stimulation of Bone Resorption
Edward M. Greenfield, Steven M. Shaw, Sandra A. Gomik, and Michael A. Banks
Department of Orthopaedics and Department of Pathology, Case Western Reserve University, Cleveland, Ohio 44106-5000

Abstract

Parathyroid hormone and other bone resorptive agents
function, at least in part, by inducing osteoblasts to secrete
cytokines that stimulate both differentiation and resorptive
activity of osteoclasts. Wepreviously identified two poten-
tially important cytokines by demonstrating that parathy-
roid hormone induces expression by osteoblasts of 1L-6 and
leukemia inhibitory factor without affecting levels of 14
other cytokines. Although parathyroid hormone activates
multiple signal transduction pathways, induction of IL-6
and leukemia inhibitory factor is dependent on activation
of adenyl cyclase. This study demonstrates that adenyl cy-
clase is also required for stimulation of osteoclast activity
in cultures containing osteoclasts from rat long bones and
UMR106-01 rat osteoblast-like osteosarcoma cells. Since
the stimulation by parathyroid hormone of both cytokine
production and bone resorption depends on the same signal
transduction pathway, we hypothesized that IL-6 might be
a downstream effector of parathyroid hormone. Wefound
that addition of exogenous IL-6 mimics the ability of para-
thyroid hormone to stimulate bone resorption. More im-
portantly, an antibody directed against the IL-6 receptor
blocks moderate stimulation of osteoclast activity induced
by the hormone. Interestingly, strong stimulation of resorp-
tion overcomes this dependence on IL-6. Thus, parathyroid
hormone likely induces multiple, redundant cytokines that
can overcome the 1L-6 requirement associated with moder-
ate stimulation. Taken together with studies showing that
many other bone resorptive agents also stimulate 11-6 pro-
duction, our results suggest that 1L-6 may be a downstream
effector of these agents as well as of parathyroid hormone.
(J. Clin. Invest. 1995. 96:1238-1244.) Key words: osteoblast
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Introduction

Net bone loss, in conditions such as osteoporosis, results from
a disturbance in the normal balance between bone resorption
by osteoclasts and bone formation by osteoblasts. Thus, knowl-
edge of the mechanisms that regulate both resorption and forma-
tion of bone is fundamental to the understanding of the patho-
genesis of these diseases.

In addition to forming bone, osteoblasts regulate osteoclast
resorptive activity in response to parathyroid hormone (PTH)
and other resorptive agents (1, 2). This concept is best sup-
ported by evidence that many agents, including PTH, only stim-
ulate osteoclast resorptive activity in the presence of osteoblasts
or conditioned media from osteoblasts that had been exposed
to PTH (3, 4). The primary effect of PTH is therefore believed
to be stimulation of production by osteoblasts of soluble cyto-
kines that, in turn, function as downstream effectors to activate
osteoclasts. However, the identity and functions of these critical
cytokines are unknown.

To identify osteoblast-derived cytokines that may be im-
portant in stimulation of bone resorption, we previously exam-
ined the effect of PTHon expression by osteoblasts of 16 differ-
ent cytokine genes (5). The only mRNAsthat were responsive
to PTHwere those encoding interleukin 6 (IL-6) and leukemia
inhibitory factor (LWF),1 which were rapidly and transiently
stimulated. Maximal stimulation was - 10-50-fold. Weand
others have also found that secretion of both IL-6 and LWF
proteins is stimulated by PTH (5-1 1 ) as well as by many other
resorptive agents, including PTH-related protein, IL-1, tumor
necrosis factor, 1,25-dihydroxyvitamin D3, transforming growth
factor-f, vasoactive intestinal peptide, isoproterenol, and lipo-
polysaccharide (5, 6, 8-10, 12-16).2 Demonstration that PTH
and other resorptive agents induce IL-6 production by osteo-
blasts in conjunction with reports that IL-6 stimulates bone
resorption (7, 9, 12) suggests that osteoblast-derived 1L-6 might
be a common downstream effector of many bone resorptive
agents (5). Although in particular cell preparations PITH does
not stimulate IL-6 production (9, 10, 12) and IL-6 does not
induce resorption (17-19), these discrepancies are likely due
to investigation of cells at different developmental stages or
lack of adequate assay sensitivity (for review see reference 5).
The importance of IL-6 is underscored by recent findings that
implicate this cytokine in the increased bone resorption that
occurs during estrogen withdrawal (2, 14, 20, 21), in Paget's

1. Abbreviations used in this paper: LWF, leukemia inhibitory factor;
TRAP, tartrate-resistant acid phosphatase.
2. Greenfield, E. M., M. C. Horowitz, and S. A. Gormik, manuscript
submitted for publication.
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disease (22, 23), in Gorham-Stout disease (24), and in some
forms of hypercalcemia of malignancy (25).

PTHactivates both the classical adenyl cyclase signal trans-
duction pathway as well as the phospholipase C pathway
through binding to a single receptor (26). Pharmacological acti-
vation of either pathway can stimulate bone resorption (27-
29). To fully understand the mechanism by which PTH stimu-
lates bone resorption, it is therefore important to clarify which
pathway(s) is involved in this process. PTH-(3-34), a partial
agonist that activates phospholipase C but not adenyl cyclase,
has proven useful to determine whether adenyl cyclase is in-
volved in a particular response (30, 31). Previously, we used
PTH-(3-34) to demonstrate that adenyl cyclase activation is
required for induction of IL-6 mRNAand protein in osteoblasts
by PTH.2 In this study, we demonstrate that activation of adenyl
cyclase is also required for stimulation of bone resorption. These
results led us to examine whether LL-6 is one of the crucial
cytokines produced by osteoblasts to stimulate osteoclast re-
sorptive activity. Weshow that addition of exogenous LL-6 can
mimic the effect of PTHon bone resorption and that moderate
stimulation by PTH requires IL-6 production. Interestingly, this
dependence on IL-6 can be overcome by strong stimulation of
osteoclast activity by PTH.

Methods

PTH-(1-34) and PTH-(3-34) were obtained from Bachem California
(Torrance, CA); and recombinant murine IL-6 was from Genzyme
Corp. (Boston, MA). All of these agents were screened for endotoxin
contamination using the colorimetric Limulus amebocyte lysate assay
(No. QCL-1000; Whittaker M. A. Bioproducts, Walkersville, MD). For
the hormones, endotoxin levels were < 0.0008 Eu/ml for the highest
concentration used in the experiments and were < 0.1 Eu/ml for the
highest concentration of IL-6 used. Moreover, none of these agents
revealed significant endotoxin contamination in our previously described
(5) functional assay examining cytokine expression in osteoblastic
MC3T3-E1 cells (see Fig. 2). Cytokine mRNAlevels were assessed
by reverse transcription-PCR as described previously (5) except that
the actin primers were those described in reference 32. All of the PCR
primer pairs were selected so as to amplify mRNAregions that flanked
at least one intron to allow discrimination between amplification of
cDNA and genomic DNA. Controls without cDNA and with known
positive cDNAs were used in all PCRreactions. To confirm the identity
of the PCRproducts, we showed that fragments of appropriate sizes
were produced by diagnostic restriction enzymes (5).

UMR106-01 rat osteoblast-like osteosarcoma cells (33) were
kindly provided by Dr. N. Partridge (St. Louis University, St. Louis,
MO). UMR106-01 cells between passages 18 and 24 were harvested
using 0.02% EDTA (Sigma Immunochemicals, St. Louis, MO) and
plated at 25,000 cells/cm2 in phenol red-free (34) minimum essential
medium (GIBCO BRL, Gaithersburg, MD) containing nonessential
amino acids (Mediatech, Inc., Herndon, VA), 2 mML-glutamine (Medi-
atech, Inc.), 10% fetal bovine serum (Hyclone Laboratories, Logan,
UT), 100 U/ml penicillin (Mediatech, Inc.), and 100 Ag/ml streptomy-
cin (Mediatech, Inc.). All media, serum, and additives were from lots
that contained the lowest concentration of endotoxin available. Spent
media from UMR106-01 cultures were consistently negative when
assayed for mycoplasma contamination by solution hybridization
to a probe complementary to mycoplasma rRNA (Gen-Probe, San
Diego, CA).

Bone resorption was measured in osteoblast/osteoclast cocultures
established by a modification of previously described methods (3, 4).
Briefly, long bones from 3-d-old Sprague-Dawley rat pups (4-6 pups/
preparation) were minced and then triturated in the cell culture media
described above buffered with 20 mMHepes (pH 7.2). After allowing
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for 24 h. Data are presented as the area resorbed (percentage of the
total bone slice area) ±SEM(n = 4). *P = 0.043, **P = 0.004, ***P
= 0.0005.

debris to settle out, the cell suspension was transferred to a 35-mm Petri
dish containing 30 slices (3 mmx 3 mmx 0.2 mm) of bovine cortical
bone or sperm whale dentin (kindly provided by Dr. C. Potter, National
Museumof Natural History, Washington, DC). After incubation for 15
min (5% CO2, 370C), bone slices were rinsed in PBS and transferred
in groups to wells (2 cm2) containing preincubated media (lacking
Hepes). UMR106-01 cells were added at a density of 50,000/well to
ensure PTHresponsiveness. After 2 h (5% CO2, 370C), potential resorp-
tive agents were added and the cultures (total volume = 0.4 ml) were
incubated for another 24 h. Bone and dentin slices were sonicated in
Triton X-100, rinsed in PBS, fixed in glutaraldehyde, dehydrated in
ethanol, and stained with toluidine blue as described (35). Resorption
lacunae were measured in blinded fashion by computer-assisted histo-
morphometry (Bioquant System IV; R&MBiometrics, Inc., Nashville,
TN). Total resorbed areas are reported as a percentage of the total
surface area of the slice ±SEM. Experiments were excluded from further
analysis if stimulated cultures exhibited SEM > 20% of the mean.
All reported data are representative of multiple experiments, with the
exception of Fig. 5 which is a compendium of six experiments.

Osteoclast number was determined in some experiments by staining
the bone or dentin slices for tartrate-resistant acid phosphatase (TRAP)
using a commercial kit (No. 387-A; Sigma Immunochemicals), but
increasing the tartrate concentration to 50 mM. After counting the
TRAP-positive, multinucleated cells, slices were sonicated, fixed, and
stained with toluidine blue as described above. Results are reported as
number of osteoclasts counted per dentin slice ±SEM.

In experiments comparing multiple treatments to a control (see Figs.
1 and 2), statistical analysis was by ANOVAwith a Bonferroni/Dunn
post-hoc test performed on SuperANOVA software (Abacus Concepts,
Inc., Berkeley, CA). In experiments comparing two means (see Figs.
4-6), statistical analysis was by Student's t test.

Results

Stimulation of resorption by PTH involves activation of adenyl
cyclase. To determine whether activation of adenyl cyclase is
required for stimulation of resorption by PTH, we compared
the effects of fully active PTH-(1-34) and PTH-(3-34), a
partial agonist that activates phospholipase C but not adenyl
cyclase (31). As expected, 0.25-25 nM PTH-(1-34) dose-
dependently stimulates resorption in cultures containing osteo-
clasts from rat long bone as well as UMR106-01 rat osteoblast-
like osteosarcoma cells (Fig. 1 ). In contrast, PTH- (3-34) has
little, if any, effect on bone resorption even at concentrations
as high as 100 nM (Fig. 1). These results demonstrate that
the adenyl cyclase signal transduction pathway is required for
stimulation of resorption by PTH.

IL-6 stimulates bone resorption. Because IL-6 production
in response to PTHalso depends on adenyl cyclase activation,2
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we examined whether IL-6 is involved in stimulation of resorp-

tion by PTH. As a first step toward this goal, we studied the
ability of IL-6 to mimic the effect of PTH on bone resorption.
IL-6 dose-dependently stimulates resorption to an extent compa-

rable with that induced by PTH (Fig. 2). This IL-6-induced
resorption is not due to endotoxin contamination of the IL-6
preparation, as such contamination was not detectable by either
the Limulus amebocyte lysate assay or our previously described
(5) functional assay assessing cytokine expression by MC3T3-
El osteoblasts. In particular, unlike endotoxin, IL-6 does not
stimulate IL-la, tumor necrosis factor-a, or granulocyte mono-

cyte-colony stimulating factor mRNAlevels in these cells (Fig.
3). However, IL-6 does increase expression of mRNAsencod-
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Figure 3. IL-6 stimulates expression of mRNAsencoding IL-6 and LWF,
without affecting those encoding IL-la, tumor necrosis factor-a, granu-

locyte-monocyte colony stimulating factor, or actin. In contrast, lipo-
polysaccharide stimulates expression of all five cytokines. MC3T3-El
cells were treated for 1 h with 100 ng/ml IL-6, 10 ,ug/ml lipopolysaccha-
ride, or 1% PBS as a negative control. mRNAlevels were assessed by
reverse transcription-PCR.
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Figure 4. Anti-IL-6 receptor antibody can inhibit the effect of PTHon

bone resorption. Osteoblast/osteoclast cocultures were preincubated for
2 h with 100 pg/ml of anti-IL-6 receptor antibody (No. 1922-01;
Genzyme Corp.) or nonimmune IgG (Sigma Immunochemicals) before
addition of PTH-(1-34) or acetic acid. Data are presented as the area

resorbed (percentage of the total bone slice area) ±SEM(n = 7). NS,
not significant.

ing itself and LIF (Fig. 3). Moreover, the ability of IL-6 to
stimulate bone resorption was inhibited by a neutralizing mono-

clonal antibody directed against the IL-6 receptor (Genzyme
Corp.) (Fig. 2). In this experiment, as well as those depicted
in Figs. 4 and 5, cultures treated with the IL-6 receptor antibody
were always compared with cultures treated with nonimmune
IgG. In addition, we confirmed that addition of nonimmune IgG
has no effect on basal resorption or that stimulated by IL-6 or

PTH (data not shown).
An anti-IL-6 receptor antibody can block stimulation of

bone resorption by PTH. To directly assess whether IL-6 is
involved in stimulation of resorption by PTH, we measured the
effect of adding the neutralizing antibody directed against the
IL-6 receptor. Fig. 4 demonstrates that the antibody can block
the ability of PTH to stimulate resorption without affecting
basal resorption.

Weand others (4, 36) have observed that the stimulation

Figure 5. High-level
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cc C 80- threefold) stimulation of
resorption by PTH over-

0 -
comes dependence on
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U. 0 N _ incubated for 2 h with the
U N anti-IL-6 receptor anti-

1 2 3 4 1 0 1 1 body (No. 1922-01,Gen-
EFFECTOF PTH zyme, Cambridge, MA)

(Fold Stimulation)
or nonimmune IgG

(Sigma, St. Louis, MO) before addition of 25 nMPTH-( 1-34) or acetic
acid. Fold PTHstimulation was calculated using the formula: (resorption
with PTH)/(resorption with vehicle). Per cent blockage of PTH effect
by anti-IL-6 receptor antibody was calculated using the formula: 100
x {I - [(resorption with antibody and PTH) - (resorption with vehi-
cle)]/[(resorption with PTH) - (resorption with vehicle)] }. Filled
circles, P < 0.025;filled square, P < 0. 1; open triangles, not significant.
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Figure 6. PTH stimulates bone resorption primarily by increasing osteo-
clast activity rather than osteoclast differentiation in short-term osteo-
blast/osteoclast cocultures. Osteoblast/osteoclast cocultures were
treated with 25 nM PTIH-( 1-34) or acetic acid vehicle for 24 h. Dentin
slices were stained for TRAPand the osteoclasts were counted. After
counting, cells were removed, dentin slices were stained with toluidine
blue, and the extent of resorption was determined. A shows the area
resorbed (percentage of the total slice area) ±SEM(n = 4-5). B shows
the number of osteoclasts per dentin slice -SEM (n = 4-5). C shows
the size (pmn2) of individual resorption lacunae ±SEM(n = 6 for
control and n = 20 for PTH-treated). D shows the number of resorption
lacunae per dentin slice ±SEM(n = 4-5). NS, not significant.

of bone by PTHvaries between 2- and 10-fold from experiment
to experiment. This variation presumably reflects different num-
bers of osteoblasts and/or osteoclasts in the cell preparations.
Wetherefore hypothesized that the requirement for IL-6 might
vary in experiments with different levels of stimulation. Accord-
ingly, we examined the effect of the IL-6 receptor antibody in
experiments with various levels of stimulation by PTH. Fig. 5
shows that the dependence on IL-6 is only seen in experiments
where PTH has a moderate stimulatory effect on resorption
(two- to threefold) and is overcome when PTHstrongly induces
resorption (greater than or equal to threefold).

Stimulation of bone resorption in this study likely reflects
osteoclast activation rather than osteoclast differentiation. L-
6 has previously been thought to stimulate bone resorption pri-
marily by inducing osteoclast differentiation rather than by di-
rectly stimulating osteoclast activity (2, 7, 37). This concept
reflects the ability of IL-6 to induce formation of TRAP-posi-
tive, multinucleated cells from mononuclear precursor cells
(38-40). In contrast to those studies that involve culture peri-
ods of 1-3 wk, our experiments were restricted to 24 h. Thus,
stimulation of resorption in our study would be expected to
primarily reflect osteoclast activation. However, to assess the
possibility that a limited amount of osteoclast differentiation
might occur during our 24-h cultures, we quantitated the number
of TRAP-positive, multinucleated cells on the bone slices after
culture in the presence or absence of PTH. Since PTHpotently
stimulates resorption (Fig. 6 A) without affecting the number

of such osteoclasts in these cultures (Fig. 6 B), the stimulation
of resorption induced by PTH or IL-6 likely reflects osteoclast
activation rather than osteoclast differentiation. Another poten-
tial method for assessing whether stimulation of resorption re-
flects activation or differentiation is to determine the relative
contribution of increases in size and number of the resorption
lacunae formed. Increases in lacunae size must reflect osteoclast
activation while increases in number of lacunae can reflect os-
teoclast differentiation, activation of previously inactive osteo-
clasts, and/or increased osteoclast activity such that each osteo-
clast produces more lacunae. Fig. 6 shows that PTH increases
both lacunae size (1.9-fold) and number (2.7-fold). Thus, in-
creased lacunae size represents 35% of the total PTH effect
(1.9 - 1/[2.7 - 1] + [1.9 - 1] = 0.35). Osteoclast activation
therefore represents between 35 and 100% of the total effect of
PTH. These results are consistent with the conclusion obtained
from the quantitation of TRAP-positive, multinucleated cells
that most of the stimulation of resorption induced by PTH or
IL-6 likely reflects osteoclast activation rather than osteoclast
differentiation. However, we cannot exclude the possibility that
PTHor IL-6 induces the final step(s) of differentiation; that is,
inactive, TRAP-positive, multinucleated cells might be induced
to begin to resorb bone. Nonetheless, such an effect would be
clearly distinct from the well-documented ability of 11L-6 to
induce formation of TRAP-positive, multinucleated cells from
mononuclear precursors (38-40).

Discussion

In this study, we show that osteoblastic adenyl cyclase activa-
tion is required for stimulation of osteoclast activity by PTH in
cultures containing osteoclasts from rat long bones and
UMR106-01 rat osteoblast-like osteosarcoma cells. These re-
sults, taken together with our previous demonstration that acti-
vation of adenyl cyclase by PTH is also required for induction
of 11L-6 by osteoblasts,2 led us to examine whether 11L-6 is one
of the crucial cytokines produced by osteoblasts to stimulate
bone resorption. Wefound that moderate stimulation of osteo-
clast resorptive activity by PTH is dependent on 11L-6 produc-
tion. Interestingly, this dependence on IL-6 can be overcome
by strong stimulation of resorption by PTH.

PTH-(3-34) stimulates phospholipase C activity without
affecting adenyl cyclase (31). As this partial agonist has little
if any effect on osteoclast activity in our cultures, osteoblast
adenyl cyclase is involved in stimulation of bone resorption by
PTH. Similarly, PTH-(1-34) is 100-1,000-fold more potent
at inducing resorption in organ culture assays than is PTH-(3-
34) (30). Moreover, Rp-cAMPS, a specific inhibitor of protein
kinase A, blocks PTH-induced resorption in both organ cultures
and osteoblast/osteoclast cocultures without affecting resorp-
tion induced by 1,25-dihydroxyvitamin D3 (41, 42). However,
these results do not exclude a role for the phospholipase C
pathways in PTH-induced bone resorption. Nonetheless, they
indicate that if such pathways are involved, they act together
with the adenyl cyclase pathway. In support of this concept,
activation of adenyl cyclase by PTH is linked to bone resorption
in a rodent model of renal osteodystrophy (43). In contrast,
organ culture studies have shown that adenyl cyclase inhibitors
are unable to block stimulation of resorption by PTH (44).
However, in these organ cultures, the inhibitors may be acting,
at least in part, on cells other than osteoblasts. For example,
since stimulation of osteoclast cAMP inhibits resorption (28,
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45, 46), direct action of the inhibitors on osteoclasts might
obscure any reduction of osteoblast action. Therefore, we and
others (30) have taken advantage of the specific targeting of
both PTH-(1-34) and PTH-(3-34) to osteoblasts to demon-
strate that the adenyl cyclase signal transduction system in these
cells is involved in PTH-induced bone resorption.

Moderate (two- to threefold) stimulation of resorption by
PTH is blocked by an antibody directed against the IL-6 recep-
tor. As our assay likely reflects primarily activation of mature
osteoclasts rather than induction of osteoclast differentiation,
the present study is the first to identify a cytokine that is required
for stimulation of osteoclast activity in response to PTH. In
contrast, macrophage-colony stimulating factor is required for
PTH-induced stimulation of osteoclast differentiation but not
of osteoclast activity (47). Dependence on cytokines, like 1L-
6, that are rapidly induced (5) provides a mechanism to explain
how a brief exposure to PTH stimulates bone resorption for a
prolonged period of time (48). The dependence on IL-6 when
the stimulation due to PTH is moderate is likely caused by
induction of synergistic cytokines by PTH. Blockage of IL-6
activity would then inhibit PTH-dependent resorption. In con-
trast, when PTH strongly stimulates resorption, levels of the
other cytokines are adequate to compensate for addition of the
IL-6 receptor antibody and IL-6 idependence is overcome.
Likely candidates for these alternatively synergistic and redun-
dant cytokines include other members of the IL-6 family, such
as LIF and 1L-11, which also stimulate bone resorption (49-
52) and are produced by osteoblasts in response to PTH (5, 11,
52, 53). IL2-6, IL-11, and LIF have similar effects on cells since
their receptors share subunits responsible for signal transduction
(54). Such synergism and redundancy is a characteristic of
many cytokines. An example that is particularly relevant to
this study is synergistic stimulation of bone resorption by low
concentrations of IL-6, LWF, and IL-1 (9, 51). A similar effect
may also occur in mice in which the IL-6 gene has been ablated
by homologous recombination; that is, the accelerated resorp-
tion that has recently been reported in these mice (55) might
be due to chronic upregulation of other, redundant, cytokines
that stimulate resorption.

In contrast to our results, it has been reported that a neu-
tralizing antibody directed against IL-6 does not affect osteo-
clast differentiation induced in organ cultures by PTH (19).
There are several possible explanations for the lack of effect of
the antibody in that study. These include the possible lack of
access of the antibody to the critical cellular milieu inside the
organ cultures, whereas our cell cultures allow rapid access.
Alternatively, the observed results in that study may be due to
measurement of osteoclast differentiation rather than osteoclast
activity, investigation of cells at different developmental stages
(see Introduction), or use of antibodies with different affinities
or avidities.

Addition of exogenous IL-6 to our cultures also stimulates
bone resorption, which similar to that stimulated by PTH likely
reflects osteoclast activation. Although relatively high levels of
IL-6 were required, lower levels are likely to be effective in
the presence of other synergistic cytokines (see previous para-
graphs). This stimulation of osteoclast activity would be com-
plementary to the previously described stimulation of osteoclast
differentiation (2, 7, 37).

Our results do not allow assignment of the cell type that
directly responds to 11L-6 during resorption induced by either
PTH or by exogenous IL-6. Although IL-6 receptors are found

on other monocyte lineage cells (56), it is unknown whether
osteoclasts express IL-6 receptors. IL-6 stimulates bone resorp-
tion by osteoclast-like cells obtained from giant cell tumors
and these cells express immunohistochemically detectable IL-
6 receptors (57). However, there are considerable differences
between cell surface proteins expressed by osteoclasts and those
expressed by the tumor cells (58, 59). In fact, it has been
reported that IL-6 does not stimulate resorption by highly puri-
fied osteoclasts (60). In contrast, osteoblasts contain IL-6 recep-
tor mRNA(10). Moreover, our study provides functional evi-
dence for existence of IL-6 receptors on osteoblasts as we
showed that IL-6 stimulates expression of IL-6 and LIF mRNAs
by MC3T3-E1 osteoblasts. Similar results were also obtained
with UMR106-01 osteoblast-like cells (our unpublished data).
IL-6 has also been shown to upregulate expression by osteo-
blasts of monocyte chemoattractant protein-1 (61, 62). IL-6
may therefore regulate resorption indirectly, like many other
agents, by altering production of as yet unidentified osteoblast-
derived cytokines. In this case, IL-6 would function in an auto-
crine fashion to mediate stimulation of osteoclast activity
by PTH.

In summary, induction by PTH of osteoclast activity is de-,
pendent on activation of the adenyl cyclase signal transduction
pathway in osteoblasts. Since we had shown previously that
adenyl cyclase is also required for stimulation of IL-6 expres-
sion, we examined whether IL-6 is involved in stimulation of
osteoclast activity. We found that addition of exogenous IL-6
stimulates resorption. Moreover, moderate stimulation of osteo-
clast activity by PTH in these cultures requires IL-6. The IL-6
dependence is overcome when PTH strongly stimulates resorp-
tion, probably because multiple, redundant cytokines are pro-
duced that compensate for the absence of IL-6 activity. Since
many resorptive agents in addition to PTH induce IL-6, our
results suggest that this cytokine might be involved in stimula-
tion of resorption by these agents as well.
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