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ABSTRACT  Activation of adenylate cyclase [ATP pyro-
phosphate-lyase (cyclizing), EC 4.6.1.1] by parathyroid hormone
(PTH) and calcitonin was measured as a function of stage of
development in embryonic chicken limb buds. Responsiveness
to both hormones develops in the tissue at the time when nas-
cent bone is forming. In addition, a temporal sequence of de-
velopment of hormone response was observed, with a PTH-
activated adenylate cyclase appearing earlier than the calci-
tonin-activated enzyme. The responsiveness to the two hor-
mones was additive, indicating tﬂ: presence of two receptor
populations. Undifferentiated cells obtained from limb buds
prior to ap{)earance of hormonal responsiveness were cultured
and were found to develop a PTH-activated adenylate cyclase
in vitro. However, a calcitonin-stimulated enzyme did not ap-

ar in such cultures. The PTH-activated enzyme was found to
g: similar to that present in bone in regard to its sensitivity to
PTH. The enzyme did not respond to other hormones, and
myoblast cultures did not develop a PTH-activated adenylate
cyclase, ei:ildicating that a true bone adenylate cyclase was being
measured.

It has recently become clear that in bone, the adenylate cyclases
[ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] activated
by parathyroid hormone (PTH) and calcitonin (CT) exist on
separate cells. The most direct evidence for this conclusion
comes from the work of Wong and Cohn (1, 2) who, by se-
quential collagenase digestions, were able to separate two
populations of cells from calvaria. One population of cells (CT
cells) possess both a CT- and a PTH-activated adenylate cyclase;
the other population (PT cells) have an adenylate cyclase that
is activated only by PTH. Later studies showed that the CT cells
resorb dead bone in response to PTH and most probably are
osteoclasts (3). Additional analysis of the enzymatic content and
responsiveness to PTH and CT suggested that the PT cells are
osteoblasts (4). Independent studies in Peck’s laboratory using
a mechanical separation technique also showed that adenylate
cyclase of osteoblasts is activated by PTH and not by CT,
whereas CT-stimulated production of cyclic AMP is observed
in a separate cell population obtained from the periosteum (5).
These important findings suggested to us the possibility that,
by assay of the hormonally activated adenylate cyclases in de-
veloping bone tissue, it should be possible to delineate the
temporal relationships for appearance of osteoblasts and os-
tecl>l<:slasts and to define enzymatically the emergence of bone
cells.

For such a study, the developing chicken limb has several
advantages. First, there is a substantial literature on the de-
velopment of bone in this tissue dating from the early work of
Fell (6) and Fitton-Jackson (7). Second, a great deal is known
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about the development of muscle and cartilage in this tissue,
and the development of these phenotypes can be regulated (8,
9). Third, cells from embryonic chicken limb buds can be cul-
tured and certain developmental events reproduced in vitro
(10, 11). Fourth, we recently observed that some bone-like os-
sified tissue develops in cultures of undifferentiated limb bud
mesenchymal cells (12, 13), and it seemed possible that exam-
ination of osteogenesis in vitro could be conducted in parallel
with studies of the in vivo development of hormonally re-
sponsive adenylate cyclases.

In this study we have asked: (i) Does the appearance of nas-
cent bone in the chicken limb correspond temporally with the
appearance of PTH- and CT-activated adenylate cyclases in
the limb bud? and (i) If so, can the appearance of these hor-
monally activated cyclases be observed and used as markers to
study bone cell differentiation in vitro?

MATERIALS AND METHODS

Tissue and Cell Culture. Limb buds from chick embryos
were dissected and either directly homogenized for membrane
preparation and adenylate cyclase assay or treated with trypsin
for preparation of cells for culture as described (10, 11).

Myogenic cells from 12-day embryo chicken leg muscle were
isolated as described and were plated at 1 X 106 cells per 60-mm
plate. Antibacterial and antimycotic agents were present in all
of the salt solutions and media used in this study (1% Gibco
“antimycotic antibiotic agent”).

Treatment of Tissue for Assay. For adenylate cyclase assays,
a crude homogenate of the cultured cells or intact tissue was
prepared. With cultured cells, the procedure was as follows.
One hour after feeding, the medium was decanted and the cells
were rinsed with 1 ml of Tyrode’s solution. Then, 3 ml of 0.1
M Tris buffer (pH 7.5) was added to one plate and the cells were
removed by scraping with a rubber policeman. Cells from
several plates were combined by sequential transfer of this 3-ml
suspension. The cells were then centrifuged at 3000 X g for 1
min, the buffer was discarded, and an additional 1.5 ml of 0.1
M Tris (pH 7.5) was added. This cell suspension was homoge-
nized with 10 passes of a Teflon/glass homogenizer and the
homogenate was centrifuged at 5000 X g for 30 min. The pellet
was washed once with 10 ml of Tris buffer, and the pellet from
this wash was suspended in 3 ml of the same buffer. The
number of plates used for each experiment varied with the time
in culture and the density of plating. The range was from 4
plates (35-mm diameter) per membrane preparation to up to
24 plates in the early-time and low-density preparations.

For the intact limb bud tissue, the procedure was identical
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to the above, beginning with the homogenization step after
dissection in Tyrode’s solution. The number of limb buds used
for an assay on a given day was a function of the age of the limb
buds and varied from 150 to 250.

Adenylate Cyclase Assays. The medium described by
Marcus and Aurbach (14) was used for all assays. The reactions
with [a-32P]ATP as the substrate were initiated by addition of
membranes. At the end of the incubation time (up to 30 min)
the reaction was stopped as described by Solomon et al. (15).
Cyclic [3H]AMP was then added. After they had been at room
temperature for 1 hr, the incubation solutions were transferred
to dry alumina columns in pasteur pipets as described by Ra-
machandran and Lee (16) for separation of cyclic AMP. The
eluate from these columns was suspended in 8 ml of Aquasol
(New England Nuclear) and the resultant gel was assayed for
3H and 32P in a liquid scintillation counter. Zero-time values
were subtracted in all experiments.

Chemical Assays. Protein was measured by the method of
Lowry et al. (17), phospholipid by the measurement of total
phosphate in chloroform/methanol extracts of tissue by the
method of Fiske and Subbarow (18), and DNA by the method
of Burton (19).

Materials. Purified bovine PTH was prepared in our labo-
ratory by described methods (20, 21). Salmon CT, glucagon,
and insulin were obtained from Sigma. Epinephrine was a gift
from Michael Maguire (Department of Pharmacology, Case
Western Reserve University). All chemicals for the enzyme and
other assays were of the highest purity available.

RESULTS

The developmental stages of the chicken limb studied ranged
from stage 22 (31, days after fertilization) to stage 34 (8 days
after fertilization). Between stages 22 and 24, cells from the limb
bud are undifferentiated with respect to the major phenotypes:
muscle, cartilage, and bone. After stage 24 the cells are “com-
mitted” for expression of a particular phenotype (22). By stage
26 the cellular phenotypes of muscle and cartilage are present
but identification of boné cells or pre-bone cells has not been
reported. Osteoid is first observable at stages 28-29 and nascent
calcified bone appears at or near stage 31. By stage 34, a mor-
phologically fully developed limb is present.

Preliminary studies showed that the crude membrane frac-
tion from both whole limb bud homogenates and cultured cells
contained a fluoride-activated adenylate cyclase. Production
of cyclic AMP was linear over a period of up to 30 min through
a concentration range of 0 to 700 ug of protein per 100 ul for
assays run in both the presence and absence of fluoride or
hormones. Although the amount of protein in the various
samples assayed is a complex function of the cell phenotypes
present (e.g., a large amount of extracellular protein will be
present after bone and cartilage development begins) and
therefore activities based on amount of protein present have
little meaning, all further assays were conducted at a protein
concentration of approximately 500 ug per incubation mix-
ture.

Typical adenylate cyclase data from the limb bud tissue
obtained before (stage 26), during (stage 29), and after (stage
33) bone development are shown in Table 1. At the earliest
stage, no hormonally activated adenylate cyclase was observed,
although an approximately 7-fold stimulation by fluoride was
seen. In fact, CT induced a significant decrease in cyclic AMP
after 30 min of incubation. In contrast to stage 26, by stage 29
a clearly significant PTH activation of adenylate cyclase was
observed, in agreement with previous indications that bone
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begins to form at or near this stage in limb development.
However, at this stage there was still no CT-activated adenylate
cyclase, although the apparent inhibition by this hormone was
not detected. Fluoride stimulated the basal activity approxi-
mately 8-fold in tissue from stage 29. At stage 33, a significant
increase in adenylate cyclase activity was produced by addition
of either CT or PTH, and the effects of the individual hormones
were additive. The lower basal activity at this stage probably
represents the presence of the much larger amounts of non-
cellular protein in the much more fully developed limb.
Nonetheless, there was a distinct increase above basal levels of
enzyme activity upon addition of the hormones and it is clear
that both PTH- and CT- activated adenylate cyclases were now
present in the tissue.

Fig. 1 presents a more complete developmental study of the
activity of adenylate cyclase in chicken limb buds. Because it
in no way alters the conclusions drawn, these data are shown
as ratios of the hormone- or fluoride-stimulated activity to the
basal activity in order to more clearly indicate the time at which
hormonal responses appear in the tissue. Again, prior to stage
26, we found a large fluoride-stimulated adenylate cyclase but
little responsiveness to either PTH or CT. However, between
stages 26 and 31 significant activation by PTH became evident
(accompanied by an apparent inhibition by CT) and after stage
381 both PTH- and CT-activated adenylate cyclase were present.
Of interest is the time sequence for development of the re-
sponsiveness to the two hormones, the PTH-activated enzyme
apparently preceding the CT-activated enzyme cyclase. For
example, at stage 28 the tissue clearly had a PTH-activated
enzyme but, in contrast, CT significantly decreased cyclic AMP
accumulation to below basal levels. However, by stage 31, sig-
nificant activation by both hormones was observed. The max-
imal responsiveness to PTH was seen at stage 32 and the PTH
stimulation was generally greater than the CT stimulation.
Again, after development of activation by both hormones, their
effects were additive. Both the magnitude and pattern of a large
increase followed by a decrease in the PTH-responsive enzyme
were reproducible, suggesting that major changes in the balance
of hormonally sensitive adenylate cyclases take place near stage
32 in limb development. The data also suggest the presence of
separate receptors and, most likely, separate cell types, each
responsive to one hormone and each developing at a different
time during differentiation in the limb.

We next investigated whether the same hormonal responses
would develop in cultured cells obtained from early stages of
limb development and, if so, whether the PTH activation would
also precede the CT activation in vitro.

In Fig. 2, the data obtained from cultured stage 24 limb bud
cells and assayed for 5 subsequent days for adenylate cyclase
are presented both on a specific activity basis and as S/B ratios
for comparison with Fig. 1. Specific activities are expressed on
a total phospholipid basis in order to correct for possible changes
in membrane amount per cell during the experimental period.
The basal enzyme activity (specific activity) increased up to
days 3-4 in culture and then decreased. Other experiments
showed that this pattern was consistent and that, in general,
although the total basal activity increased slowly for up to 20
days in culture, specific activity tended to increase slowly or
not at all after day 4. Of interest was the appearance of a sig-
nificant PTH stimulation of adenylate cyclase over the basal
activity on days 2, 3, and 4 in culture, a time that corresponds
generally with the in vivo development of hormonal responses.
Because the parent cells (stage 24 limb buds) have no PTH-
activated adenylate cyclase, this result must arise from the
differentiation of a new cell type in vitro. Of equal interest was
the observation that no CT-activation of adenylate cyclase was
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Table 1. Effects of PTH, CT, and fluoride on adenylate cyclase activity in chicken limb buds at

variousstages of development
Adenylate cyclase activity*
+ PTH +CT + PTH +F-
Stage Basal (1 uM) (0.1 uM) +CT (10 mM)
26 49.8 + 2.2 522+ 25 38.7+1.8 — 352+ 2.5
29 40.5 + 1.3 49.2 £ 0.7t 423+ 0.9 51.1 & 0.6¢ 363 + 4.9
33 26.4 + 0.7 53.5 + 1.3t 37.4 £ 0.7t 62.8 + 0.6¢ 171 + 8.4

* Data are expressed as pmol of cyclic AMP/30 min (mean + SEM); each value is the mean of 10 repli-
cates. Mean zero-time values are subtracted from all data. For example, stage 26, zero-time = 18.2
%+ 1.9 pmol cyclic AMP, basal = 68.0 + 2.2, etc.

t P < 0.001 for difference between hormone-treated and basal activities.

1 P < 0.001 for difference between both hormones and one hormone.

seen in the cultured cells even at the later stages corresponding
to the time when a maximal activation was seen in the limb
buds. However, a significant decrease in cyclic AMP accu-
mulation below basal levels was again observed (days 4 and 5)
with CT.

The data shown in Fig. 2 were obtained with cells plated at
a density of 1500 cells per mm2. Because the phenotype ex-
pressed in cultured cells from chicken limb buds depends on
the density of plating (23), similar experiments were conducted
with cells plated at a higher density (6000 cells per mm?2). This
density leads to increased expression of the cartilage phenotype
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F1G. 1. Development of hormone-stimulated adenylate cyclases
in the chicken imb bud. The ratio of the stimulated to basal (S/B)
activity is plotted as a function of stage in development (bottom axis)
and days after fertilization (top axis). The tissue from each stage was
assayed for basal, hormonally activated, and fluoride-activated ac-
tivity in the same experiment. Each point is the mean of a minimum
of 30 replicates + SEM. m, Fluoride (10 mM); 0, PTH (1 uM); 0, CT
(1 uM); A, CT + PTH. », P < 0.001 for difference between hor-
mone-responsive and basal activities (n > 30 in all cases).

and decreased amounts of muscle cells in culture (10, 11). The
higher-density cultures (Fig. 3) gave results similar to those seen
with the lower density cultures in a qualitative sense but the
hormonal response developed earlier, was larger, and disap-
peared more rapidly. Additionally, no significant CT effects
were observed in the high-density plates, some of which were
cultured for up to 20 days before assay.

The specificity and sensitivity of the PTH-responsive ade-
nylate cyclase in high-density plates after 2 days of culture were
characterized further. The enzyme was activated by Mg2+ in
the expected manner with maximal activity being reached at
5 mM MgCl; (data not shown). As indicated in Fig. 4, the cells
were highly sensitive to PTH, significant activation being ob-
served at hormone concentrations as low as 10 nM and a max-
imal response at 0.5 uM. This is comparable to the sensitivity
seen in other isolated bone cell systems (24) and to the PTH-
responsive adenylate cyclase in isolated kidney membranes (25).
In addition, at no time in the development of the tissue was a
response to another hormone observed: CT, insulin, glucagon,
and epinephrine had no effect on the adenylate cyclase in day
2 cultures from high-density plates over a concentration range
of 1-1000 nM.

The tissue specificity of the PTH response in cultured cells
was investigated by comparing the response in cultured my-
ogenic cells under identical conditions to those used for the
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F1G. 2. Appearance of PTH-activated adenylate cyclase in cul-
tured mesodermal cells from stage 24 limb buds plated at 1500 cells
per mm?. The data are presented as specific activities (pmol of cyclic
AMP/30 min per ug of phospholipid) (4) and as ratios (see Fig. 1) (B).
For comparison, the equivalent stage for in vivo development is
plotted on the top of each figure. Each point represents the mean (+
SEM) of at least five replicates. @, Fluoride (10 mM); 0, PTH (1 uM);
0, CT (1 uM); @, basal activity.
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FIG. 3. Appearance of PTH-stimulated adenylate cyclase in
cultured mesodermal cells from stage 24 chicken limb buds plated at
high density (6000 cells per mm?). Experimental conditions and data
presentation are as in Fig. 2. Each point is the mean (+ SEM) of at
least 10 replicates. @, Fluoride; ®, PTH; a, CT.

isolated limb bud cells. Such cells developed no PTH-sensitive
adenylate cyclase for periods of up to 6 days in culture.

DISCUSSION

All of the experiments described here were done with highly
heterogeneous cell populations. Therefore, interpretations of
the data in terms of bone cell development depends on the as-
sumption that, of all the cells present in either the whole limb
buds or the cultured cells, only bone cells possess PTH- and
CT-activated adenylate cyclase. Of the many cell types present
in the limb bud tissue, the major phenotypes are muscle, car-
tilage, and bone. In addition, significant numbers of undiffer-
entiated mesodermal cells and fibroblasts are present, but these
cells obviously do not possess hormonally activated adenylated
cyclase because they exist at all stages of development including
those which show no hormonal sensitivity (Figs. 1-3). We tested
muscle directly and the results clearly showed that myogenic
tissue does not develop such cyclases.

It has been reported that cartilage cells have a PTH-sensitive
adenylate cyclase (23), raising the possibility that we are ob-
serving the differentiation of cartilage. However, the reported
PTH-responsive adenylate cyclases in cartilage shows signifi-
cant differences from bone cell systems and from the response
that develops in the cultured chicken limb bud cells. The
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FIG. 4. Hormone concentration dependency and specificity for
activation of the adenylate cyclase in cultured chicken limb bud cells.
The experiment was conducted with cells plated at high density and
cultured for 2 days. Each point is the mean of at least three replicates.
@, PTH; 0, CT; m, insulin; A, glucogen; A, epinephrine.

chicken limb enzyme in our developing bone system shows a
PTH concentration-dependence of a similar order of magnitude
to that reported for cultured bone cells (Fig. 4) (24), whereas
the apparent K for PTH activation of the enzyme detected
in cartilage cells was 1 uM and no significant effect was seen
with hormone concentrations below 0.1 gM. Furthermore,
the hormone responses to PTH and CT are additive in bone cell
systems and in the limb bud cell system, but such additivity was
not observed with the cartilage cells. In addition, if the responses
observed in cultured cells are due to development of a cartilage
phenotype, these responses should be greatest during the period
when the cartilage phenotype becomes dominant—i.e., from
days 5-8 in culture (10). Because the responses we see are earlier
than this and have virtually disappeared by day 6 (Figs. 2 and
3), we believe it most likely that we are observing bone cell
differentiation in vitro. However, it is possible that a common
precursor cell to chondroblasts and osteoblasts (26) develops in
culture. If this were so, and if the development of a PTH-sen-
sitive cyclase were a very early event in osteogenesis and
chondrogenesis, then the question might well be moot—i.e.,
we see the common precursor cell.

It is of interest to compare the timing of the appearance of
these enzymes in vivo with other known events related to os-
teogenesis in the chicken limb. This is done in Table 2. From
this table and from the data in Fig, 1, it is possible to divide bone
development into three stages: (i) early stages when no bone
cells are present but a slight apparent inhibition of adenylate
cyclase by CT is observed; (if) a middle stage when only os-
teoblasts are present, nascent bone formation is taking place,
and PTH-activated adenylate cyclase is present (possibly as-
sociated with CT inhibition); and (#if) a late stage when vascular
invasion occurs, resorption begins, and a CT-activated cyclase

Table 2. Bone development in the chicken limb

Bone cell Observed Action on adenylate cyclase

Day Stage types observed* osteogenic events PTH CT

4 24 None None None Slight inhibition

5 26 None None Slight activation Slight inhibition

6 28-29 Ob First osteoid Significant activation Slight inhibition

7 31 Ob + Oc First periosteal bone Maximal activation Slight activation

Y% 32 Ob + Oc + Ocl Cartilage resorption, Activation Maximal activation
vascular invasion
of bone

* Histologically observed. Ob, osteoblasts; Oc, osteocytes, Ocl, osteoclasts.
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is added to the tissue. These correlations lend support to the
conclusions of Cohn’s group and Peck et al. (1-5) that the
PTH-activated adenylate cyclase is characteristic of osteoblasts
and the CT-activated cyclase is a marker enzyme for osteo-
clasts.

From Fig. 1 and Table 2, it is clear that PTH-sensitive cells
can be detected by the adenylate cyclase assay as soon as, or
slightly sooner than, any other measureable osteogenic event.
Therefore, we suggest that osteoblasts possess PTH receptors
as a stable, original feature of the phenotype and that the
PTH-activated cyclase is a valid, sensitive, and precise marker
for osteoblasts. Although it has been known for some time that
fetal bone is sensitive to PTH, this is by far the earliest reported
response to the hormone and we believe that it marks the pri-
mary osteogenic event in the developing tissue. Parallel con-
clusions also seem possible for CT-stimulated adenylate cyclase
and osteoclasts, the appearance of the CT-activation of ade-
nylate cyclase marking the primary resorptive event in bone
development. However, this conclusion is somewhat clouded
by the apparent inhibition of cyclic AMP accumulation in the
assays done on tissue from early stages of development, because
this phenomenon makes it difficult to identify the exact stage
of development at which CT-activated adenylate cyclase ac-
tually appears.

The development of a PTH-activated adenylate cyclase from
undifferentiated mesodermal cells when cultured in vitro
suggests that the pre-osteoblast is mesodermal in orgin. On the
other hand, the lack of development of CT-activated adenylate
cyclase under similar conditions in vitro is in agreement with
the recent conclusions of Walker (27) that pre-osteoclasts are
not a part of and do not originate in mesodermal tissue but
rather are vascular in origin. However, it is possible that pre-
osteoclasts in the limb bud do not survive the preparative steps
of early culture events or that some biochemical event or signal
that stimulates their differentiation is missing. Nonetheless, the
following working hypothesis seems reasonable for the sequence
of steps leading to bone development in the chicken: (i) un-
differentiated mesodermal cells differentiate into pre-osteo-
blasts and then into osteoblasts which begin to make nascent
bone; (i) nascent bone is invaded by osteoclasts which probably
originate in the vascular system (27) and which add the final
cellular phenotype to produce “complete” bone in terms of
cellular content of the tissue. This interpretation of the in vivo
development of hormone-activated adenylate cyclases (Fig.
1) is supported by the in vitro data in Figs. 3 and 4 but will re-
quire further testing for its substantiation.

Two observations remain unexplained at the moment and
will require further work. First, an explanation for the de-
creasing amount of PTH-activated adenylate cyclase after 2-3
days in culture (Figs. 2 and 3) is not available. It may be due to
an overgrowth of the osteoblasts by other cell types in this sys-
tem or to assay problems resulting from the increasing com-
plexity of the system with time in culture (e.g., the PTH-sen-
sitive cells are buried in cartilage matrix). Alternatively, it may
directly reflect the normal life-span of osteoblasts in culture.
Second, the effects of CT on the production of cyclic AMP in
the very early stages (stages 26-28) of development need to be
explored further. The clearly significant reduction in the
amount of cyclic AMP below basal levels by tissue obtained
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from those stages of development (Table 1, Fig. 1) could be due
to an inhibition of adenylate cyclase, an activation of phos-
phodiesterase, or to the action of CT on some unknown regu-
latory component in the system (e.g., Ca?*-dependent regu-
lator, see ref. 28). To our knowledge no reports of any such
action of CT have appeared in the literature, and it is clear that
further study of this phenomenon and its biological significance

will be required.
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