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Abstract Parathyroid hormone (PTH) alters the shape of osteoblastic cells both in vivo and in vitro. In this study, 
we examined the effect of PTH on cytoskeletal actin and myosin, estimated by polyacrylamide gel electrophoresis of 
Triton X-100 (1%) nonextractable proteins. After 2-5 minutes, PTH caused a rapid and transient decrease of 50-60% in 
polymerized actin and myosin associated with the Triton X-100 nonextractable cytoskeleton. Polymerized actin 
returned to control levels by 30 rnin. The PTH effect was dose-dependent with an IC,, of about 1 nM, and was partially 
inhibited by the (3-34) PTH antagonist. PTH caused a rapid transient rise in cyclic AMP (CAMP) in these cells that 
peaked at 4 min, while the nadir in cytoskeletal actin and myosin was recorded around 5 min. The intracellular calcium 
chelator Quin-2IAM (1 0 FM) also decreased cytoskeletaf actin and myosin, to the same extent as did PTH ( 7  00 nM). To 
distinguish between CAMP elevation and Ca++ reduction as mediators of PTH action, we measured the phosphorylation 
of the 20 kD (PI 4.9) myosin light chain in cells preincubated with [32P]-orthophosphate. The phosphorylation of this 
protein decreased within 2-3 rnin after PTH addition and returned to control levels after 5 min. The calcium ionophore 
A-231 87 did not antagonize this PTH effect. Visualization of microfilaments with rhodamine-conjugated phalloidin 
showed that PTH altered the cytoskeleton by decreasing the number of stress fibers. These changes in the cytoskeleton 
paralleled changes in the shape of the cells from a spread configuration to a stellate form with retracting processes. The 
above findings indicate that the alteration in osteoblast shape produced by PTH involve relatively rapid and transient 
changes in cytoskeletal organization that appear to be mediated by CAMP. 
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Many hormones including TSH [1,21, FSH 
[3], ACTH 141, and parathyroid hormone (PTH) 
[5-71 alter the shape of their target cells as part 
of their “pleiotropic” effects. These hormones 
stimulate adenylate cyclase. Similarly, cyclic 
AMP (CAMP) and its analog dibutyryl CAMP 
were shown to cause shape changes in various 
cells [8-lo]. Usually, cells change from a spread- 
out to a stellate morphology, which is often 
described as cytoplasmic retraction. This change 
is thought to involve cytoskeletal changes, prima- 
rily in microfilaments [ l  l]. 

The role of CAMP in the regulation of the 
cytoskeleton has been extensively studied in 
smooth muscle and platelets [12]. For actin and 
myosin to interact in nonmuscle vertebrate cells, 
the 20 kD myosin light chain, MLC,,, must be 
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phosphorylated [ 13,141. Phosphorylation of 
MLC,, is catalyzed by myosin light chain kinase 
(MLCK), a calcium and calmodulin activated 
enzyme 1151. This process is attenuated by a 
CAMP-dependent protein kinase, which phos- 
phorylates the MLCK, reduces its affinity for 
calcium-calmodulin, and decreases its enzy- 
matic activity [16]. An alternate mechanism 
whereby CAMP may attenuate this process in- 
volves the extrusion of cytosolic calcium. In 
platelets, PGD, and forskolin, which increase 
CAMP, reduced both cytosolic calcium and MLC,, 
phosphorylation, while causing actomyosin dis- 
assembly [ 171. 

In a related report [18), we found an inverse 
relationship between actin and myosin associ- 
ated with the cytoskeleton (Triton X-100 nonex- 
tractable) and the cellular CAMP level, which 
rose with increasing cell density in culture. In 
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this study, we examined the effect of PTH, which 
modulates CAMP levels and calcium fluxes in 
osteoblastic cells, on polymerized cytoskeletal 
proteins. PTH caused a rapid, transient, de- 
crease in myosin light chain phosphorylation 
and polymerization state of actin and myosin 
filaments, which seems to be mediated by CAMP. 

MATERIALS AND METHODS 

Bio-Lyte 4/6, urea, and molecular weight 
standards were from Bio-Rad, Richmond, CA; 
1-34 and 3-34 parathyroid hormone peptides 
(human sequence) were from Bachem Corp., 
Torrance, CA; antibiotic A-23187 and Quin- 
2/AM were from Calbiochem-Behring Corp., La 
Jolla, CA; W-7 [N-(6-aminohexyl)-5-chloro-l- 
napthalenesulfonamidel was from Diversified 
Biotech, Boston, MA; Nunclon 4-well tissue cul- 
ture dishes were from Nunc, Roskilde, Den- 
mark; tissue culture dishes (100 x 20 mm) and 
(60 x 15 mm) were from Costar, Cambridge, 
MA; [3H]-adenine and [32P]-orthophosphoric acid 
(HCI-free in water) were from New England 
Nuclear Corp., Boston, MA; F-12 medium, horse 
serum, and kanamycin sulfate were from 
GIBCO, Grand Island, NY; fetal calf serum was 
from KC Biological, Lanexa, KA; pregnant Spra- 
gue-Dawley rats were from Charles River Farms, 
Wilmington, MA; Aclar (dacron sheets) were 
from Allied Chemical Co., Morristown, NJ;  
Rhodamine-conjugated phalloidin was from Mo- 
lecular Probes, Inc., Junction City, OR; rabbit 
anti-human myosin (nonmuscle) IgG and fluo- 
rescein-conjugated goat anti-rabbit IgG were 
purchased from Biomedical Technologies, Inc., 
Stoughton, MA; DNAse I, Triton X-100, dimeth- 
ylsulfoxide (grade I), Collagenase (Type I), 
Hyualuronidase (Type I), Trypsin (Type III), 
ampholines Pharmalyte (pH 3-10) and Pharma- 
lyte (pH 5-81, cytochalasin B, purified rabbit 
muscle actin and myosin, N-propyl gallate, and 
all other reagents used in this study were ob- 
tained from Sigma Chemical Co., St. Louis, MO. 
The antibody to myosin light chain 20 KD was 
the generous gift of Dr. James R. Sellars 
(NHLBI, NIH). 

Isolation and Cell Culture of Fetal Rat Calvaria 
Osteoblasts 

Primary cultures of fetal rat calvaria osteoblas- 
tic cells were obtained as described Il81. For all 
experiments, cells were trypsinized after 1 week 
in culture and plated into secondary cultures at 
approximately 50,000 cells/cm2 in NUNC 4-well 

dishes (2 cmz surface area). Experiments were 
conducted the following day, when the adherent 
cells from parallel dishes were counted with a 
Coulter counter following mild trypsinization 
under direct observation. The average plating 
efficiency was 80%. The coefficient of variation 
for cell counts between culture wells was 5%. 

[32P]-Orthophosphate Labeling of Cell Proteins 

Cultures containing around 50,000 cells/cm2 
were washed with 0.5 ml calcium and magne- 
sium-free Hanks balanced salt solution (CMFH) 
and were incubated with 0.2 ml of serum-free 
F-12 medium which contained 0.2 mCi/ml of 
[32P]-orthophosphoric acid for 2 h at 37°C. The 
labeling medium was aspirated, and the cell 
monolayer was washed once with 0.5 ml of 
CMFH followed by immediate addition of me- 
dium containing the agents listed in the legends 
to the figures and tables. The assay was stopped 
by aspirating the experimental medium fol- 
lowed by addition of 0.1 ml 9 M urea, 130 mM 
2-mercaptoethanol, 2% ampholines, and 5% 
Nonidet P-40 prior to two-dimensional-gel elec- 
trophoresis. The 32P-labeling of proteins was 
estimated with a Zeineh soft laser scanning den- 
sitometer from radioautographs. 

Single- and Two-dimensional Gel 
Electrophoresis of Triton-Soluble 

and Insoluble Proteins 

Triton-insoluble pellets were prepared for elec- 
trophoresis, and the mass (Fgkulture) of actin 
and myosin was determined as previously de- 
scribed [ 181. Two-dimensional gel electrophore- 
sis was carried out using 0.2 ml of Pharmalyte 
ampholine, pH range 3-10, 0.25 ml of Bio-byte 
ampholine, pH range 4-6, and 0.05 ml of Phar- 
malyte ampholine, pH range 5-8, for electrofo- 
cusing. 

Measurement of [3Hl-cAMP Levels in 
Osteoblastic Cells 

The intracellular content of r3H1-cAMP was 
estimated in cells in which the ATP pool was 
labeled with 1 p,Ci/ml [3Hl-adenine for 2 h at 
37°C [19,20]. The cells were washed, and 2 ml of 
pre-warmed serum-free medium containing 100 
nM PTH (1-34) was added at 37°C. The reaction 
was stopped by addition of ice-cold perchloric 
acid (final concentration 10%). After 30 min 
extraction, 3H-cAMP was separated by the 
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method of Salomon et al. [211, using [32P]-cAMP 
for estimating recovery. 

Fluorescence Microscopy 

Cells were plated into secondary cultures at 
10,000 cells/cm2 on Aclar coverslips. After 3 
days, the cells were washed with CMFH and 
treated with vehicle or 100 nM parathyroid hor- 
mone for 5 min. Other cells on coverslips were 
treated for 10 min with 1.2 pM cytochalasin B. 
All procedures were performed at room temper- 
ature, and each step was followed by rinsing the 
cells three times with PBS. Cells were fixed with 
1.0% paraformaldehyde in 0.1 M sodium cacody- 
late, pH 7.4, for 30 min and then permeabilized 
with 0.01% Nonidet P-40 in PBS for 30 min. A 
1:20 dilution of rhodamine-conjugated phalloi- 
din in PBS was added to each coverslip and 
incubated in the dark for 30 min. For visualizing 
myosin, the protocol from Biomedical Technolo- 
gies, Inc., was used. Briefly, cells were fixed as 

above and dehydrated and permeabilized for 3 
rnin in absolute acetone cooled to -20°C. A 1:25 
dilution of the rabbit anti-myosin IgG was incu- 
bated with cells for 90 min. A 1 : l O O  dilution of 
fluorescein-conjugated goat anti-rabbit IgG was 
added to the cells for 60 min in the dark. Before 
covering each Aclar coverslip with a glass cover- 
slip, a drop of 2.5% n-propyl gallate [221 in a 1:l 
PBS and glycerol solution was added. The sam- 
ples were observed with a Leitz Dialux 20 micro- 
scope. 

RESULTS 
Effect of Parathyroid Hormone on Cytoskeletal 

Actin and Myosin 

The major proteins obtained in the Triton 
X-100 insoluble pellet were primarily those of 
the cytoskeleton, in particular, actin and myosin 
(Fig. 1) [18,23]. Treatment of cells with PTH 
caused a dose-dependent decrease in the actin 
and myosin associated with the Triton insoluble 

Fig. 1. SDS gradient gel electrophoresis of Triton-insoluble proteins isolated after treatment of osteoblasts with 
increasing concentrations of parathyroid hormone. Cells were plated into Nunc dishes at 50,000 cells/cm2. 
Twenty-four hours later, the cells were treated for 5 min with increasing concentrations of parathyroid hormone 
(PTH) and the Triton-insoluble proteins were processed as described in Materials and Methods. MWS, molecular 
weight standards; lane O'C, 0 min control; following lanes: 5 min treatment with PTH at the indicated concentra- 
tions; lane 5'C, 5 min treatment with vehicle (0.001% NaAc plus 0.001% BSA in F-12 medium). This is a 
representative gel of six replicate experiments. 
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pellet of the cytoskeleton. Figure 1 shows a 
representative gel from six experiments. The 
mean values from two experiments are pre- 
sented in Figure 2. The IC,, for the PTH effect 
on both actin (panel A) and myosin (panel B) 
was approximately 1 nM, and the saturation 
dose was approximately 100 nM. The PTH dose- 
response curve was shifted to the right and the 
IC,, increased by an order of magnitude in the 
presence of 100 nM PTH antagonist [3-34(8,18)- 
norleu 34 tyrosine], a competitive inhibitor of 
PTH [241 (Fig. 2, panels C and D). 

The PTH-induced decrease in the amount of 
actin and myosin associated with the Triton- 
insoluble cytoskeleton was transient and reached 
its nadir at 5-10 min (Fig. 3). Actin decreased 
from 19 ? 0.4 pg/cell to 13 ? 0.5 pg/cell, and 
myosin decreased from 5 * 0.4 pg/cell to 2 k 0.5 
pg/ml. The change in myosin was detected at 30 
s and preceded that of actin. The mass of both 
proteins in the cytoskeletal fraction started re- 
turning toward control levels at 10 min. Cy- 
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toskeletal actin reached control levels at 20-30 
min, while cytoskeletal myosin remained below 
initial levels for at least 6 h. The molar ratio of 
actin and myosin associated with the cytoskele- 
tal pellet was about 18 at 0 min, 24 at 2 min, 32 
at 10 min, and 26 at 20 min. 

Figure 4 shows the time course for CAMP 
changes following the addition of 100 nM PTH 
in the absence of phosphodiesterase inhibitors. 
The CAMP level increased almost linearly for 4 
min and declined rapidly thereafter. A similar 
time course was observed for cellular cytoskele- 
tal actin and myosin content, which reached a 
nadir at around 5 min. 

Cytochernical Visualization of F-adin and Myosin 

Phalloidin staining of control cells demon- 
strated numerous microfilament bundles or 
stress fibers traversing the cytoplasm and run- 
ning parallel to each other (Fig. 5A). Some cells 
had concentrically arranged, thick fibers from 
which thinner, radially arranged microfilament 

6 

Fig. 2. Dose-response curve for the effect of parathyroid hormone on Triton-insoluble actin and myosin; 
antagonism of (3-34) PTH. Cells were plated into Nunc dishes at 50,000 cells/cm2. Twentyfour hours later, the cells 
were washed and treated for 5 min at 37°C with the indicated concentrations of PTH agonist in the absence (panels A, 
6) or presence (panels C, D) of 100 nM PTH antagonist. The cells were processed, and the mass of Triton-insoluble 
actin (open symbols, panels A, C) and myosin (closed symbols, panels B, D) were quantitated as described in 
Materials and Methods. The 0 (zero) data point represents the 5 min control sample. Data are expressed as pg/cell 
Triton-insoluble actin and myosin and represent mean 2 SEM of duplicate samples from two experiments. 
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Fig. 3. Time course for the effect of parathyroid hormone on the mass of Triton-insoluble actin and myosin. Cells 
were plated into Nunc dishes at 50,000 cells/cm2. Twenty-four hours later, the cells were washed and treated with 
100 nM parathyroid hormone. The Triton-insoluble proteins were separated at the indicated times and processed as 
described in Materials and Methods. Data are expressed as pg/cell Triton-insoluble actin and myosin. The 
time-dependent decrease in the mass of Triton-insoluble actin is shown in Panel A (open symbols); that for myosin in 
Panel B (closed symbols). Data represent mean 2 SEM of triplicate samples from triplicate experiments. 

bundles projected into the ruffled edge of the 
cell. Most cells appeared well spread. 

M PTH for 1 or 5 min 
produced a dramatic rearrangement of the cy- 
toskeleton and a change in the shape of 40-50% 
of the cells (Fig. 5B). A decrease in the total 
number of stress fibers per cell was seen. With 
lo-' to lo-'' M PTH, the percentage of cells 
demonstrating this rearrangement of microfila- 
ments decreased in a dose-dependent manner 
(data not shown). Stained aggregates were found 
throughout the cell with a preponderance of the 
aggregates in the perinuclear region and/or at 
the leading edge of the cells. Similar aggregates 
were seen in cells treated with cytochalasin B 
(Fig. 5C). The PTH-treated cells also became 
stellate-shaped, were less spread than the con- 
trol cells, and had long thin processes, which 
appeared to be retracting. These retracting pro- 
cesses were not seen very often in the cytochala- 
sin B-treated cells that appeared to collapse and 
became irregularly shaped (Fig. 5C). 

Fluorescent labeling of myosin demonstrated 
a punctate labeling of parallel microfilaments 
throughout the cytoplasm with some aggrega- 
tion in the perinuclear region (Fig. 6A). Admin- 
istration of lo-@ M PTH for 5 min increased the 
staining in the perinuclear region and decreased 
the number of microfilaments (Fig. 6B). 
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Fig. 4. Time course for accumulation of CAMP in osteoblastic 
cells. Cells were plated into 60 mm culture dishes at 1.5 x 10' 
cells/dish (60,000 cells/cm2). Twenty-hvo hours later, the cells 
were labeled with 1 pCi/ml ['HI-adenine for 2 h at 37°C. At the 
end of the labeling period, the cells were washed and 2 ml 
serum-free medium containing 100 nM parathyroid hormone 
was added at 37°C. The reaction was stopped at the indicated 
times and ['HI-cyclic AMP was determined as described in 
Materials and Methods. Data represent mean of triplicate sam- 
ples. Data are expressed as cpm ['HI-cAMP/106 cells x lo-'. 
Arrow points to the half-time for the rise in cyclic AMP. 
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Fig. 5. The effect of parathyroid hormone and cytochalasin B on the phalloidin staining pattern of microfilaments. 
Secondary cultures were treated with vehicle (A) for 5 min, 100 nM parathyroid hormone (6) for 5 min, or 1.2 FM 
cytochalasin B (C) for 10 min. Phalloidin staining of the microfilaments demonstrated numerous microfilament 
bundles (arrow) in the control cells. A decrease in the number and diameter of microfilaments and the aggregation of 
phalloidin-staining materiat in the perinuclear region (asterisk) were apparent in parathyroid hormone-treated cells 
(B). Hormone-treated cells were less spread than the control cells and had thin retracting processes (arrowhead). 
Cytochalasin B treatment (C) also produced phalloidin-stained aggregates (asterisk) and a change in cell shape. Bar = 

10 bm. 

The Effect of Quin-21AM 

The possible role of intracellular calcium on 
the disruption of the cytoskeleton was tested by 
equilibrating the cells with the calcium chelat- 
ing buffer Quin-2JAM [25] at 1.0 and 10 pM (or 
vehicle). As seen in Table I, 10 p,M Quin-2 
caused a 40% decrease in cytoskeletal actin and 
a 50% decrease in cytoskeletal myosin. The cal- 
modulin antagonist W-7 similarly caused a reduc- 
tion in cytoskeletal proteins, while phorbol 
myristate acetate, which stimulates protein ki- 
nase C, had no effect (data not shown). 

Effect of PTH on Myosin light Chain 
Phosphorylation 

A phosphorylated protein with a molecular 
weight of 20 kD and a PI of 4.85-5.00 was 
identified by two-dimensional gel electrophore- 
sis and Western blots as the myosin light chain 
(Fig. 7). This protein was present in the Triton- 
insoluble cytoskeletal fraction of [32Pl-labeled 
cells. The effect of PTH on the phosphorylation 
state of that protein as a function of time is 
shown in the autoradiograms of Figure 8a (ar- 
row, panels A-I). The results obtained by scan- 

ning densitometry of autoradiograms from five 
such experiments, presented in Figure 8b, show 
that PTH caused a rapid transient reduction in 
the phosphorylation of MLC, reaching about 
50% of control at 2 min and returning to 80% of 
control levels at 5 min. Since the PTH effects on 
cytoskeletal actin and myosin were mimicked by 
the calcium chelating buffer Quin-2, we exam- 
ined if a reduction in intracellular calcium was 
necessary for the PTH-induced decrease in myo- 
sin light chain phosphorylation. 

Cells in F-12 medium (1.1 mM calcium) were 
treated with PTH in the absence or presence of 
the calcium ionophore A-23187. As shown in 
Figure 9,100 nM PTH (1-34) reduced the phos- 
phorylation of the 20 kD, PI 4.85-5.0, protein 
(panels D, E, F, relative to A, B, C) both in the 
absence (panels A, D) and in the presence of 0.3 
pM (panels B, E) or 1.0 p,M (panels C, F) A-23187 
ionophore. The phosphorylation of two unidenti- 
fied proteins (1 and 2) in the boxed region, left 
panel, of 33.6 kD (PI 4.9 and 5.05, respectively) 
increased in the presence of A-23187. Phosphor- 
ylation was estimated by soft-laser densitome- 
try of autoradiograms relative to a protein, la- 
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Fig. 6. The effect of parathyroid hormone on the myosin staining pattern. Secondary osteoblast cultures were 
treated with vehicle (A) or 100 nM parathyroid hormone (B) for 5 rnin. Staining of the myosin by immunofluores- 
cence revealed numerous filaments in parallel arrays (arrow) in the control cells (A). With hormone treatment (B), 
few filaments were found and a patchy fluorescence pattern was seen in the perinuclear region (asterisk). Bar = 10 
Prn. 

beled ‘la,’’ which did not change during these 
treatments. The graphic representation of the 
means is presented above the autoradiograms 
for proteins 1 and 2 and below for “a” and MLC. 

DISCUSSION 

This study confirms previous reports on PTH- 
induced changes in the shape and in the microfil- 

TABLE 1. The Effect of 
Quin-t/AM Loading on 

Cytoskeletal Actin and Myosin in 
Osteoblastic Cells 

Actin Myosin 
Condition (pdcell) (pdcell) 

0 min control 18.7 t 1.60 4.80 2 0.40 
Quin- 21AM 

(1.0 PM) 16.83 t 1.24 3.84 & 0.65 
(10.0 pM) 11.22 t 0.70 2.40 t 0.30 

30 min control 19.1 t 1.30 5.05 t 0.65 

Cells were plated into Nunc dishes at 45,000 cells/cm2. 
Twenty-four hours later, the cells were washed, followed by 
loading with Quin-P/AM in DMSO vehicle or vehicle alone. 
After 30 min, Triton X-100 medium was added and the 
cytoskeleton proteins were separated, processed through 
SDSPAGE, and the mass of actin and myosin quantitated 
as described in Materials and Methods. Data is expressed as 
pg/cell actin or myosin (?) SEM of quadruplicate determina- 
tions. 

ament pattern of osteoblastic cells 15-71. We 
found that these changes were associated with a 
rapid reduction in the cytoskeletal actin and 
myosin, operationally defined as that which was 
not extractable with 1% Triton X-100. At satu- 
rating PTH concentrations, about 50% of the 
cytoskeletal actin and myosin became Triton 
X-100 extractable. A similar fraction became 
extractable after addition of cytochalasin B, 
which promotes microfilament disassembly by 
preventing actin assembly 126-281. This frac- 
tion did not increase when both agents were 
administered together, suggesting that there is 
a limited, common pool of microfilaments that 
are subject to the action of these agents. 

Several findings suggest that the transition 
from cytoskeletal to extractable actin and myo- 
sin was myosin-regulated 117,291. Assuming 
equal sensitivity for the detection of the two 
proteins, myosin depolymerization seems to pre- 
cede that of actin: The ratio of non-extractable 
(polymerized) actin to myosin, which was 18 in 
the resting state, increased to 24 and 32 during 
depolymerization. A phosphorylated protein 
identified as myosin light chain (MLC) was rap- 
idly dephosphorylated following PTH addition. 
The rapid dephosphorylation paralleled the rapid 
decrease in actin and myosin associated with the 
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Fig. 7. Identification of myosin light chain in osteoblastic cells by Western immunoblot analysis. Cells were 
cultured, and cytoskeletal proteins were extracted as described in Materials and Methods. Protein samples were first 
processed by isolectric focusing, as described in Materials and Methods, followed by 12.5% acrylamide SDS-PACE 
(second dimension). The gels were electroblotted onto nitrocellulose overnight at 50 V, 4°C. The blots were 
incubated with antibody to myosin light chain (1 :50 dilution), followed by incubation with '251-protein A and 
autoradiography. 

Triton-insoluble cytoskeleton. However, the re- 
polymerization of myosin and actin considerably 
lagged behind the rephosphorylation of MLC, 
20-30 min vs. 5 min, suggesting that the reasso- 
ciation of actin and myosin with the cytoskele- 
ton may involve another process or other cy- 
toskeletal components that require more time 
for completion. Alternatively, after PTH stimu- 
lation, the cytoskeleton is rearranged in a form 
that is different from that in untreated cells. 

The changes in MLC phosphorylation can be 
detected 0.5 min after hormone addition, mak- 
ing it the earliest reported effect of PTH follow- 

ing the stimulation of adenylate cyclase and 
protein kinase A. 

PTH was also reported to raise intracellular 
calcium levels in its target cells [30,311, and both 
calcium and cyclic AMP have been implicated in 
the regulation of cytoskeletal disassembly, by 
having opposite effects on myosin light chain 
kinase (MLCK). In smooth muscle and platelets, 
MLCK activity is increased by calcium/calmodu- 
lin and reduced by A-kinase mediated phosphor- 
ylation. A rise in cyclic AMP would thus lead to 
disassembly of the cytoskeleton, whereas a fall 
in cyclic AMP, resulting in A-kinase inactivation 
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Fig. 8. Time course for the effect of parathyroid hormone on 
MLC phosphorylation. Cells were plated into Nunc dishes at 
52,000 cells/cm2. Twenty-two hours later, the cells were la- 
beled with [32P]-orthophosphate, and 2 h later, were washed 
and treated with 100 nM parathyroid hormone (PTH) for the 
times indicated, then the whole cells were lysed and processed 
through 2-D gel electrophoresis and autoradiography as de- 
scribed in Materials and Methods. All dried gels were subjected 
to autoradiography at the same time. a: Top panel represents 
autoradiograph from the lower portion of the second dimension 
of 2-D gel (slab gel molecular weight range approximately 20 
KD). Arrow in panel A points to 20  KD, pl 4.85-5.00 protein 
(MLC), shown below in panels B to 1. A: 0 rnin control; panels 
B-I, plus 100 nM PTH; B: 0.5 min; C: 1.0 rnin; D: 2.0 rnin; E: 
3.0 min; F: 4.0 min; C :  5.0 rnin; H, 10 rnin; I: 20  min. This i s  
representative of five independent experiments. b: Five indepen- 
dent experiments were carried out as described in a. The data 
represent mean ? SEM for values of the 20 KD, pH 4.9, MLC 
spot from these experiments, estimated by densitometry, ex- 
pressed as % of 0 minute control. 

[321, would lead to reassembly. A close correla- 
tion between the onset of physiological response 
(lipolysis) and the activation state of CAMP- 
dependent protein kinase was also demonstrated 
in adipocytes [33] .  

In the present study, cyclic AMP is the likely 
mediator of PTH effects on the cytoskeleton 

I00 

50 

0 
0123 5 10 20 

TIME(min1 (+I IOOnM PTH g b  

since agents that increase intracellular cyclic 
AMP had similar effects to those of PTH [181. 
There was no direct correlation between the 
magnitude of CAMP and cytoskeletal changes, 
which were already maximal following a twofold 
elevation in CAMP, produced by IBMX. This is 
not surprising since very small changes in CAMP 
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Fig. 9. Autoradiography of [32P]-labeled proteins. Effect of parathyroid hormone on the phosphorylation state of 
MLC and other proteins in the absence and presence of ionophore A-23187. Cells were plated into Nunc dishes at 
47,000 cells/cm2. Twenty-two hours later, cells were labeled with [32P]-orthophosphate as described in Materials and 
Methods. Two hours later, cells were washed and treated with 100 nM parathyroid hormone (PTH) for 2 min and/or 
A231 87, as described below. Whole cells were lysed, processed through 2-D gel electrophoresis (second dimension, 
15% SDS slab gel), followed by autoradiography and soft laser densitometry, to obtain 3-D graphics from which 
integrated volumes of peaks were obtained. The left panel represents an autoradiograph of the whole 2-D gel. The 
scale on the left margin refers to molecular weights; that on the bottom, to the pH gradient, from anode to cathode. 
The section included within the square is the area of autoradiographs, presented in panels A-F. The following 
proteins indicated by arrows were scanned: Spot 1, 33.6 KD, pl 4.90; Spot 2, 33.6 KD, pl 5.10; Spot a, 21 KD, pl 
4.40; MLC, 20 KD, pl4.85-5.00. Treatment of cells was as follows: Left large panel: 0 min control; A: 2 min control; 
8: 0.3 pM A231 87; C: 1 pM A231 87; D: 100 nM PTH; E: 100 n MPTH + 0.3 pM A231 87; F: 100 nM PTH + 1 pM 
A231 87. The graphics at the top of the autoradiograph in each panel present the integrated intensity of Spots 1 and 2, 
respectively, while those at the bottom of each panel present the integrated intensity for Spot “a” and MLC, 
respectively. 

were shown to cause maximum stimulation of 
protein kinase A in these cells 1341. The time 
course for PTH-induced CAMP changes is consis- 
tent with cyclic AMP mediation, and intracellu- 
lar calcium was reported to increase, rather 
than to decrease, in response to PTH [29,30]. 

However, the reduction of intracellular cal- 
cium by Quin-2A7 as well as the calmodulin 
antagonist W-7 [35], which may interact directly 
with MLC [36], also caused disassembly. To 
further examine the relationship between CAMP 
and calcium in the action of PTH on the cytoskel- 
eton, we followed the state of phosphorylation of 
MLC after PTH addition, in the presence and 
absence of the calcium ionophore A-23187. We 

found that even in the presence of A-23187, 
which increased the phosphorylation of a couple 
of unknown proteins, presumably via a calcium- 
dependent protein kinase, PTH addition still 
reduced the phosphorylation of MLC. These find- 
ings support the role of CAMP in the mediation 
of PTH action in this system and suggest a 
sequence of events similar to that described in 
smooth muscle 1161. 

An alternate, mutually non-exclusive, explana- 
tion for MLC dephosphorylation following PTH 
addition could be the activation of MLC phos- 
phatases by cyclic AMP. Phosphatases, which 
act on MLC, have been isolated from smooth 
muscle [37] and phosphatase activation by cyclic 
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AMP has been reported in S49 cells [38]; how- 
ever, it has not been shown that the MLC phos- 
phatases are subject to CAMP activation. 

MLC phosphorylation actually starts rising 
prior to the return of CAMP to baseline levels. 
Phosphorylation of MLC by another kinase, such 
as protein kinase C, has been reported and could 
explain these findings [39]. Multiple-site phos- 
phorylation on smooth muscle myosin has also 
been reported [40]. The reassembly of proteins 
following MLC rephozphorylation is consider- 
ably delayed and could be due to calcium- 
dependent activation of gelsolin [41]. These are 
just several possible explanations for these obser- 
vations, consistent with the available informa- 
tion. 

The role of the PTH-induced changes in the 
cytoskeleton and shape of osteoblasts is not 
known. It was proposed that changes in the 
shape of bone lining cells may participate in 
PTH stimulation of bone resorption 1421. In 
several cell types, including mesenchymal cells 
of similar developmental origin as osteoblasts, 
such as chondroblasts and adipocytes, shape 
changes were shown to regulate the expression 
of genes related to differentiation c43-451. These 
shape and cytoskeletal changes may be part of a 
“pleiotropic” response to PTH or could play a 
specific role(s), which remains to be determined, 
in the mechanism of action of this hormone. 
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