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The effect of recombinant Pasteurella multocida toxin (PMT) on primary cultures of embryonic chick bone-
derived osteoblastic cells was investigated. It was found that PMT was a potent mitogen for primary derived
chicken osteoblasts. The toxin stimulated DNA synthesis and cell proliferation in quiescent osteoblasts at the
first passage and accelerated cell growth in subconfluent cultures. Cell viability was not affected by PMT, even
at relatively high concentrations. Osteoblast numbers increased in a dose-dependent manner in response to
PMT. Intracellular inositol phosphates were elevated in response to PMT, but no elevation in cyclic AMP
(cAMP) levels was evident. Indeed, PMT inhibited cAMP elevation in osteoblasts in response to cholera toxin
at a stage before other PMT-mediated events take place. In addition to increased cell turnover, PMT down-
regulated the expression of several markers of osteoblast differentiation. Both alkaline phosphatase and type
I collagen were reduced, but osteonectin was not affected. The in vitro deposition of mineral in cultures of
primary osteoblasts and osteoblast-like osteosarcoma cells was also inhibited by the presence of PMT. This
suggests that PMT interferes with differentiation at a preosteoblastic stage.

Bacterial toxins have provided a significant contribution to
our understanding of the biochemical events involved in the
regulation of cell growth and differentiation. The targets of
many of these toxins are key components of the signalling
pathways regulating such processes. Pasteurella multocida toxin
(PMT) is the most potent mitogen yet identified for cultured
fibroblasts, inducing DNA synthesis and cell division in the
picomolar range (18, 42). It is mitogenic for several cell lines
(42) and induces anchorage independence in Rat-1 cells (18).
Furthermore, the toxin has been shown to promote growth of
tertiary mouse embryonic cells (42) and increase proliferation
of T cells (50). PMT consists of a single polypeptide of 146 kDa
in molecular mass. There is indirect evidence that the toxin is
taken up by cells and processed via an acidic compartment
(42), though details of this process are currently unclear. The
toxin exerts these effects via stimulation of phosphoinositol
breakdown (46), possibly by interaction with a G protein (30).
PMT activates increased phosphorylation of the MARCKS
protein by protein kinase C and also mediates other phosphor-
ylation events (46).
The gene for PMT has been cloned and sequenced by sev-

eral groups (5, 25, 38). A motif found in several toxins which
ADP-ribosylate their target (25) is not functional in PMT (52),
and there is no evidence in vivo for ADP-ribosylation activity
(46). Recently the protein sequence of PMT has been shown to
have some similarities with the cytotoxic necrotizing factors
(CNF1 and -2) found in Escherichia coli (9, 34). These toxins
induce DNA synthesis in HeLa cells (8) but produce multinu-
cleated cells (12, 35). CNF induces membrane ruffling which is
known to be mediated by the G protein, Rho, and there is
some evidence that CNF2 interacts directly with Rho (35).
Another toxin, the dermonecrotic toxin of Bordetella species,
has been sequenced recently and shown to have some homol-
ogy to the CNF toxins (51). These toxins therefore appear to

form a new family of toxins which affect signal transduction
pathways involved in the control of cellular growth.
P. multocida is the causative agent of atrophic rhinitis (AR)

(10), a nonfatal respiratory disease of pigs in which the growth
of the nasal turbinate bones is affected (22). PMT by itself can
reproduce these symptoms (20), even when purified recombi-
nant PMT is administered by the intraperitoneal route (24).
PMT has been shown to induce resorption of bone cultured in
vitro (14, 22). It was reported that PMT did not significantly
modify osteoblasts (as assessed by bone formation and cell
necrosis) but induced an increase in osteoclasts and osteoclast
precursors (22). However, because of the complex signalling
interactions which take place between osteoblasts and oste-
oclasts (39), the primary target(s) of PMT in vivo is unclear
from this work. We have sought to investigate the effects of
PMT on cultures of bone derived cells and show here that
PMT is mitogenic for primary derived osteoblasts.

MATERIALS AND METHODS

Other materials not listed below were obtained as follows. Cholera toxin,
alzarin red stain, phosphate-buffered saline tablets (PBS), dexamethasone,
b-glycerophosphate, and ascorbic acid were all obtained from Sigma; [3H]thy-
midine (248 GBq/mmol) and [3H]inositol (370 to 740 GBq/mmol) were obtained
from NEN (DuPont). Fetal calf serum (FCS) and Dulbecco’s modified Eagle’s
medium (DMEM) were obtained from GIBCO. Rabbit anti-chicken bone os-
teonectin was a kind gift from Larry Fisher (National Institutes of Health,
Bethesda, Md.). Highly purified recombinant PMT was kindly provided by Phil
Ward (Institute for Animal Health, Compton, Newbury, United Kingdom).
Cell culture of osteoblasts. Rat osteoblast-like osteosarcoma cell lines ROS

17/2.8, ROS 25/1, and UMR 106 were obtained from John Heath (University of
Oxford) and were cultured in DMEM supplemented with 10% FCS, 100 U of
penicillin per ml, and 100 mg of streptomycin per ml. Osteoblasts were isolated
according to the method of Nijweide et al. (33). Briefly, the calvariae from
17-day-old chicken embryos were stripped of both the periosteum and en-
dosteum. The calvariae were digested in a solution of 1 mg of crude collagenase
per ml (Worthington Enzymes, Freehold, N.J.) in Ca21-Mg21-free PBS at 378C
in a shaking water bath. The calvariae were digested for 10-, 45-, and 60-min
intervals. Cells from the first digestion period were discarded (since this fraction
contained large numbers of contaminating fibroblastic cells). Cells liberated in
the last two fractions were pooled, washed in DMEM (containing 10% FCS),
counted in a hemocytometer, and plated in 35-mm-diameter dishes (NUN-
CLON, Roskilde, Denmark) at a concentration of 5 3 105 cells per dish. Os-
teoblasts were usually left to grow to confluence (about 5 to 7 days).
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Measurement of DNA synthesis. This was performed by the incorporation of
[3H]thymidine into confluent, quiescent osteoblast cells by the method of Dicker
and Rozengurt (13). Difficulties in obtaining quiescent osteoblast preparations
were overcome by removing growth medium and replacing it with DMEM (with
0.5% FCS) for up to 48 h before the addition of toxin. Different assays employed
different cell concentrations. Stimulation of DNA synthesis in osteosarcoma cells
was performed in 35-mm dishes with cells initially seeded at 105 cells per well.
Osteoblasts were seeded at 5 3 105 per 35-mm well. Both cell types were grown
to confluence (7 days) in DMEM (110% FCS). The medium was replaced with
2 ml of serum-free DMEM-Waymouth’s medium 1:1 (vol/vol) containing 1 mCi
(37 kBq) of [3H]thymidine per ml, in the presence or absence of various con-
centrations of PMT. After 40 h, DNA synthesis was assessed by measuring the
level of [3H]thymidine incorporated into half the acid-precipitable material. In
thymidine pulsing experiments, osteosarcoma cells were plated in a similar man-
ner, but after 7 days, the medium was replaced with DMEM-Waymouth’s me-
dium for 72 h before the addition of toxin and label (40 h). Again the level of
[3H]thymidine incorporated into half the acid-precipitable material was used as
a measure of DNA synthesis.
Measurement of cell number. This was performed as described elsewhere (43).

Briefly, osteoblasts were plated in 10% FCS–DMEM at low density (2 3 104 per
well in 24-well dishes) for the measurement of cell proliferation in subconfluent
cells. PMT (20 ng/ml) was added, and at 48-h intervals, the cells were removed
from the culture wells with 0.05% trypsin–0.53 mM EDTA, pelleted at 350 3 g
for 5 min, and washed twice in PBS, before being counted with a hemocytometer
(cell counts were performed in triplicate). Confluent osteoblasts were counted in
a similar manner except that the cells were plated at 23 105 per well on a 24-well
dish, cultured for 5 days in 10% FCS–DMEM, and incubated for 24 h in 0.1%
FCS–DMEM, before the addition of a range of PMT concentrations for 72 h.
Measurement of cell viability. This was performed by the trypan blue dye

exclusion method. Osteoblasts were seeded at 5 3 104 per well in 24-well dishes,
and nonadherent cells were removed after 24 h by washing the wells several times
with 10% FCS–DMEM. PMT (20 ng/ml) was added to the experimental wells.
After 48-h intervals, cells were removed from the culture well surface as detailed
above and pooled with supernatants (in case dead cells had detached from the
well surface). After pelleting (350 3 g, 5 min), the cells were washed in PBS,
repelleted, and resuspended in a small volume of 0.2% filtered trypan blue in
PBS (5 min). The suspension was then placed on a microscope slide, and osteo-
blast viabilities were determined (500 cells per well were counted). Dead or
damaged cells appeared dark blue, while intact healthy cells appeared colorless.
Alkaline phosphatase (ALP) measurement. ALP assay was performed by a

modification of the Sigma kit assay (no. 86). Briefly, osteoblasts were plated in
96-well tissue culture plates at a concentration of 2.5 3 104 to 5 3 104 per well
in 10% FCS–DMEM. PMT was added in serial dilutions in triplicate at day 4,
and the osteoblasts were cultured for a further 72 h. After 7 days, the plates were
washed in prewarmed PBS (378C), fixed (with a citrate-acetone-formaldehyde
fixative [18 mM citric acid, 9 mM sodium citrate (pH 3.6)-acetone-formaldehyde
(37%, vol/vol), in a 2.5:6.5:0.8 ratio]), washed in deionized water, and stained for
ALP activity. The A540 values were read in a microplate reader (the wavelength
of maximum absorbance for the naphthol AS-BI diazonium salt product). ALP
concentrations were then calculated from a standard curve. Corresponding cell
counts were performed for the determination of the ALP concentration per cell.
Measurement of mineralization. Mineralization studies were performed on

96-well multidishes. Osteoblasts and osteosarcoma cells were plated at 2 3 104

per well and grown for 4 days in 10% FCS–DMEM. Toxin was added on day 4
as before (serial dilutions in triplicate) and cultured for a further 72 h. At day 7,
the cells were washed 33 with prewarmed PBS (378C), fixed (with the same
fixative), and stained with 2% alzarin red dye (pH 4.2) for 5 min (27). The wells
were then rinsed with distilled water (three times), dishes were air dried, and the
A492 was measured in a microplate reader. Alzarin red deposits a red lake in the
presence of calcium and phosphate.
Osteoblasts were also cultured in the presence of mineral supplements. These

included ascorbate (250 mM), b-glycerophosphate (10 mM), and glucocorticoids
such as dexamethasone (1 mM). The presence of ascorbate and glucocorticoids
has been cited as essential for nodule mineralization of calvarially derived cells
whilst b-glycerophosphate enhances this effect (1, 36). The term supplemented
medium refers to the use of these additives in the culture media.
Immunodetection of chicken type I collagen and osteonectin. Confluent os-

teoblasts were treated with a range of PMT concentrations (0 to 100 ng/ml) for
48 h. The osteoblast monolayers were lysed in sodium dodecyl sulfate (SDS)
loading buffer (consisting of 0.4 ml of 1.25 M Tris-Cl [pH 6.8], 4.4 ml of distilled
water, 0.8 ml of glycerol, 1.6 ml of 10% SDS, 0.4 ml of b-mercaptoethanol, and
0.4 ml of 0.1% aqueous bromophenol blue), and protein determinations were
performed. Standardized protein concentrations (approximately 5 to 10 mg per
well) were loaded and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE) (12% gels) on the Bio-Rad Mini-Protean system (23). Following West-
ern blotting (immunoblotting) (with 0.025 M Tris, 0.2 M glycine, and 0.1% SDS),
the nitrocellulose filters (Hybond Extra-C, Amersham) were probed with rabbit
anti-chicken type I collagen (Serotec) at a 1:2,000 dilution, after blocking with
1% Marvel in PBS containing 0.1% Tween 20 (BDH, Merck). The blots were
then treated with a 1:1,000 dilution of goat anti-rabbit immunoglobulin G (horse-
radish peroxidase conjugated). Chicken type I collagen was detected by autora-
diography with ECL (Amersham). Similarly, nitrocellulose blots of osteoblast

lysates were probed with a 1:2,000 dilution of a rabbit anti-chicken bone os-
teonectin antibody.
Cyclic AMP (cAMP) assay. Osteoblasts were plated at 2 3 105 cells per well

in 24-well dishes. On reaching confluence (approximately 5 days), the medium
was replaced with 0.1% FCS–DMEM and left for 24 h. This was replaced with
serum-free DMEM-Waymouth’s medium (1:1 [vol/vol]) containing (i) no addi-
tion (control), (ii) PMT (20 ng/ml), (iii) cholera toxin (100 ng/ml), or (iv) a
mixture of both PMT (20 ng/ml) and cholera toxin (100 ng/ml) (added to the
wells in triplicate at hourly intervals up to 4 h). On completion, the medium was
removed and the intracellular cAMP was extracted in ice-cold, dilute acid (0.1 M
HCl, 10 min). Extracts were then immediately stored at 2208C until assay. This
was performed with the radioimmunoassay kit from Amersham (TRK 432).
Measurement of inositol phosphates. This was done according to the method

of Nanberg and Rozengurt (31). Briefly, 2 3 105 osteoblasts were plated in
35-mm dishes and grown to confluence (7 days). The medium was replaced with
0.1% FCS in DMEM for 24 h, followed by serum-free DMEM for 24 h. The label
myo-[3H]inositol was added 16 to 24 h before the addition of PMT. The osteo-
blast monolayer was exposed to PMT for a minimum of 6 h. Inositol phosphates
were extracted in ice-cold 3% perchloric acid, neutralized with 1 M potassium
hydroxide, and added to ion-exchange columns containing 1 ml of Dowex AG
1-X8 resin (Bio-Rad). Elution of total inositol phosphates was performed by the
addition of 1 M ammonium formate–0.1 M formic acid. A 1-ml aliquot of the
eluent was added to liquid scintillant and counted for 10 min.
Statistical analyses. Analysis of data was performed by one-way analysis of

variance. Significance values were calculated from the differences between con-
trol and experimental samples. Control values for each experiment are stated in
the figure legends.

RESULTS

PMT induces DNA synthesis in osteoblast and osteoblast-
like cells. It was decided to look initially at the effect of PMT
on synthesis in osteosarcoma cells, which are known to possess
several osteoblast-like characteristics such as responsiveness to
parathyroid hormone (PTH) and expression of osteoblast
markers (37). However, these cells displayed high background
levels of incorporated [3H]thymidine uptake (5.5 3 105 to 8 3
105 cpm), even in serum-free medium (presumably because of
their transformed nature). Of the three osteosarcoma cell lines
tested, only ROS 17/2.8 cells responded significantly to PMT
(Fig. 1A); neither ROS 25/1 nor UMR 106 cells showed a
significant increase in DNA synthesis under these conditions.
However, PMT did stimulate DNA synthesis in ROS 25/1 cells
when the monolayers were quiesced for longer and pulsed
briefly with [3H]thymidine near the end of this period (Fig.
1B). Incubation for up to 72 h in serum-free media was needed
to visualize this effect.
Osteoblasts from primary culture proved much easier to

quiesce than the osteosarcoma cells. Osteoblasts derived in this
manner are heterogeneous in nature, consisting of osteoblasts,
preosteoblasts, and other cells at varying degrees of differen-
tiation (33). However, populations comprising a high percent-
age of ALP-positive cells could routinely be obtained. PMT
induced a dose-dependent increase in thymidine uptake in
response to PMT over a 40-h period, significant at 0.5 ng/ml
and approximately threefold above the untreated control val-
ues at maximal stimulation (Fig. 2). A PMT concentration in
the region of 20 ng/ml appeared to cause maximal stimulation
of DNA synthesis which was similar to the value for Swiss 3T3
fibroblasts of around 10 to 20 ng/ml (42).
It was important to obtain osteoblasts from the first passage

since subsequent passaging led to the loss of a number of
osteoblast characteristics such as responsiveness to PTH and
staining for ALP. In addition, continued passaging yielded
populations of bilobular, fibroblastic cells with much increased
background thymidine uptake. PMT did stimulate DNA syn-
thesis in quiescent cultures of these cells, but the higher back-
ground and lower response to PMT made the effect significant
only at quite high PMT concentrations (primary culture: con-
trols, [29.46 3.9]%; 20 ng of PMT per ml, [95.46 4.4]%; after
first passage: controls, [47.8 6 3.8]%; 20 ng of PMT per ml,
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[71.2 6 5.9]%; all values expressed as percent relative mitoge-
nicity compared with 10% FCS).
PMT stimulates osteoblast proliferation. When osteoblasts

were plated at low density and grown to confluence, PMT
accelerated osteoblast growth significantly at every time point
over an 8-day period (Fig. 3A). This was also the case in
confluent or nearly confluent populations which became qui-
escent after 24 h of incubation in serum-free medium. After 72
h of exposure to 5 to 10 ng of PMT per ml, the osteoblast count
had almost doubled (Fig. 3B). After 96 h of proliferation,
osteoblast growth appeared to have reached completion and

the cells had consequently lifted from the surface of the culture
wells. The viability of osteoblasts treated with PMT was as-
sessed by dye exclusion. PMT did not cause necrosis in osteo-
blasts even at PMT concentrations as high as 100 ng/ml (data
not shown). Indeed, over an 8-day period, 20 ng of PMT per ml
maintained the viability of subconfluent osteoblasts slightly
better than in control conditions.
PMT inhibits osteoblast differentiation. The effect of PMT

on osteoblast differentiation was assessed by examining the
expression of various markers. Treatment of confluent or
nearly confluent primary osteoblasts with toxin for up to 48 h
induced a 20 to 25% decrease in ALP activities (Fig. 4). When
the increase in cell numbers was taken into account, it became
clear that ALP activity per cell was much reduced upon toxin
addition (Fig. 4). Even the addition of 1.95 ng of PMT per ml
resulted in a 40 to 50% reduction of ALP expression per
osteoblast.
Another biochemical marker of osteoblast differentiation is

the ability to form mineralized bone nodules in vitro (15).
From observation, it appeared that nodule formation and ini-
tial seeding density had a linear relationship (data not shown).
UMR 106 cells, reported to show a number of osteoblast char-
acteristics (29), showed a dramatic reduction in the levels of
mineralization when PMT was present (Fig. 5A). Both in nor-
mal and supplemented medium, the amount of staining was
reduced in response to PMT in a dose-dependent manner,
reaching approximately 60% and 40% of controls, respectively,
with 11.1 ng of PMT per ml over a 4-day incubation period.
Primary osteoblasts also showed this effect, though to a lesser
degree than UMR cells (Fig. 5B). Over the same time period,
primary osteoblasts incubated with 11.1 ng of PMT per ml
stained approximately 70% and 75% of controls in normal and
supplemented media, respectively.
The expression of the most abundant protein in bone,

namely, type I collagen (45), was also down regulated in re-

FIG. 1. (A) Stimulation of DNA synthesis in three osteoblast-like osteosar-
coma cell lines. Cells were plated onto 35-mm culture wells at a density of 105

cells per well and grown to confluence (7 days) in 2.5 ml of DMEM–10% FCS.
This was replaced with serum-free DMEM-Waymouth medium, 1:1 (vol/vol),
containing 1 ml (0.037 MBq/ml) of [3H]thymidine per ml and a range of PMT
concentrations. After 40 h, DNA synthesis was assessed by measuring the level of
[3H]thymidine incorporated into half of the acid-precipitable material. Control
values were 6.6 6 0.9, 5.1 6 0.9, and 7.0 6 0.3 (105 cpm) for ROS 17/2.8, ROS
25/1, and UMR 106 cells, respectively. (B) Stimulation of DNA synthesis in an
osteosarcoma cell line by thymidine pulsing. ROS 25/1 cells were plated as
described for Fig. 1A. Cells were grown to confluence (7 days), and then serum-
free DMEM was added for 72 h. The medium was replaced with 2 ml of
serum-free DMEM-Waymouth’s medium 1:1 (vol/vol) containing a range of
PMT concentrations. After 40 h, cells were pulsed with 2 ml of [3H]thymidine
(0.037 MBq/ml) per well and cultured for a further 8 h. DNA synthesis was
assessed as described above. Control values were 5.9 6 0.7 (104 cpm). Each
datum point is the mean of determinations of three independent experiments 6
standard deviation. Asterisk, P , 0.05; section sign, P , 0.01.

FIG. 2. Stimulation of DNA synthesis in primary osteoblasts. Primary de-
rived chicken osteoblasts were isolated from embryonic calvariae as described in
Materials and Methods. Cells were grown to confluence in 10% FCS–DMEM (5
to 7 days) or 0.5% FCS–DMEM (48 h). The medium was replaced with 2 ml of
DMEM-Waymouth medium 1:1 (vol/vol) containing 2 ml of [3H]thymidine
(0.037 MBq/ml) and various concentrations of PMT. The osteoblasts were cul-
tured for a further 40 h, and the incorporation of label was measured in the
acid-precipitable material as before. Mitogenicity is expressed as the percentage
of 10% FCS. Control values were (29.4 6 2.5)%. Each datum point is the mean
of determinations of three independent experiments 6 standard deviation. Sec-
tion sign, P , 0.01.
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sponse to PMT. As Fig. 6 shows, the amount of protein rec-
ognized on the blot as type I collagen (approximately 120 kDa)
declined in response to increasing concentrations of the toxin.
However, the expression of osteonectin was not affected by
PMT (Fig. 6). Osteonectin is expressed in a variety of different
cell types but is thought to play a prominent role in the attach-
ment of mineral to collagen in bone (48).
Effect of PMT on cAMP levels and inositol phosphate pro-

duction. Intracellular cAMP is an important secondary mes-
senger in signal transduction systems (41). However, PMT did
not affect the intracellular concentration of cAMP in quiescent
osteoblasts (Fig. 7A). Cholera toxin (CT), an agent known to
increase intracellular cAMP in a variety of cell types (47), did
increase levels in primary osteoblasts. However, the elevation
of cAMP induced by 100 ng of CT per ml was reduced by the
presence of PMT.

The release of inositol phosphates (notably inositol triphos-
phate, IP3) from intracellular stores is another common sec-
ondary messenger often elevated in response to mitogens.
PMT induced a biphasic release of IP3 in primary osteoblasts
with a maximal response in the region of 5 to 10 ng of PMT per
ml (Fig. 7B). IP3 releases were lower as the concentration of
PMT was raised above 10 ng/ml.

DISCUSSION

PMT as a mitogen. We have investigated the interaction of
PMT with primary bone cells, which are potentially a natural
target for PMT. PMT has been shown previously to be a
mitogen for a number of established cell lines (18, 42, 50), but
it was not known whether it would fulfill a similar mitogenic
potential in cultures of primary cells. Osteosarcoma cells have
been useful in previous studies of osteoblasts (37), but they do
not possess all the characteristics of osteoblasts (44). PMT was
mitogenic for these cells, but in view of their transformed
phenotype, the difficulty in obtaining quiescent cells, and the
doubts about their osteoblast characteristics, it was decided to
use primary bone cells. The chicken was chosen as a model for
the preparation of bone cells since (i) it is a widely used source
for the derivation of both osteoblasts and osteoclasts and pro-
tocols are freely available in the scientific literature (40), (ii)
the cells are of embryonic origin and are relatively easy to
maintain, and (iii) the calvariae of the embryonic chicks pos-
sess a thicker layer of potential osteoprogenitor cells than
sources in other species (33).
The results show that PMT stimulated DNA synthesis in

primary osteoblasts at extremely low concentrations in a dose-
dependent manner and led to cell proliferation. The toxin was
also capable of stimulating cells which had been quiesced in
serum-depleted medium. As many of these osteoblasts would
probably be entering interphase before toxin addition, PMT
appeared to stimulate cells to reenter the cell cycle.
Whilst PMT elicits many of the properties of a tumor pro-

moter (18, 42, 46), there is no evidence that the stimulated cells
are transformed. The toxin stimulates prolonged cell turnover
in Swiss 3T3 cells for several passages after its removal from
the culture medium, but the effect is finite (42). Similarly,

FIG. 3. (A) Stimulation of cell proliferation of subconfluent primary osteo-
blasts. Osteoblasts were plated at low density in 24-well culture dishes (see
Materials and Methods) in 10% FCS–DMEM in the presence or absence of 20
ng of PMT per ml. Cell counts were performed every 48 h. (B) Stimulation of cell
proliferation in confluent primary osteoblasts. Osteoblasts were plated at high
density in 24-well culture dishes and grown to confluence (5 to 7 days), in
serum-free DMEM (24 h), and finally in the presence or absence of various
concentrations of PMT in 0.1% FCS–DMEM (72 h). In both graphs, each datum
point represents the means of three independent cell counts 6 standard devia-
tion. Asterisk, P , 0.05; section sign, P , 0.01.

FIG. 4. Effect of PMT on osteoblast expression of ALP. Osteoblasts were
plated in 96-well dishes and cultured for up to 7 days. At day 4, PMT was added
in serial dilutions in triplicate. On day 7, analyses of ALP activities per well were
made. ALP data were presented as a percentage of control. Cell numbers at the
end of the incubation period were counted and used to calculate the concentra-
tion of ALP per cell. Control values were 0.0816 0.012 DEA units per well. Each
bar represents the mean of three independent experiments6 standard deviation.
Asterisk, P , 0.05; section sign, P , 0.01.
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chicken osteoblasts reached a stage after confluence when they
ceased to proliferate and lifted off the culture surface (data not
shown) even in the presence of serum or toxin. The toxin did
not appear to cause cell necrosis even at very high concentra-
tions. Indeed, prolonged exposure to the optimum stimulatory
concentration of PMT (20 ng/ml) actually helped maintain
osteoblasts in a more viable state compared with control cul-
tures.
PMT caused the release of inositols from intracellular stores

in osteoblasts and, as in Swiss 3T3 cells, appeared to act via a
cAMP-independent pathway (42). The toxin may be unique in
its mitogenic action, since most other well-known mitogens
except transforming growth factor b (TGF-b) (i.e., platelet-
derived growth factor [PDGF], FGF, bombesin, etc.) cause the
elevation of intracellular cAMP levels (41). TGF-b, like PMT,
is known to cause a mitogenic effect (accompanied by down-
regulation of osteoblast markers [26]), on responsive osteo-
blasts (53) without any apparent rise in intracellular cAMP

levels (21). PMT actively inhibited the elevation of cAMP by
cholera toxin within 1 h. This effect is puzzling since time
course studies of toxin action show that the shortest time
between toxin addition and detection of the first biochemical
event (namely, the rise in inositol phosphates) is 2 h, presum-
ably for binding, internalization, and processing to take place
(42).
PMT and differentiation. PMT inhibited the surface expres-

sion of ALP, an enzyme which is abundant in the mature
osteoblast phenotype and which is thought to be very impor-
tant in the formation of calcified bone. Although not exclu-
sively confined to osteoblasts, ALP is more abundant in this
cell type than any other (2).
Another late differentiation parameter of osteoblast devel-

opment is the ability to form calcified nodules in vitro. It has
been estimated that only about 0.3% of isolated calvarial cells
are osteoprogenitor cells, each of which develops into a nodule
without need for the cooperativity of surrounding cells (44).
One of the problems of using primary bone cells in this man-
ner is the heterogeneity of the resultant culture. Nodules rep-
resent groups of fully mature, active bone cells (about 100 per
nodule) and are surrounded by cells of less well defined phe-
notypes (2). Nodules consist of cells rich in ALP which con-
stitutively deposit mineral in the form of poorly crystallized
hydroxylapatite. The deposition of mineral in vitro was also
inhibited by PMT, and the number and size of actively miner-
alizing nodules found in PMT-treated wells were significantly
reduced, despite having greater cell numbers. The expression
of type I collagen, which constitutes .95% of total bone col-
lagen, was also down-regulated in response to PMT. This pro-
tein is usually optimally expressed in the early proliferative
phase of osteoblast maturation (44). Thus PMT simultaneously
inhibits the secretion of the protein which comprises the major
structural components of the bone matrix and inhibits the
deposition of mineral in vitro. These effects are likely to have
a very negative effect on the ability of osteoblasts to form fully
functional bone.
The protein osteonectin and/or its mRNA are detected in

several nonbone tissues, but osteonectin only accumulates in
bone in appreciable quantities (48), though its function is not
fully understood (4). The expression of osteonectin mRNA
occurs in both proliferating and nonproliferating bone cells
and is not unduly affected by growth factor-like activity (11).
For example, stimulation of quiescent Swiss 3T3 fibroblasts by
FGF does not affect osteonectin expression (3). Osteonectin
expression was not altered in response to the mitogenic stim-
ulation of the osteoblasts with PMT.
These results indicate that PMT, while promoting osteoblast

FIG. 5. (A) Effect of PMT on the mineralization of UMR 106 osteosarcoma
cells. UMR 106 cells were plated in 96-well dishes in 10% FCS–DMEM. PMT
was added in triplicate at day 4. At day 7, the monolayers were fixed and stained
with 2% alzarin red (pH 4.2) for 5 min. The degree of mineralization was
assessed by reading A492. (B) Effect of PMT on the mineralization of primary
osteoblasts. Osteoblasts were plated in 96-well dishes in 10% FCS–DMEM, and
PMT was added in triplicate at day 4. After fixation, the osteoblasts were stained
with alzarin red and mineralization was assessed as described above. Each bar
represents the mean of three independent experiments 6 standard deviation.
Asterisk, P , 0.05; section sign, P , 0.01.

FIG. 6. Effect of PMT on expression of type I collagen and osteonectin.
Osteoblasts were plated at 2 3 105 cells per well in 24-well dishes and grown to
confluence (5 days). The medium was replaced with 0.1% FCS–DMEM (24 h)
before the addition of 0 (lane 1), 1 (lane 2), 5 (lane 3), 10 (lane 4), 50 (lane 5),
and 100 (lane 6) ng of PMT per ml for 3 days. Following SDS-PAGE and
Western blotting, the expression of type I collagen (a) and osteonectin (b) was
assessed (see Materials and Methods). Numbers on left indicate relative molec-
ular mass (in kilodaltons).
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proliferation, halts osteoblast differentiation at a preosteoblas-
tic stage and thereby inhibits terminal differentiation to func-
tional osteoblasts. In many ways, its effect on cell differentia-
tion is typical of a potent mitogen. Osteoblasts possess
receptors for several well-known mitogens such as PDGF,
FGF, and epidermal growth factor (EGF). Both aFGF and
bFGF stimulate osteoblast proliferation but strongly inhibit
ALP activity and collagen production (6, 16). Similarly, EGF
stimulates osteoblast proliferation, inhibits ALP activity and
collagen synthesis, and promotes expression of collagenase (17,
32). PDGF increases osteoblast DNA synthesis, but the syn-
thesis of type I collagen is also increased (7). In general, potent
growth factors promote osteoblast proliferation but strongly
inhibit differentiation. Our results show that PMT is another
tool with which to study differentiation in this system.
PMT and bone resorption. Bone loss is a feature of several

diseases, most notably osteoporosis (19). In theory, bone loss
could be due to the failure of osteoblasts to lay down bone,
increased resorption by osteoclasts, or both. Many of the bet-
ter-known osteotrophic molecules, notably PTH, appear to
cause bone resorption by the initial dedifferentiation of osteo-
blasts followed by the modulation of osteoclast activity. PTH,
for example, also inhibits ALP expression and nodule forma-
tion and promotes production of collagenase and other pro-
teases not normally expressed by mature osteoblasts (28). This
has the effect of eroding the protective osteoid layer surround-
ing bone, allowing access for osteoclasts at the bone surface.
Such dedifferentiated cells also produce prostaglandins, pros-
tacyclins, and a number of unknown protein factors reported to
be responsible for the activation of osteoclast resorption (54).
Previous studies with PMT and bone have shown that the

toxin stimulates bone resorption, with an increase in osteoclast
activity, but did not show a role for osteoblasts and were
unable to exclude a potential role for other cell types in the
nasal cavity or identify the target for PMT (14, 22). We have
shown that PMT directly affects osteoblast function, where, as
with Swiss 3T3 fibroblasts (42), the principal action of PMT
appears to be the stimulation of cell growth. Indeed the inter-
conversion of the osteoblast and fibroblast phenotypes has
been postulated in several papers (26, 33), and the formation
of fibrous tissue instead of bone has also been reported in AR
(19). It may be that PMT causes an inhibition of normal os-
teoblast development, promoting a preosteoblast-fibroblast
population incapable of forming a normal bone matrix. This
may play a role in the development of AR, but it is reasonable
to assume that there will be other contributory factors, notably
the control of osteoclast behavior (and therefore resorption)
by osteoblasts. The production of second messengers by osteo-
blasts, the stimulation of mature osteoclasts, or the recruit-
ment of osteoclast precursors may all be routes by which PMT
can effect resorption (22). Growth factors such as PDGF and
EGF are known to stimulate resorption indirectly via osteo-
blasts by a prostaglandin-mediated mechanism (7, 49). Wheth-
er PMT has a similar effect on osteoblast-osteoclast interac-
tions remains to be elucidated.
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