
American Journal of Pathology, Vol. 129, No. 3, December 1987
Copyright © American Association of Pathologists

Retrovirus-Induced Osteopetrosis in Mice
Effects of Viral Infection on Osteogenic Differentiation in
Skeletoblast Cell Cultures
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Newborn female strain NMRI mice were injected with
a mouse retrovirus (OAMuLV) known to induce osteo-
petrosis. Primary skeletoblast cell cultures were estab-
lished from humeri and calvaria of 3-day-old, 7-day-
old, and 28-day-old animals. Infectious ecotropic
MuLVwas found in all humerus cultures from infected
animals and in 7-day and 28-day calvaria cell cultures.
Levels of alkaline phosphatase activity were markedly
higher in cultures of calvaria and humeri from in-
fected mice than in those from controls. In vitro infec-
tion of undifferentiated periosteal cells was followed
by a decrease in cell growth and an increase in alkaline
phosphatase activity. In contrast, differentiated os-

RECENTLY we isolated a murine leukemia virus,
OA MuLV, from spontaneous osteomas in strain 101
mice,' which induces osteopetrosis, osteomas, and
lymphomas after a latent period of6-12 months. Sev-
eral authors have observed that murine and avian
leukemia viruses are capable of inducing skeletal
changes such as new bone formation,2'3 osteopetrosis,
and osteomas.±8 The precise role played by retrovir-
uses in the development ofthese skeletal anomalies is
not yet clear, but it has been suggested that infection
ofosteoprogenitor cells may alter their differentiation
program, leading to higher osteoblastic activity and
increased cell growth.9-'2

In previous studieswe reported on virus production
in osteoblasts and osteocytes in skeletal tissue ofOA
MuLV-infected newborn mice within 4 weeks after
infection.'3 Here we report the results of an in vitro
investigation using primary skeletoblast cell cultures
from OA MuLV-infected osteopetrosis-prone mice
and uninfected control mice.
The results suggest that OA MuLV primarily in-

fects less differentiated precursor cells of the osteo-
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teoblast-like cells were barely susceptible to OAMuLV
infection, and the virus did not influence their cell
growth or differentiation. Electron-microscopic stud-
ies of skeletal tissue from infected old osteopetrotic
mice showed virus particles associated with and bud-
ding from osteocytes and accumulated in devitalized
osteocyte lacunae. The results indicate that progenitor
cells of the osteoblastic lineage represent the target
cells for OA MuLV in bone tissue, that virus infection
induces an increase in osteoblastic activity, and that
infected cells produce virus until full development of
the disease. (AmJ Pathol 1987, 129:503-510)

blastic lineage, that infection induces increased ex-
pression of osteoblastic markers, and that infected
cells produce virus until development of osteope-
trosis.

Materials and Methods
Virus

OA MuLV was isolated from spontaneous os-
teomas in Strain 101 mice, cloned by three cycles of
end-point dilution and further propagated in NIH
3T3 fibroblast cells. The biologic and molecular char-
acterization of OA MuLV has been described else-
where.1"14 Fresh virus suspensions were filtered
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through 0.22-,u Millipore filters before use. The virus
titer was 1 X 105-5 X 106 infectious particles/ml.

Animals

Newborn female NMRI mice were obtained from
the breeding colony of the Institut fur Biologie, GSF.
Fifteen newborn mice were given intraperitoneal in-
jections of 2 X 105 infectious virus particles of OA
MuLV (in 0.1 ml). Fifteen control littermates were
injected with the same volume of Dulbecco's mini-
mum essential medium (DMEM). Five infected and 5
control mice were killed 3, 7, and 28 days after injec-
tion. The spleens, humeri, calvaria, femurs, and lum-
bar vertebrae were removed aseptically and treated as
described below. For long-term pathogenicity studies,
12 OA MuLV-infected and 14 control mice were
checked on 6 days of the week over a maximum ob-
servation period of2 years. Animals were killed when
moribund and autopsied. Pathologic findings were
evaluated as described previously.'

Cell Cultures

Humeri and calvaria were placed in cold medium,
and single-cell suspensions were prepared for cell cul-
tures. Humeri from 5 infected and 5 control mice
were cleaned, freed from adherent connective tissue
and muscle, pooled, and minced with scissors in 2 ml
ofDMEM. Tissues were digested three times (20 min-
utes each digest) at 37 C with trypsin/EDTA (0.05%/
0.025%) in phosphate-buffered saline. After each di-
gestion the released cells were collected by cen-
trifugation, resuspended in DMEM, and seeded into
35-mm Petri dishes. The cells were cultured in
DMEM and 10% fetal calf serum (FCS) GIBCO,
Karlsruhe, FRG). Calvaria cells were obtained by
fractionated dissociation (three times for 20 minutes
each) in isotonic salt solution containing 0.2% colla-
genase (Sigma Chemical Co., St. Louis, Mo) and 0.1%
hyaluronidase (Sigma). Cells obtained following each
digestion (Fractions 1-3) were seeded into 60-mm
Petri dishes and cultured in BGJ/b medium (GIBCO)
with 10% FCS. NIH 3T3 mouse fibroblast cells and
CCL-64 mink cells were cultured in DMEM and used
to check for the presence of infectious virus particles
in the supernatant of the humerus cell cultures.
Primary cultures of periosteal cells were prepared

by scraping off the periosteal and endosteal cell layer
ofcalvaria from untreated newborn NMRI mice, dis-
sociating the cells as described above, and seeding
them at a density of 10,000 cells/sq cm into 60-mm
Petri dishes. Primary cultures of osteoblastlike cells
were prepared by culturing the Fraction 2 cells (see

above) obtained after dissociating the remaining part
of the calvaria. The cells were cultured in DMEM
supplemented with 10% FCS. All cell cultures were
incubated in a humidified atmosphere with 5% CO2.
The medium was changed at 3-day intervals. Cell
counts were carried out in a Coulter Counter Model
ZM (Coulter Electronics, Hialeah, Fla).

Virus Detection

The presence of viral core protein p30 was used as a
marker of virus infection in the cell cultures. The p30
was identified by the indirect immunoperoxidase
method (IIP) as described by Nex0'5 with anti-OA
MuLV p30 antibody raised in rabbits. Endogenous
peroxidase activity was eliminated by preincubation
with 0.005% H202 in methanol (30 minutes, room
temperature). The level of infection was determined
either by counting the number of infectious centers
per dish or by dividing the number of p30-positive
cells by the total cell number in 10 random areas of
the culture dishes. These areas were limited by a rec-
tangular field superimposed on the cells by a photo-
tubus lens in an inverted Leitz microscope. The cells
were counted at 1 25X magnification. The presence of
infectious MuLV in humerus cell cultures was deter-
mined in NIH 3T3 mouse fibroblast cells and CCL-64
mink cells after treatment with cell-free humerus cell
culture supernatants for 24 hours.

Alkaline Phosphatase (ALP) Determination
The effect of virus infection on osteoblastic differ-

entiation in vitro was investigated in first-passage cells
with ALP as a marker. The monolayers were washed
with cold phosphate-buffered saline (PBS), fixed (10
minutes) with cold buffered formaldehyde (4%),
washed with PBS (3X), and incubated in a substrate
solution containing naphthol-AS-MX phosphate
(Sigma) dissolved in dimethylformamide (1%, wt/
vol), and fast blue BB salt (Serva, Heidelberg, FRG)
buffered with Tris-HCl (50 mM, pH 8.3, 0.1%, wt/
vol). ALP-positive cells were determined quantita-
tively. Polyclonal antibody to the bone-liver-kidney-
specific isoenzyme of ALP isolated from the rat
osteoblastic osteosarcoma cell line ROS 17/2.816 was
a generous gift from Dr. G. A. Rodan, MSD, West
Point, Pennsylvania. NIH 3T3 fibroblast cells and
cryostat sections of rat kidney were used as controls.
For quantitative determination of specific ALP ac-

tivity the cells were washed with PBS, scraped offwith
a rubber policeman in 25041u ofTris-HCl (50 mM, pH
9.8), and stored at -20° C. Before the ALP assay the
samples were thawed and the cells disrupted on a
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Vortex. The assay was carried out according to
Mossner et al.17 Briefly, 20 ,ul of the homogenates
containing 0.1% Triton X-100 were mixed with 180
,l ofsubstrate solution (diethanolamine, 1 M, pH 9.8;
MgCl2, 0.5 mM; p-nitro-phenylphosphate, 15 mM).
Serial dilutions ofALP (Type VII-NLA, Sigma) were
used as standard. The assay was carried out in ELISA
microtiter plates (Dynatech, Niirtingen, FRG). After
incubation for 20 minutes at room temperature, the
test was measured in an SLT 210.2 ELISA reader
(Salzburg Electronic Industries, Salzburg, Austria) at
404.7 nm. The protein content in the samples was
determined by a dye binding assay described by Spec-
tor'8 using Coomassie brilliant blueG (Serva) in phos-
phoric acid. Twenty microliters of the samples were
mixed with 230 ,ul ofthe dye reagent in ELISA micro-
titer plates and the test measured at 577 nm as de-
scribed above. Bovine serum albumin (Sigma) in PBS
was used as standard.

Electron Microscopy

Sections offemora from infected osteopetrotic and
14-month-old control mice were prepared as de-
scribed elsewhere in detail19 and scanned in a Zeiss
EM 1OCR electron microscope.

Results
Skeletoblast Cell Cultures From Mice Infected
as Newborns

Separate monolayer cultures were established from
each ofthe three fractions obtained after fractionated
trypsinization (three times for 20 minutes each) ofthe
pooled and minced humeri and calvaria from in-
fected and control mice at the three selected time
points, with the exception ofcalvaria from 28-day-old
mice. The latter were dissociated individually, but
cultures could only be established from Fraction 1
cells. The cultures varied in morphologic features.
Fraction 1 cells were predominantly fibroblastic,
Fraction 3 cells predominantly epitheloid, and Frac-
tion 2 cells a mixture ofthe types in Fractions 1 and 3
(Figure 1A and B). The number of differentiated os-
teoblastlike cells increased in both humerus and cal-
varia cell cultures from Fraction 1 to Fraction 3. This
was shown by an increase in the number of epithe-
loid-cuboidal cells with high alkaline phosphatase
(ALP) activity (Figure IC and D). The specific alka-
line phosphatase activity in cell lysates from Fractions
1 to 3 of 7-day humeri was also lowest for Fraction 1
cultures and highest for Fraction 3 cultures (Table 1).
The cell cultures established from humeri 3, 7, and

28 days after infection showed expression ofviral p30
protein with approximately 40 infectious centers per

dish. Little variation was observed between cultures
established from different cell fractions. Infectivity
studies using NIH 3T3 (ecotropic virus) cells and
CCL-64 mink (xenotropic virus) cells revealed the
presence of infectious ecotropic viruses in the super-
natants harvested from all fractions of humerus cells
established from infected mice. Because NMRI mice
do not harbor endogenous ecotropic proviral se-
quences,'4 this indicates replication ofthe OA MuLV
injected at birth.

Viral p30 protein expression was detected in the
calvaria cultures established 7 and 28 days after infec-
tion but not in those established 3 days after infection
or from controls. At Day 7 after infection about 60%
of the cells in Fraction 1 cultures were p30-positive,
about 30% of cells in Fraction 2 cultures, but only
about 5% in Fraction 3 cultures.
The effect ofOA MuLV on cell growth was investi-

gated by determining the total protein content ofthe
culture dishes from 7-day humeri. Growth of Frac-
tion 1 and that of Fraction 2 cells from the infected
and control groups was very similar. However, Frac-
tion 3 cells from infected mice showed markedly re-
duced growth in comparison with those from control
mice (Table 1).
The effect ofOA-MuLV on osteogenic differentia-

tion was investigated with alkaline phosphatase activ-
ity, determined histochemically and quantitatively,
as a marker. Increasing numbers ofALP-positive cells
were observed in parallel with increasing cell fraction
number in 7-day-old humerus cultures from both in-
fected and control mice. In Fraction 1, only a few cells
showed ALP activity, whereas in Fraction 3, 5% ofthe
cells showed moderate to high ALP expression.
Quantitative analysis showed the increase in ALP ac-
tivity to be considerably more marked in the cultures
from infected animals. Whereas Fraction 1 cells from
both control and infected mice had specific activities
of less than 0.01 U/mg protein, Fraction 2 cells had
specific activities of 0.01 and 0.04 U/mg protein, and
Fraction 3 cells specific activities of 0.03 U/mg and
0.08 U/mg, respectively (Table 1).
A similar increase in the number of ALP-positive

cells from Fraction 1 to Fraction 3 was observed in
calvaria cultures from 7-day-old mice. Quantitative
analysis of ALP activity was determined in pooled
samples ofFraction 1-3 cells. The specific ALP activ-
ity in cultures from controls was 0.043 U/mg protein,
and in those from infected mice, 0.146 U/mg protein.

In Vitro Infection of Skeletoblast Cell Cultures

Subconfluent osteoblast precursor cells (periosteal)
and osteoblastlike cells obtained from calvaria ofun-

Vol. 129 * No. 3



506 SCHMIDT ET AL

Figure 1-Morphology and ALP activity staining of Fraction 1 (A and C) and Fraction 3 (B and D) cell cultures established from mouse calvaria. Fraction 1 (A)
and fraction 3 (B) cells were cultured for 4 days, fixed with ethanol and stained with Giemsa solution (10%, 10 minutes). Parallel cell cultures (C and D) were fixed
with acetone/methanol (1 :1, -20 C), incubated with rabbit antibody to the bone-liver-kidney-specific isoenzyme of ALP, horseradish-labeled goat anti-rabbit
antibody, and 4-chloro-2-naphthol substrate. Note the strong reaction along the cell membranes in D. (X250)

treated newborn mice were infected with serial dilu-
tions of OA MuLV. The periosteal cultures, which
contained few ALP-positive cells, showed a high level
of infection (Table 2, Figure 2A and C); whereas the
cultures ofosteoblastlike cells, with a high number of

Table 1 -ALP Activity in Cell Cultures Established From Humeri
7 Days After Infection of Newbom NMRI Mice

Humerus cell cultures

Protein content ALP activity
(ug/p35 dish)* (U/mg protein)

Control mice
Fraction 1 cells 112.5 <0.01
Fraction 2 cells 275 0.01
Fraction 3 cells 650 0.03

Infected mice
Fraction 1 cells 136 0.01
Fraction 2 cells 319.5 0.04
Fraction 3 cells 150 0.08

*Specific ALP activity and protein content were determined in duplicate
cultures (mean of duplicate assays).

ALP-positive cells, were only slightly infected (Figure
2B and D).

Periosteal and osteoblastlike calvaria cell cultures
were infected with OA MuLV, passaged once, and
reinfected after attachment ofthe cells and twice later
at 6-hour intervals. This protocol impaired cellular
differentiation, increased the susceptibility to virus
infection, and resulted in homogeneously infected
periosteal and osteoblastlike cell cultures, as shown
immunohistochemically with anti-OA MuLV p30

Table 2-Infectivity of OA MuLV in Primary Periosteal and
Osteoblastlike Cell Cultures

Virus titer
(infectious
particles/ml)

8 x 105
8X103
8 x 101

% cells infected*

Periosteal Osteoblastlike
cell culture cell culture

NT
10.7 ± 1.6
6.9 ± 1.6

5.6 ± 2.5
1.1 ±0.5
0.2 ± 0.4

*See Table 3 legend. NT, not tested.
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Figure 2-Reciprocal relationship between osteogenic differentiation and virus infection in penosteal and osteoblastlike cells. A and B- ALP activity
(histochemistry) in periosteal cells (A) and osteoblastlike cells (B) in 10-day-old cultures. C and D- OA MuLV infection of periosteal cells (C) and
osteoblastic cells (D). Cells were infected with OA MuLV and immunolabeled with anti-OA MuLV p30 antibody 24 hours later. (Xl 25)

antibody (data not shown). A fourfold increase was
observed in the number of ALP-positive cells in the
infected periosteal cell cultures; the specific ALP ac-
tivity was also higher than in uninfected, control cells,
particularly after 5 days in culture (Figure 3). The
number ofALP-positive cells in the osteoblastlike cell
cultures remained constant (Table 3). Cell growth of
infected periosteal cells was reduced to a level compa-
rable to that of the differentiated osteoblastlike cells
(Figure 4).

Long-Term Pathogenicity of OA MuLV

After an observation period ofup to 24 months, 7 of
12 infected mice developed roentgenographically de-
tectable osteopetrosis in lumbar vertebrae, os ilium,
or the femurs, and 2 mice developed histologically
detectable osteopetrosis in lumbar vertebrae. No
comparable osseous lesions were found in the 14
mock-treated controls. These results were similar to
those in previous investigations."'4
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Figure3-ALP activity in cell homogenates of control and OA MuLV-infected (100%) periosteal (a) and osteoblastlike (b) cell cultures. Bars represent meansof
quadruplicate determinations ±SD. Open bars, controls; hatched bars, OA MuLV-infected cells.
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Table 3-ALP Activity in Control and OA MuLV-lnfected
Periosteal and Osteoblastlike Cell Cultures

Cell culture ALP-positive cells (%)*

Periosteum, control 3.6 ± 0.8
Penosteum, infected 12.3 ± 3.1
Osteoblastlike, control 16.0 ± 4.6
Osteoblastlike, infected 14.0 ± 6.8

*Quantitative analysis was carried out in random areas of Petri dishes.
Figures represent means of 10 determinations ± standard deviation.

Electron Microscopy

Immature and mature C-type virus particles were

found associated with osteocytes in the distal femurs
of osteopetrotic mice. Virus was observed budding
from the membranes of osteocytes, and large num-
bers of mature and pleomorphic virus particles were
also found accumulated in devitalized osteocyte lacu-
nae within osteopetrotic tissue. Virus particles were
not observed in bone tissue from the control mice
(Figures 5A and B).

Discussion

Osteopetrosis is a general description of a disease
associated with the excessive production ofnew bone
tissue or decreased resorption of bone tissue. So far,

E

C3

1 3 5 7 10 1 3 5 7 10
days

Figure 4-Growth of control and OA MuLV-infected (100%) periosteal (a)
and osteoblastlike (b) cells; 10 cells were seeded in multiwell dishes (Nunc).
Medium was changed at 3-day intervals. Data represent mean of quadrupli-
cate determinations ± standard deviation. V A, control cells; V A, OA
MuLV-infected cells.

two essentially different forms have been de-
scribed.2>24 The inherited form, observed in mutant
mice and rats, is primarily caused by impairment of
osteoclasis with phenotypically altered osteoclasts,
followed by reduced remodeling during bone growth
and disfigurement of the normal osseous form and
architecture.23'25 The second form is induced by the
avian retrovirus MAV-2(0) and is characterized by
the displacement of the medullary cavity of long
bones with newly synthesized and appositionally de-
posited compact bone, apparently as a consequence
of osteoblast infection.8'9"'l The OA MuLV-induced
osteopetrosis appears to be similar to the second form.
Our ultrastructural analysis shortly after infection of
newborn mice showed virus expression exclusively in
osteoblasts and osteocytes,13 suggesting that cells of
this lineage represent primary targets in skeletal tis-
sue. Virus infection in chicken is thought to affect the
functional properties of osteoblasts and osteocytes,24
and it seems likely that a similar mechanism is in-
volved in osteopetrosis induction in mice by OA
MuLV. This hypothesis was tested in skeletal cell cul-
tures established from neonatally infected mice and
in primary cell cultures from bone tissue infected in
vitro.

Late fractions of sequentially dissociated mouse
calvaria have been reported to exhibit osteoblastic
properties.26-28 This was confirmed in our experi-
ments, in which a high expression of alkaline phos-
phatase, the marker enzyme for differentiated osteo-
blasts,27'29 was found in cells of Fraction 3 cultures
from humeri and calvaria. These cells also reacted
strongly with the antibody to the bone-liver-kidney-
specific isoenzyme of ALP. ALP activity in humerus
and calvaria cultures established from infected mice
was considerably higher than that in cultures from
control mice, indicating a specific enhancement of
osteoblastic activity as a consequence of viral infec-
tion. This increase in osteogenic differentiation was
also associated with a lower protein concentration in
the cultures ofthe infected cells, indicative ofreduced
cell growth.30
The undifferentiated osteoblast precursor cells in

Fraction 1 cultures from calvaria from infected ani-
mals showed a higher proportion of virus-infected
cells than did the differentiated osteoblast-like cells in
Fraction 3. Thus, undifferentiated osteoblast precur-
sor cells seem likely to represent the primary target
population forOA MuLV in skeletal tissue. The ultra-
structural evidence of virus production by osteocytes
in osteopetrotic tissue from 14-month-old infected
mice suggests the maintenance of the osteoinductive
effect of the virus in the bone matrix-producing cell
until full development of the disease.
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Figure 5-Distal femur from a 1 4-month-old infected mouse with osteopetrosis. A-Osteocyte in lacuna filled with pleomorphic immature and mature virus
particles. (Xl 7,800) B-Detail of A showing budding, immature, and atypical mature virus particles. (X52,400)

In vitro infection of primary periosteal and osteo-
blastlike cell cultures established from calvaria of
newborn NMRI mice supported the findings ob-
tained following in vivo infection. The infection rate
in periosteal cells was higher than that in osteoblast-
like cells, further supporting the observation of a re-
ciprocal relationship between osteoblastic differen-
tiation and susceptibility to virus infection. A similar

effect has been observed in permanent cultures of
differentiating rat and mouse osteoblastic cell cul-
tures.3' Further, infection of periosteal cells was fol-
lowed by a reduction in cell growth and an increase in
phenotypic marker expression, indicating the induc-
tion of higher osteoblastic activity.
The functional role ofOA MuLV in osteopetrosis

induction is not yet clear. It appears, however, that

Vol. 129 * No. 3

PO%

_. _



510 SCHMIDT ET AL AJP * December 1987

osteoblast precursor cells are primarily infected and
are induced to differentiate more rapidly, as shown by
an increase in their expression ofphenotypic markers.
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