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This study addressed the role of impairment of os-
teoblastic differentiation as a mechanism underly-
ing pathophysiology of the osteogenesis imperfecta
(OI). We hypothesized that combination of im-
paired osteogenic differentiation with increased
bone resorption leads to diminished bone mass. By
introducing visual markers of distinct stages of osteo-
blast differentiation, pOBCol3.6GFP (3.6GFP; preosteo-
blast) and pOBCol2.3GFP (2.3GFP; osteoblast/osteoc-
ytes), into the OIM model, we assessed osteoblast
maturation and the mechanism of increased osteoclas-
togenesis. Cultures from oim/oim;2.3GFP mice showed
a marked reduction of cells expressing GFP relative to
�/�;2.3GFP littermates. No significant difference in ex-
pression of 3.6GFP between the �/� and oim/oim mice
was observed. Histological analysis of the oim/oim;
3.6GFP mice showed an increased area of GFP-positive
cells lining the endocortical surface compared with
�/�;3.6GFP mice. In contrast GFP expression was sim-
ilar between oim/oim;2.3GFP and �/�;2.3GFP mice.
These data indicate that the osteoblastic lineage is under
continuous stimulation; however, only a proportion of
cells attain the mature osteoblast stage. Indeed, imma-
ture osteoblasts exhibit a stronger potential to support
osteoclast formation and differentiation. We detected a
higher Rankl/Opg ratio and higher expression of TNF-�
in sorted immature osteoblasts. In addition, increased
osteoclast formation was observed when osteoclast pro-
genitors were cocultured with oim/oim-derived osteo-
blasts compared with osteoblasts derived from �/�
mice. Taken together, our data indicate that osteoblast

lineage maturation is a critical aspect underlying the
pathophysiology of OI. (Am J Pathol 2010, 176:2405–2413;

DOI: 10.2353/ajpath.2010.090704)

Osteogenesis imperfecta (OI) is a genetic disorder re-
sulting in most cases from a mutation within one of the
genes that encode a collagen chain. This can cause
underproduction of a normal collagen molecule or secre-
tion of a defective collagen chain that can be the basis of
a disorganized and weakened matrix. Histological stud-
ies were performed to understand the bone response to
the underlying genetic defect. A state of high bone turn-
over in the human OI was observed especially in the
more severe types of OI (type III and IV).1,2 Although the
bone formation rate was higher in patients with OI, this was
achieved by recruiting an increased number of osteoblasts.
This histological finding would suggest that the bone forma-
tion rate per osteoblast is significantly lower in OI.1 Thus a
cellular consequence of OI can be viewed as a limitation of
bone forming activity at the per cell level that is compen-
sated by a generalized activation of the lineage to produce
a greater number of osteoblastic cells. Mesenchymal stem
cells that reside within the bone marrow represent a major
source of osteoblasts.3,4 Therefore, a mouse primary mar-
row stromal cell culture is a model most closely resembling
the in vivo conditions and would allow the analysis of the
osteoprogenitor cells ability to differentiate.5–7

To address these questions we crossed the oim/oim
mouse with transgenic mice developed to identify different
stages of osteoblastic differentiation. A visible marker was
used to generate transgenic mice in which fragments of rat
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type I collagen promoter are used to drive green fluorescent
protein (GFP) expression; (pOBCol3.6GFP contains 3.6-kb
and pOBCol2.3GFP uses 2.3-kb region of rat Col1a1 pro-
moter8). In marrow stromal cell cultures pOBCol3.6GFPtpz-
positive cells first appeared at an early stage of differentia-
tion, before nodule formation, while pOBCol2.3GFPemd
fluorescence first appeared in nodules undergoing miner-
alization. These findings suggest that Col1a1GFP trans-
genes are marking different subpopulations of cells during
differentiation of skeletal osteoprogenitors.8,9 To study the
biology of OI as an in vitro model that would closely resem-
ble in vivo state we have established cultures of primary
bone marrow stromal cells derived from all �/� and oim/
oim mice.

In parallel to the activation of the osteoblast lineage in
the oim/oim mice, the number of the osteoclasts has also
been increased. In addition to increased number of os-
teoclasts/bone area, an increase in excretion of free DPD
in urine was observed in oim/oim mice.10 A recent study
by Zhang et al reported that osteoclasts in cultures de-
rived from oim/oim mice have larger diameter, greater
number of nuclei per cell, and more F-actin rings com-
pared with �/� osteoclasts. They also exhibited greater
resorptive activity than osteoclast derived from �/�
mice.11 Regulation of osteoclast precursor commitment
and osteoclastic activity is indirectly regulated by the
osteoblast lineage cells through the expression of the
receptor activator of NF-�B ligand (Rankl) and osteopro-
tegerin (Opg).12,13 In the case of OI, if much of the
osteoblast lineage does not reach the stage of full differ-
entiation this could be the underlying mechanism behind
the higher induction and activity of the osteoclast lineage
and the mechanism causing high bone turnover. Using
previously described models, oim/oim and Col1a1GFP
transgenic mice, we performed an evaluation of the in
vitro and in vivo differentiation ability of osteoprogenitor
cells in the oim/oim mice. We evaluated the osteoclast
inductive potential of the osteoblasts derived from oim/
oim mice and the ability of osteoblast lineage cells at
different stages of maturation to support osteoclastogen-
esis. These analyses provide new insights into the mech-
anisms by which the genetic mutation causes a severe
bone phenotype in the osteogenesis imperfecta murine
(oim).

Materials and Methods

Mice, Breeding, and Genotyping

The original mouse strain that carries the oim mutation
(frameshift mutation in the C-terminal propeptide) is
maintained in the B6C3Fe-a/a (C57BL/6JLe X C3HeB/
FeJLe) hybrid background as described by Chipman et
al.14 Mice heterozygous for the mutation (oim/�) were
bred with pOBCol3.6GFP or pOBCol2.3GFP mice, both
of which are CD-1 strains. GFP transgene was introduced
as homozygous and experimental mice were littermates
obtained by breeding oim/�; GFP/GFP mice. The geno-
typing of mice was performed using the PCR method
previously described by Saban et al.15

Preparation of Sections for Histological Analysis

The preparation and histological evaluation of frozen sec-
tions was performed as described previously.16 Briefly,
femurs from 3-month oim/oim and wild-type mice were
fixed in 4% paraformaldehyde for 3 days followed by
decalcification in 14% EDTA for 3 to 4 days. The tissues
were soaked overnight in 30% sucrose/PBS. These pro-
cedures were carried at 4°C under constant agitation.
Samples were embedded in Frozen Embedding Medium
(Thermo Shandon, Pittsburgh, PA) at �70°C and 5-�m
full-length sections in the middle of the tissue marked by
the central vein were collected with the assistance of the
CryoJane tape transfer system (Instrumedics Inc., Hack-
ensack, NJ).

Photography and Quantification of Fluorescent
Microscopy Images

Acquisition and quantification of florescent images from
tissue cultures or histology sections of mouse femurs
were described in detail in previously published re-
ports.16,17 Images were taken under computerized Zeiss
Axiovert 200 microscope (Carl Zeiss, Thornwood, NY)
operated by Openlab software (Improvision, Lexington,
MA). A macro language was used to generate composite
images of whole longitudinal bone or 63% of the 35-mm
culture dish in a reproducible manner. Fluorescent ex-
pression of pOBCol3.6GFP and pOBCol2.3GFP was re-
corded using dual FITC/Texas red fluorescent filter cube.
Quantification was done by analysis of independent GFP
calculations generated for each sample in the metaphy-
seal region. The metaphyseal region was described as a
800-um boxed area located 2 mm distal to the growth
plate. GFP images were analyzed using Openlab soft-
ware by thresholding based on intensity values. The
Openlab density slice function was used to generate
binary maps of the selected GFP� populations. Green
fluorescence was scored positive over background if it
had a level of 20 to 255 intensity units. The raw data were
exported to Excel to quantify GFP expression.

Mouse Marrow Stromal Cultures, Northern Blot,
and Histochemical Analysis of Cultures

Three-month- and twelve-month-old oim/oim mice and
wild-type littermates were sacrificed by CO2 asphyxia-
tion. Marrow stromal cell cultures (MSCs), RNA extrac-
tion, and histochemical staining of the cultures were car-
ried using a previously described procedure.8 Briefly, for
MSCs, the epiphyseal growth plates were removed and
marrow was collected. The cells were plated at a density
10 � 106 cells per well in 6-well culture plates. On day 4,
half of the medium was replaced with fresh �MEM; from
day 7, total medium was changed into differentiation
medium (�MEM freshly supplemented with 50 �g/ml
ascorbic acid, 10�8 M dexamethasone and 8 mmol/L
�-glycerophosphate). Medium was changed every two
days for the duration of the experiment.
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Total RNA was extracted from cultures using TRIzol
Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. RNA pellets were redis-
solved in GTC buffer and further precipitated in isopro-
panol. 15 �g of RNA was separated on a 2.2 M formal-
dehyde/1% agarose gel and transferred onto a nylon
membrane. Membranes were probed with (32P)dCTP
labeled rat Col1a1, mouse OC, and BSP cDNA.8 The
X-ray films were exposed and intensity of autoradiogra-
phy signals was obtained using “Gene Tools” software
(Syngene, Frederick, MD). ALP activity staining was per-
formed by using a commercially available kit (86-R Alka-
line phosphatase, Sigma Diagnostics Inc., St. Louis, MO)
according to the manufacturer’s instructions.

Coculture of Osteoblast and Osteoclast
Progenitor Cells

Calvarial osteoblast were isolated from 7-day-old oim/oim
neonatal mice or wild-type littermates using a modifica-
tion of the method described by Wong and Cohn.8,18

Calvaria were subjected to four sequential 30-minute di-
gestions in an enzyme mixture containing 0.05% trypsin
and 1.5 U/ml collagenase P (Roche Diagnostic Inc., In-
dianapolis, IN) at 37°C. Cell fractions two to four were
pooled, and enzyme activity was terminated by addition
of FCS. The cells were plated at a density of 1 � 106 cells
per well in 100-mm culture dish in DMEM and switched to
differentiation medium (�MEM containing 10% FCS, 50
�g/ml ascorbic acid, 4 mmol/L �-glycerophosphate)
when confluent. After a 10-day culturing period the cells
were replated at a density of 25 � 103 per well in 24-well
plates in �MEM. The cells were allowed to attach for 5
hours before coculturing with bone marrow mononuclear
cells. One day before the osteoblast secondary culture,
two-month-old oim/oim and wild-type littermates were
killed and bone marrow was flushed and plated. Twenty-
four hours later nonadherent cells were harvested and
mononuclear cells were isolated by Ficoll density centrif-
ugation (GE Health care, Uppsala, Sweden). Purified
mononuclear cells were plated at a density of 25 � 103

per well mixed with the secondary osteoblast culture. The
cells were grown in �MEM supplemented with 10�8 M
1,25 dihydroxyvitamin D.

Osteoclast Resorption Assay

Bone marrow–derived nonadherent monocytes (5000
cells) were cocultured with osteoblast (5000 cells) with
the addition of 1 � 10�8 M vitamin D in BD Biocoat
osteologic microplates described as above. These plates
contain precoated calcium, which functions as resorption
substrate for mature osteoclasts. After 7 days in culture
the plates were stained with 5% silver nitrate and imaged
under Zeiss Axiovert 200 microscope. Resorption area
was quantified using Adobe Photoshop (Adobe Systems
Inc., San Diego, CA).

Preparation of Cells for Sorting, cDNA
Amplification, and Real-Time PCR

Primary calvarial osteoblast cultures were prepared for
sorting as previously described.9 Briefly, 7-day-old
pOBCol3.6GFP calvarial osteoblast cultures were di-
gested in 0.25% trypsin/1 mmol/L EDTA for 5 minutes.
Seventeen-day-old cultures derived from pOBCol2.3GFP
mice were digested in 0.2% collagenase/0.2% hya-
louronidase/2.5% trypsin for 10 to 15 minutes. Cell sorting
was done using a FACS Vantage (BD Biosciences) with
488 nm excitation and 530/30 emission filters. The cells
were separated using a 100-�m nozzle and collected into
DMEM/30% FCS media. Before, during, and after sorting,
the cell suspensions were kept cold to minimize changes
in gene expression. After a short centrifugation to pellet
cells, RNA was isolated. DNase (DNase I, Invitrogen)
digestion was performed on the extracted RNA to elimi-
nate genomic DNA contamination. cDNA was synthe-
sized using an Invitrogen Superscript First-strand Synthe-
sis System for RT-PCR. TaqMan® Gene Expression
Assays specific for Opg, Rankl, and TNF-� were obtained
from ABI and analysis performed on the 7500 Real-Time
PCR System. 18S ribosomal RNA was used as internal
control. Before using the ��CT method for quantification,
validation experiments were performed to demonstrate
that the amplification efficiencies of target genes and the
reference gene were approximately equal.

RNA Extraction from Calvaria and Real-Time
PCR Gene Expression Analysis

Calvaria derived from 8-day-old wild-type and oim/oim
mice were dissected free of surrounding tissue. Sutures
were cut out and parietal bones were collected, minced,
and homogenized directly in Trizol solution. RNA was
extracted and cDNA generated as described above.
Real-time PCR was performed using TaqMan® Gene
Expression Assays specific for osteocalcin, bone sialo-
protein, and osterix. Data obtained are normalized to the
GAPDH expression levels and presented as relative gene
expression between wild-type and oim/oim mice (supple-
mental Figure S1, see http://ajp.amjpathol.org).

Treatment with TNF-�–Neutralizing Antibody

Coculture of calvarial osteoblasts derived from oim/oim
mice and BMMCs from wild-type mice was established
as described above. After replating of osteoblasts (1 �
104 per well), BMMCs (1 � 104 per well) were added and
cells were grown in �MEM supplemented with 10�8 M
1,25 dihydroxyvitamin D and with or without addition of
TNF-� neutralizing antibody at concentration of 1 �g/ml
or 5 �g/ml (e-Bioscience, San Diego, CA). Media was
exchanged on day 3 and 5 with addition of VitD3 with
TNF-� antibody or vehicle (PBS/150 mmol/L NaCl2). Cells
were stained for the presence of osteoclast on day 7 of
culture. Two independent biological experiments were
completed.
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Results

Decreased Ostegenic Differentiation of
Osteoprogenitors Derived from Oim/Oim Mice

We have previously developed mice transgenic for
pOBCol3.6GFP (3.6GFP) and pOBCol2.3GFP (2.3GFP)
as visual markers for the identification of preosteoblast
and mature osteoblast populations.8 The 3.6GFP is active
early in the culturing period when cells express early
markers of ostegenic differentiation, whereas the expres-
sion of 2.3GFP remains restricted to mature osteoblast/
osteocyte located within the mineralized nodules. To ex-
amine whether the osteoblast differentiation is affected
by the oim mutation the visual transgenes 3.6GFP and
2.3GFP were bred into oim mice (Figure 1A). MSCs were
derived from oim/oim;GFP/GFP mice or �/�;GFP/GFP
mice. Using repetitive imaging for GFP expression in the
same culture plate throughout the culturing period we
were able to record the tempo and magnitude of lineage
differentiation as represented by the GFP expression.
The oim/oim;3.6GFP cultures showed similar GFP ex-
pression patterns compared with �/�;3.6GFP cultures.
However, cells derived from oim/oim;2.3GFP mice exhib-
ited a marked impairment of the GFP expression relative
to �/�;2.3GFP littermates (Figure 1B). These results in-
dicated a defect in osteoblast lineage differentiation in
the oim/oim mice. To confirm the results obtained with
visual marker of osteblast differentiation, we evaluated
the expression of conventional markers of osteoblast dif-
ferentiation in these cultures. Alkaline phosphatase stain-
ing of marrow stromal cultures derived from 3-month- and
12-month-old mice showed lower ALP expression in oim/
oim mice compared with wild-type littermates. The differ-
ence in ALP expression is more evident on day 17, when
a higher proportion of cells should reach a stage of
mature osteoblasts (Figure 2A). Similarly, decreased ex-
pression of mature bone marker osteocalcin became

apparent in the oim/oim mice after 12 days of culturing as
detected by Northern blot analysis (Figure 2B). Expres-
sion of earlier osteoblast lineage markers bone sialopro-
tein and Col1a1 shows smaller differences (supplemental
Figure S2, see http://ajp.amjpathol.org). These in vitro
data confirmed the presence of a defect in osteogenic
differentiation into mature stage of in the oim/oim model.
In addition we would like to indicate that at the age of 1
month we did not detect difference in the expression of
bone markers using the primary culture system. At this
stage (1 month), a high bone turnover is present in both

Figure 1. Transgenic mice and GFP expression
in vitro. A: Breeding approach to generate oim/
oim;3.6GFP and oim/oim;2.3GFP mice. Het-
erozygous oim/� mice were bred with mice
homozygous for a GFP marker. The F1 progeny
(heterozygous for both transgene [GFP] and for
an OIM mutation) were selected to breed with
homozygous GFP mice to obtain homozygous
GFP mice with one allele harboring an OIM
mutation. These mice were bred to obtain ex-
perimental mice either wild-type for the muta-
tion (�/�) or homozygous for an OIM mutation
(oim/oim) in a homozygous GFP background.
B: GFP expression in marrow stromal cultures
(MSCs) derived from 3-month-old wild-type or
oim/oim mice. A series of images was obtained
with a concatenated image covering 63% of the
area of a 35-mm tissue culture well. The left
panel shows 3.6GFP expression in 7-day-old
cultures. No major differences were observed
between wild-type cultures and oim/oim cul-
tures. The right panel shows 2.3GFP expres-
sion in day 17 cultures. Large areas of GFP-
expressing cells were detected in the �/�;
2.3GFP cultures. In contrast, only a few GFP
expressing colonies were observed in the oim/
oim;2.3GFP cultures.

Figure 2. Oim/oim osteoblasts have decreased differentiation in vitro.
A: Alkaline phosphatase (ALP) staining of MSC cultures derived from
3-month-old or 12-month-old mice. Lower expression of ALP was detected
in oim/oim cultures derived from both young adult and aged mice. The
phenotype was more obvious in day 17 cultures when mature osteoblasts
were enriched. B: Northern blot analysis for the expression of osteoblast
differentiation markers of the RNA extracted from the MSC cultures. Reduced
expression of type I collagen (Col1a1), bone sialoprotein (BSP), and osteo-
calcin (OC) was detected in all time points of cultures from both age groups
of the oim/oim mice.

2408 Li et al
AJP May 2010, Vol. 176, No. 5



wild-type mice as well as in oim/oim mice, and difference
in the osteogenic differentiation was not detected under
these high turnover conditions (Supplemental Figure S3,
see http://ajp.amjpathol.org).

To further explore our observations in vivo, frozen de-
calcified sections from 3-month-old mice were prepared
using the CryoJane tape transfer system, and the entire
bone area was imaged and reconstructed as an intact
bone section. The bones from the oim/oim;3.6GFP mice
showed a significant increase of endocortical surfaces
area covered with GFP-positive cells when compared
with �/�;3.6GFP mice. In contrast GFP expression was
similar between oim/oim;2.3GFP and �/�;2.3GFP mice
(Figure 3A). Because the oim/oim mice have lower tra-
becular bone parameters, the quantification of the area of
GFP-expressing cells was carried on the endocortical
surface (Figure 3B). The increased area covered by

3.6GFP-positive cells in oim/oim mice did not proportion-
ally progress into mature osteoblasts represented by
2.3GFP expression. These data indicate that the lineage
is under continuous stimulation; however, defects in os-
teoblast differentiation could result in lower numbers of
mature osteoblasts.

Osteoblast Derived from Oim Mice Strongly
Support Osteoclastogenesis

We previously reported that the oim/oim mice have in-
creased bone turnover.10 To answer the question whether
osteoblasts lineage cells derived from oim/oim mice can
exhibit high osteoclastogenic support, we cocultured osteo-
blast lineage cells with bone marrow mononuclear oste-
oclast progenitors. In this experiment, osteoblasts de-
rived from either �/� or oim/oim mice were cocultured
with bone marrow– derived nonadherent monocytes
(Bmmc) obtained either from wild-type �/� or oim/oim
mice in the presence of Vitamin D. Significantly higher
number of osteoclasts were formed when oim/oim osteo-
blasts were cocultured with either �/� or oim/oim de-
rived BMMCs (Figure 4, A and B). To examine the func-
tion of the osteoclasts formed in these cultures, an
osteoclast resorption assay was used. We have evalu-
ated the resorption pit area in precoated osteologic micro
plates. Significantly larger resorption areas were ob-
served in cultures where osteoclast progenitors from ei-
ther genotype were cultured with oim/oim osteoblasts
(Figure 4C). However, no differences were detected in
osteoclast function between �/� and oim/oim osteoclast
progenitors when cocultured with osteoblasts derived
from �/� mice.

Immature Osteoblast Lineage Cells Exhibit
Increased Osteoclastogenic Induction

The osteoblast and osteoclast coculture experiments
provided direct evidence that the oim/oim osteoblasts
enchance osteoclastogenesis. We have also shown
that the oim/oim osteoblasts have decreased differen-
tiation in vitro and in vivo. Furthermore, analysis from the
oim/oim;GFP/GFP mice indicated that this increased
osteoclastogenesis may result from defects of oim/oim
osteoblast lineage differentiation. To further pursue the
potential mechanism of enhanced osteoclastogenesis,
we hypothesized that different stages of osteoprogeni-
tor cell differentiation have different abilities in support-
ing osteoclast formation and activity. To address this
question, we isolated preosteoblasts and mature os-
teoblasts from cultures obtained from osteoblast lin-
eage directed GFP marker mice. Cells obtained at
different stages of maturation were cocultured with
osteoclast progenitors derived from nontransgenic
mice. Our results indicated that the population of
3.6GFP� cells that contains the most immature osteo-
blast progenitors exhibited the strongest support of
osteoclast formation and function, whereas 2.3GFP�

mature osteoblasts showed the lowest level of oste-

Figure 3. Histological examination of GFP expression in vivo. A: Frozen
sections of 3-month-old mouse femur. The upper panel shows 3.6GFP
expression. Stronger and broader 3.6GFP expression can be detected on the
endocortical surfaces of the femur of the oim/oim mice. The lower panel
shows pOB2.3GFP expression. Note that the oim/oim mice have lower
2.3GFP expression in the trabecular area, whereas endocortical areas express
GFP at similar levels in both �/�;2.3GFP and oim/oim;2.3GFP. B: Quanti-
fications of the area of GFP-expressing cells in endocortical surfaces. Oim/
oim;3.6GFP mice have a sixfold higher GFP expression area when compared
with �/�;3.6GFP mice. No differences were detected in 2.3GFP expression
on endocortical bone between �/�;2.3GFP and oim/oim;2.3GFP (*P � 0.05,
n � 4 to 7).
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oclastogenic support. These results are confirmed ei-
ther by quantification of the TRAP staining–positive
multinuclear cells (Figure 5A) or by the osteoclast re-
sorption assay (Figure 5B).

Differentiation of osteoclast precursors is under the
influence of factors produced by osteoblast lineage cells.
The major regulators include Rankl, which positively af-
fects differentiation of committed osteoclast precursors,
and Opg, which can inhibit the process of osteoclasto-
genesis by binding to Rankl. TNF-� is an inflammatory
cytokine that can exhibit osteoclastogenic potential. We
have evaluated the expression of Rankl, Opg (Rankl/Opg
gene expression ratio), and TNF-� using quantative real-
time PCR analysis (Figure 5C). We observed a signifi-
cantly higher Opg expression in 3.6GFP� cells and no
difference in Rankl expression between 3.6GFP� cells
and 3.6GFP� cells. Therefore, Rankl/Opg ratio was 50%
higher in the 3.6GFP� population as compared with the
3.6GFP� cells. The later stage of maturation, 2.3GFP�

cells exhibit a significantly lower expression levels of
Rankl compared with 2.3GFP� cells, resulting in 15-fold
higher ratio of Rankl/Opg in 2.3GFP� cells. Similar results
were observed in the expression of TNF-� with a de-
crease in expression at the more mature stages of osteo-
blast differentiation (Figure 5D).

Interestingly the Rankl/Opg gene expression ratio in
primary osteoblast cultures did not have a significant
difference between the oim/oim and �/� mice (Figure
6A). However, we have observed a threefold higher level
of TNF-� expression in osteoblast cultures derived from
oim/oim mice than in those derived from �/� mice (Fig-
ure 6B). To test the potential role of increased TNF-� in
osteoblast cell cultures derived from oim/oim mice, we
have treated these cultures with TNF-� neutralizing anti-
body. A significant decrease in osteoclast number in
cultures treated with TNF-� antibody was detected.
These data are indicative of the active role of the TNF-� in
the control of differentiation of the osteoclast lineage cells
derived from oim/oim mice (Figure 6C).

Discussion

The OI phenotype results from the accumulation of a
defective bone matrix caused by underlying molecular
mutation within the Col1A1 or Col1A2 genes. Recent
studies suggest that high bone turnover is an important
aspect of the pathophysiology of OI. This exaggerated
process of bone remodeling may explain the clinical
effectiveness of bisphosphonates in improving bone
mass and decreasing fracture frequency. Although the
success of the bisphosphonates in the treatment for the
OI has been well documented and widely used, recent
work by Uveges et al presented some of the potential
negative effects of bisphosphonate treatment.19 This un-
derlines the importance for better understanding the
complexity of the bone cell responses (osteoblast and
osteoclast) to the formation of a defective matrix.

The OIM model resembles the clinical and biochemical
phenotype seen in severe type III of human OI and there-
fore has been widely used to study the pathophysiology
of OI. Previous studies have characterized the phenotype
of the oim/oim mouse by histomorphometric and molec-
ular methods. Static histomorphometry showed lower val-
ues of trabecular and cortical bone parameters, whereas
the bone formation rate was significantly increased with
higher osteoblast surface per bone surface.10 Osteoblas-
tic activity was significantly enhanced in oim/oim mice
compared with wild-type mice when assessed by the
Col3.6CAT (type I collagen promoter driven chloram-
phenicol acetyltransferase) expression in the oim/oim
mouse. However, use of CAT transgenes does not allow
for definition of the cell population expressing the trans-
gene and, therefore, this model cannot determine which
stage of osteprogenitor cells is responsible for higher
Col1a1 transgene expression.10 Our study addressed
whether the osteoprogenitor cells in the setting of a con-
tinued high bone turnover and stimulated recruitment
toward osteoblast lineage can reach the fully differenti-
ated stage or whether this setting generates a high pro-

Figure 4. Osteoclast formation and function in
vitro from wild-type and oim mice. A: Representa-
tive images of cocultures of mouse calvaria osteo-
blasts (mCOB) with bone marrow–derived nonad-
herent cells (Bmmc) from �/� or oim/oim mice.
B: Quantifications of the Trap-positive multinucle-
ated osteoclasts formed in these cultures. Signifi-
cantly more osteoclasts were formed when the
BMMC-derived osteoclast progenitors were cocul-
tured with oim/oim mCOBs. C: Quantification of
the area of osteoclast resorption pits in calcium
precoated osteologic plates. A significantly greater
change in resorption area was detected in cul-
tures in which osteoclast formation was sup-
ported by oim/oim mCOB. Data are obtained
from three independent biological experi-
ments. *P � 0.05, **P � 0.01.
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portion of undifferentiated osteoblasts, resulting in a
lower per cell production of bone matrix.

To address these questions we crossed the OIM with
transgenic mice developed to identify distinct stages of
osteoblastic differentiation. A visible marker (GFP) was
used to generate transgenic mice in which fragments of
rat type I collagen promoter are used to drive transgene
expression to preosteoblast (pOBCol3.6GFP) while its
expression in vivo decreases with differentiation. The
2.3-kb promoter expressed the GFP mRNA in the mature
osteoblasts and osteocytes with no expression in earlier
stages of differentiation. Our analysis confirmed that os-
teoprogenitor cells derived from oim/oim mice can attain
a stage of preosteoblasts as evaluated by expression of
3.6GFP, whereas they exhibit a block in differentiation
into mature osteoblasts in vitro that is represented by
presence of very few 2.3GFP-positive colonies (mature
osteoblasts). In vivo data using GFP transgenic mice con-
firmed this observation and corroborated the possibility
of expansion of the cells at the less mature stage of
osteoblast lineage differentiation causing increased os-
teoblast surface in the oim/oim mice. To evaluate the

maturation of osteoblast lineage cells in vivo we have also
analyzed the gene expression of osteocalcin, bone sia-
loprotein, and osterix in bone samples derived from neo-
natal calvaria. Use of the calvarial bones avoids the po-
tential differences in degree of contaminants (bone
marrow and periosteum including ligaments) present in
extracting the RNA from the long bone samples. In the
samples of parietal bones we have observed significantly
lower expression of osteocalcin in the oim/oim compared
with wild-type mice (supplemental Figure S1, see http://
ajp.amjpathol.org) No changes in the expression of BSP
and Osterix were detected, indicating a block in the
osteogenic differentiation process into the terminal stage
of mature osteoblast.

The explanation for the apparent discrepancy in the
activity of the reporters from an in vitro to an in vivo setting
can be explained by the requirement for a critical number
of mature osteoblasts to make a skeletal structure suffi-
cient for survival. For this to happen in vivo, the animal
must activate its osteogenic lineage to produce a suffi-
cient number of 2.3GFP-expressing osteoblasts to make
enough matrix to overcome the high rate of bone loss.

Figure 5. Osteoclastogenesis induced by osteo-
blast lineage cells at different stages of differen-
tiation. A: Representative images of cocultures
of bone marrow–derived osteoclast progenitor
cells (BMMCs) from �/� mice with FACS-sorted
osteoblasts at different stages of osteoblast lin-
eage differentiation. A significantly higher oste-
oclast number was observed when BMMCs were
cocultured with a 3.6GFP� or 2.3GFP� cell pop-
ulation (earlier stages of osteoblast lineage)
compared with GFP� osteoblasts. The most ma-
ture osteoblast lineage cells (2.3GFP�) exhibited
very limited potential to induce osteoclastogen-
esis. B: Images and quantification of the area of
osteoclast resorption pits on precoated osteo-
logic plates. Significantly more resorption areas
were detected in the cultures where osteoclast pro-
genitors were cocultured with GFP� cells com-
pared with GFP� osteoblasts. C: Quantative real-
time PCR analysis of Rankl and Opg expression
level in osteoblasts along the osteoblast lineage. A
2.3GFP� population has a 15-fold higher Rankl/
Opg gene expression ratio when compared with
the 2.3GFP� cells. D: Lower levels of TNF-� ex-
pression were detected in 3.6GFP� compared with
a 3.6GFP� population. In addition TNF-� expres-
sion was much lower in the most mature cells of
the osteoblast lineage (2.3GFP�) when compared
with 2.3GFP� population. Data presented are ob-
tained from two independent biological experi-
ments derived from sorted population of osteo-
blasts (*P � 0.05).
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Thus in vivo there is excessive 3.6GFP relative to normal
bone, whereas there is less total bone but normal mature
(2.3GFP) osteoblast cell density. In contrast, there is no
need for the lineage to make mature osteoblasts for the
cells to grow in culture. Additionally, the in vitro model is
deprived from strong osteogenic signals provided by me-
chanical stimulation of bone cells in vivo.20 Instead, in vitro
progenitors develop at a normal rate, but the inherent defect
in maturation to a 2.3GFP expressing osteoblast is revealed.
This altered relationship between progenitor and mature
cell is seen in other disease of high turnover especially in
hemolytic anemia of multiple causes.21

Pediatric OI disease (type III and IV) exhibits high bone
turnover, increased osteoblast and osteoclast surfaces,
increased bone formation rate, and decreased mineral
apposition rate resembling OIM phenotype except for
mineral apposition rate that was not decreased in OIM
mice.1,10 In addition, osteoclastic activity is increased in
the children with OI as well as in the OIM mice. Therefore
we aim to test whether the osteoblast lineage that does
not achieve a stage of full differentiation could explain
enhanced induction and activity of osteoclast lineage
causing high bone turnover. Cocultures of osteoblast
lineage cells derived from oim/oim with bone marrow–

derived mononuclear cells confirmed the ability of oim/
oim osteoblasts to induce formation of greater number of
osteoclasts. Osteoclast precursor differentiation and os-
teoclastic activity are regulated through the expression of
Rankl and Opg by osteoblast lineage cells. Use of Col1a1
transgenes (pOBCol3.6GFP and pOBCol2.3GFP) enabled
us to determine the expression of these factors at different
stages of the lineage maturation. This was a critical element
to evaluate functional interactions between osteoblast and
osteoclast lineages that occur mainly through osteoblast
production of osteoclast-regulating factors.22 Our results
revealed that less mature osteoblast lineage cells exhibit
increased osteoclast inductive potential. Furthermore,
Rankl/Opg ratios were much higher in less mature GFP�

cells than in corresponding GFP� cells (3.6GFP� versus
3.6GFP� and 2.3GFP� versus 2.3GFP�). The most ma-
ture population of osteoblast lineage cells (2.3GFP�) ex-
hibits the lowest level of osteoclastogenic support paral-
leled by 15-fold lower Rankl/Opg ratio compared with
2.3GFP� population. Based on those results and in line
with the oim/oim osteoblasts defective maturation, we
expected the oim/oim osteoblasts to have increased
Rankl/Opg ratio. However, we did not observe a differ-
ence in Rankl/Opg ratio between the osteoblast cultures
derived from oim/oim and �/� mice. In addition to Rankl,
other factors, specifically inflammatory cytokines such as
TNF-� and IL-1, can stimulate osteoclastogenesis.23,24

This mechanism may be relevant in the OIM model be-
cause oim/oim mice can develop spontaneous fractures
that, because of the tissue injury, are followed by inflam-
mation and proinflammatory cytokine production.25 De-
fective collagen present in osteogenesis imperfecta may
also trigger the secretion of inflammatory cytokines.19

This hypothesis is supported by the finding of approxi-
mate threefold increase of TNF-� expression in oim/oim
osteoblasts compared with �/� osteoblasts. In addition,
we also found that less mature GFP� populations in
wild-type mice have increased TNF-� expression com-
pared with corresponding GFP� populations. Because
OIM is marked by the block in osteoblast differentiation,
accumulation of immature osteoblast lineage cells may
induce changes in bone cellular microenvironment to-
ward enhanced osteoclast differentiation.19 Our experi-
ments using TNF-� antibody showed a partial block of the
osteoclastogenesis in the coculture system. Therefore,
the higher number and enhanced resorptive activity of
osteoclasts formed in coculture with oim/oim osteoblasts
can be explained by the synergistic effect of TNF-�,
highly expressed by immature osteoblasts, along with
Rankl and M-CSF also produced by osteoblasts.19,26 In
this context it is likely that imbalance in bone cell number
and functioning will occur, marked by poorly differentiated
osteoblasts and highly activated osteoclasts, leading to
enhanced osteoresorption in OI.11 Further investigations
should reveal intracellular mechanisms of the synergistic
action of TNF-� and Rankl in enhanced osteoclastogen-
esis27 in OI. Future studies should also aim at evaluating the
effects of blocking TNF-� on induction of osteoclasts using
in vivo animal models.

Figure 6. Expression of Rankl/Opg and TNF-� in cultured osteoblasts from
OIM mice. A: Rankl/Opg ratio in samples derived from osteoblasts cultures.
No significant difference was observed in a Rankl/Opg gene expression ratio
between �/� and oim/oim mice. B: TNF-�–relative gene expression was
significantly higher in the oim/oim mice compared with �/� controls. Data
presented are obtained from three independent biological experiments. C: A
representative experiment of coculture of oim/oim osteoblasts with or with-
out addition of TNF-�–neutralizing antibody. Two concentrations were used,
1 �g/ml and 5 �g/ml along with 10�8 M vitamin D3 (*P � 0.01).
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