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ABSTRACT: The Brtl mouse, a knock-in model for moderately severe osteogenesis imperfecta (OI), has
a G349C substitution in half of type I collagen �1(I) chains. We studied the cellular contribution to Brtl
bone properties. Brtl cortical and trabecular bone are reduced before and after puberty, with BV/TV de-
creased 40–45%. Brtl ObS/BS is comparable to wildtype, and Brtl and wildtype marrow generate equivalent
number of colony-forming units (CFUs) at both ages. However, OcS/BS is increased in Brtl at both ages
(36–45%), as are TRACP+ cell numbers (57–47%). After puberty, Brtl ObS/BS decreases comparably to
wildtype mice, but osteoblast matrix production (MAR) decreases to one half of wildtype values. In contrast,
Brtl OcS falls only moderately (∼16%), and Brtl TRACP staining remains significantly elevated compared
with wildtype. Consequently, Brtl BFR decreases from normal at 2 mo to one half of wildtype values at 6 mo.
Immunohistochemistry and real-time RT-PCR show increased RANK, RANKL, and osteoprotegerin (OPG)
levels in Brtl, although a normal RANKL/OPG ratio is maintained. TRACP+ precursors are markedly el-
evated in Brtl marrow cultures and form more osteoclasts, suggesting that osteoclast increases arise from more
RANK-expressing precursors. We conclude that osteoblasts and osteoclasts are unsynchronized in Brtl bone.
This cellular imbalance results in declining BFR as Brtl ages, consistent with reduced femoral geometry. The
disparity in cellular number and function results from poorly functioning osteoblasts in addition to increased
RANK-expressing precursors that respond to normal RANKL/OPG ratios to generate more bone-resorbing
osteoclasts. Interruption of the stimulus that increases osteoclast precursors may lead to novel OI therapies.
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INTRODUCTION

CLASSICAL OSTEOGENESIS IMPERFECTA (OI), or brittle
bone disease, is an autosomal dominant disorder

caused by mutations in one of the two genes that encode
type I collagen.(1,2) Patients with OI have bone fragility,
susceptibility to fractures from minimal trauma, skeletal de-
formities, blue sclerae, and growth deficiency; the clinical
condition varies in severity from mild to lethal. Radio-
graphically, long bones have abnormal modeling, with a
gracile diaphysis and metaphyseal flaring.(2) However, the
mechanisms that alter bone development in response to
collagen mutations are poorly understood.

Static and dynamic histomorphometry of iliac crest biop-
sies from OI children have shown abnormal modeling and
remodeling.(3,4) A marked increase in both osteoblast and
osteoclast surface per bone surface was observed, as was an

increase in bone formation rate, compared with control.
The mineralizing surface per osteoid surface and mineral
lag time were normal in OI bone, indicating that a quanti-
tative defect in mineralization is not present. However, the
decrease in mineral apposition rate, despite the increased
number of bone remodeling units, points to an imbalance in
bone remodeling in favor of osteoclast activity. Both corti-
cal and trabecular bone are affected by these changes. OI
patients have reduced cortical width, bone volume, trabec-
ular number, and trabecular thickness compared with nor-
mal controls.(3,4)

Although the iliac crest has the advantage of accessibility
for biopsy, it does not share the weight-bearing function of
long bones. The strain of weight support and the pull of
muscle impact long bone development. Furthermore, most
significant OI fractures occur in long bones. The develop-
ment and structure of long bones with abnormal collagen
in their matrix can be directly examined in murine models
of OI.The authors state that they have no conflicts of interest.
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Several transgenic murine models for OI have been gen-
erated,(5–7) but detailed histomorphometry was performed
only on the naturally occurring oim mouse,(8) with severe
recessive bone dysplasia. Oim/oim secretes �1(I)3, an atypi-
cal �1(I) homotrimer, instead of normal �1(I)2�2(I) het-
erotrimer. Oim/+ carriers have a mild skeletal phenotype,
with femurs failing at lower maximum load and energy than
wildtype.(9) Long bones of oim/oim show high matrix turn-
over. The percent osteoblast surface, osteoclast number,
and bone formation rate were all significantly increased,(10)

resulting in significant reduction of total bone volume and
cortical width, similar to the thin bones of OI children.(3)

However, the mineral apposition rate in oim/oim is not
reduced,(10) suggesting that the underlying mechanism of its
bone dysplasia is different than that of classical dominant
OI. Finally, recent reports of individuals with Ehlers-
Danlos syndrome rather than bone disease,(11,12) who syn-
thesize only �1(I)3, complicate extrapolation from oim to
OI patients.

In this study, we examined femurs and cellular compo-
nents from the Brtl mouse (Brtl),(13) a knock-in model for
moderately severe type IV OI. The point mutation intro-
duced into Brtl col1a1 causes an �1(I)Gly349Cys substitu-
tion.(13) Previously we have shown that Brtl has reduced
BMD and brittle bones.(14) Brtl femora have reduced geo-
metric properties, with reduced cross-sectional area, corti-
cal thickness, and bending moment of inertia. Although
Brtl fracture load normalizes after puberty due to changes
in the predicted material properties of the matrix, Brtl ge-
ometry remains weak throughout development.(14)

To better understand the skeletal changes that occur in
Brtl mice, we examined Brtl long bone histomorphometry,
in combination with functional assays of osteogenic and
osteoclast precursor cells, markers of osteoclast function,
and immunohistochemical and molecular examination
of the RANK/RANKL/osteoprotegerin (OPG) signaling
pathway. As the Brtl mouse ages, bone formation declines
due to cellular uncoupling, in which osteoclast number and
function are elevated, while matrix production by osteo-
blasts is reduced. Increased osteoclasts and poorly function-
ing osteoblasts collaborate to reduce the geometry of Brtl
bone. Cellular asynchrony results from increases in RANK
expression and osteoclast precursors in Brtl marrow that
lead to greater osteoclast formation in the context of an
overall normal RANKL/OPG ratio.

MATERIALS AND METHODS

Animals

Wildtype (WT) and Brtl(13) mice were maintained on a
mixed background of SvI29/CD-1/C57BL/6S. These studies
used male offspring of Brtl+/− × WT matings and 4- to 6-wk-
old male Hartley guinea pigs (Charles River Laboratories).
All experiments were approved by the NICHD ACUC
committee.

Mouse genotyping

DNA isolated from tail clippings of 21-day-old mice (Ex-
tract-N-Amp Tissue PCR Kit; Sigma) was genotyped by

PCR using standard protocols,(15) plus 2.5% DMSO per
reaction. Primers located in intron 22 of col1a1 (GenBank
accession number NT_165773) (forward primer corre-
sponds to nt 6802–6832: 5�-CCTGGCAGAGAAGCT-
GACCTCCCCCAGCTG-3� and reverse primer to nt
7043–7073: 5�-TGATGCGTCTGTGACTTTCTCTC-
CACTTAG-3�) span the remaining lox sequence. PCR pa-
rameters were 94°C for 5 min and then 94°C for 2 min, 65°C
for 1 min, and 72°C for 1 min for 40 cycles. The products of
the WT and mutant alleles are 273 and 353 bp, respectively,
and were visualized on agarose gels.

Growth analysis

Mice were weighed weekly: 12 WT and 10 Brtl male mice
fed regular rodent chow were weighed from 3 to 16 wk of
age; 10 each WT and Brtl mice fed a dough diet (Bio-serve)
were followed from 3 to 8 wk of age. To determine femur
length, femurs of male mice (9 each WT and Brtl, 2 mo old;
7 WT and 8 Brtl, 6 mo old) were excised and cleaned of soft
tissue, leaving the growth plates intact. Femurs were mea-
sured from the proximal head to the distal end of the medial
and lateral condyles with a digital caliper (Mitutoyo).

Bone histomorphometry

Femurs from 2-mo Brtl (n � 8) and WT (n � 11) and
6-mo Brtl (n � 9) and WT (n � 13) littermates were ana-
lyzed. The right femur was dissected free of tissue and fixed
for 3–5 days in 70% ethanol immediately after removal. It
was dehydrated with increasing concentrations of ethanol,
cleared in xylene, embedded undecalcified in methyl meth-
acrylate, and used for both static and dynamic histomor-
phometry. Five-micron-thick longitudinal serial sections
were cut on a Reichert-Jung Polycut S microtome (Rei-
chert-Jung) with a D profile knife (Delaware Diamond
Knives). For static histomorphometry, sections taken from
the middle of the femur, where the central vein is located,
were stained with modified Masson trichrome stain.(16)

Measurements were made by a blinded observer using the
OsteoMeasure computerized image analysis system (Osteo-
Metrics), interfaced with an Optiphot Nikon microscope
(Nikon). The recommendations of the Histomorphometry
Nomenclature Committee of the American Society for
Bone and Mineral Research(17) were followed. All mea-
surements were confined to the secondary spongiosa and
restricted to an area between 400 and 2000 �m distal to the
growth plate–metaphyseal junction of the distal femur. Cor-
tical measurements were made starting at 4000 �m distal to
the same growth plate. For dynamic histomorphometry,
mice received intraperitoneal injections of calcein (Sigma),
10 mg/kg body weight in 2% NaHCO3, and xylenol orange
(Sigma), 90 mg/kg body weight, 12 and 2 days before eu-
thanasia, respectively.

Colony forming unit-fibroblastic assay

Marrow was flushed from freshly excised femurs of Brtl
and WT mice with PBS containing 2% FBS. Cells (2 ×
106/flask) were plated in T-25 flasks in 4 ml of culture media
(�-MEM media [Invitrogen], 20% FBS [Equitech], penicil-
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lin [100 U/ml], streptomycin [100 �g/ml], and �-mercapto-
ethanol [10−4 M; Sigma]). The flasks were incubated 4 h at
37°C and washed twice with serum-free DMEM (without
Ca2+; Biosource) to remove nonadherent cells. Guinea pig
feeder cells (1 × 107/flask), prepared as previously de-
scribed,(18,19) were added to each flask. TGF-�1 (2 ng/ml;
R&D Systems) was added to designated flasks. Adherent
cells were grown at 37°C, 8% CO2 for 12–14 days. Osteo-
genic colonies (�5 cells/colony) were identified by detec-
tion of alkaline phosphatase enzymatic activity (Sigma).
The experiment was performed five independent times for
each age group.

Immunohistochemistry (RANKL, OPG) and
TRACP staining

Femurs were removed from 2- (4 Brtl, 4 WT) and 6-mo-
old (6 Brtl, 6 WT) mice and fixed in 4% paraformaldehyde,
decalcified in 14% EDTA and 1× PBS for 2 wk, dehydrated
through a graded series of alcohols, and paraffin embedded,
and 5-�m bone tissue sections were cut and mounted on
glass slides using standard protocols. Just before TRACP
staining, sections were de-paraffinized with xylene, rehy-
drated through graded alcohols, and water rinsed. Slides
were stained for TRACP enzymatic activity using a kit
(Sigma 387) and freshly prepared Fast Red TR (Sigma,
F-8764; 1 mg/ml final). Sections were incubated with stain in
the dark for 1 h, water rinsed, briefly counterstained with
Harris hematoxylin, rinsed, and mounted with cover-
slips.(20) The number of TRACP+ cells was counted across
two rows of fields (10 fields per row) just under the growth
plate of each bone section by light microscopy at ×20 mag-
nification in an Olympus IX-70 inverted microscope, and
digital images were captured. Data are reported as the
mean number of TRACP+ cells within the two rows per
bone section as a function of age and genotype.

Immunohistochemical staining for RANKL protein ex-
pression in 2- (9 Brtl, 9 WT) and 6-mo (8 Brtl, 8 WT) samples
or OPG protein expression in 2- (16 Brtl, 16 WT) and 6-mo
(16 Brtl, 20 WT) samples was performed using femoral bone
sections prepared as for TRACP staining, according to
standard methods.(21) Briefly, rehydrated sections were ex-
posed (2 h, room temperature) to antigen unmasking solu-
tion (Vector Laboratories), endogenous peroxidase activity
was quenched (3% hydrogen peroxide, 10 min), and stain-
ing was performed as recommended using an ABC staining
system (Santa Cruz sc-2018) and primary antibodies (1:100
dilutions, incubated overnight) to RANKL (Santa Cruz sc-
9073) or OPG (Santa Cruz sc-11383). Staining was evalu-
ated by light microscopy at ×20 magnification across two
rows of fields just under the growth plate of each bone
section, digital images were captured, and staining densities
were quantified using a computer-linked Soft Max Pro im-
age analysis program. Average staining density per field
was determined for each bone section, and data were com-
piled and reported as the mean ± SE staining density per
field as a function of age and genotype.

Real-time RT-PCR

RNA was obtained from freshly dissected femurs, from
which soft tissue had been cleaned and marrow flushed,

using ice-cold 1× PBS, before the diaphyses were crushed in
liquid nitrogen. Total RNA was extracted using TriReagent
(Molecular Research Center), treated with DNase (Am-
bion), and reverse-transcribed using a high-capacity
cDNA archive kit (Applied Biosystems) with random
primers. Real-time RT-PCR was performed to quantitate
transcripts for GAPDH (Mm99999915_g1), RANKL
(Mm00441908_m1), OPG (Mm00435452_m1), RANK
(Mm00437135_m1), and TRACP (Mm00475698_m1) using
Taqman Assays-On-Demand (Applied Biosystems). Tran-
script levels were calculated for wildtype and Brtl cDNA
samples using a standard curve generated from pooled
2-mo wildtype cDNA.

Marrow osteoclasts and precursors

Primary bone marrow mononuclear cells were isolated
from the long bones of 6- to 8-wk-old male WT or Brtl
mice, and the cells from one mouse were cultured in a
100-mm dish for 24 h with phenol red-free �-MEM con-
taining 10% FBS (HyClone) and 25 ng/ml human recom-
binant macrophage-colony stimulating factor (M-CSF;
R&D Systems). Nonadherent (stroma-depleted) cells were
replated at 1.5 × 106 cells/well in 24-well plates and differ-
entiated into bone pit-resorbing osteoclasts by further treat-
ment with M-CSF (25 ng/ml) and RANKL (50 ng/ml) given
every other day with refeeding until day 5.(22) Cells were
fixed and stained for TRACP activity as a marker of osteo-
clast development, followed by DAPI nuclear staining.(22)

TRACP+ mono- and binucleated cells were counted across
30 consecutive random fields as a measure of osteoclast
precursors, and TRACP+ multinucleated cells with three or
more nuclei were counted as osteoclasts. Data were pre-
sented as mean ± SE of TRACP+ cells/field.

Urine pyridinoline cross-links

Twenty-four-hour urines from 2- (7 Brtl, 8 WT) and 6-mo
(8 Brtl, 7 WT) mice were assayed in duplicate for deoxy-
pyridinoline (DPD) cross-links(23) using the Metra Serum
DPD EIA kit (Quidel). Controls were within the range
established by Quidel. Cross-links were normalized to uri-
nary creatinine (Quidel) and expressed as nmol DPD/mmol
creatinine.

Statistical analysis

The data were analyzed using repeated-measures
ANOVA (Microsoft Excel). Values are presented as
mean ± SD unless noted. Significance was achieved at p �
0.05.

RESULTS

Growth

Brtl mice reproduce the growth deficiency of children
with OI type IV, who have growth curves parallel to unaf-
fected individuals.(24) On average, Brtl mice weighed 6 g
less than WT littermates (Fig. 1) and were significantly
smaller. The relative difference is greatest at 3–4 wk of age
(≈30% smaller; p � 0.001), with some catch-up growth in
weight by 12–16 wk (15% smaller, p � 0.04). Mice fed a
soft diet have the same weight curves (data not shown),
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showing that dentinogenesis imperfecta(13) does not cause
Brtl’s deficient growth by limiting caloric intake caused by
difficulty in eating regular rodent chow. Brtl femur lengths
at both 2 (15.15 ± 0.48 mm) and 6 mo (16.14 ± 0.43 mm) of
age were also significantly shorter than WT mice (16.08 ±
0.56 mm, p � 0.002, and 16.92 ± 0.92 mm, p � 0.001, at 2
and 6 mo, respectively).

Static histomorphometry

We analyzed the histomorphometry of Brtl femurs be-
fore and after puberty to determine the effect of mutant
collagen on long bone development. Both cortical and tra-
becular bone were altered in Brtl mice (Fig. 2; Table 1). Brtl
femurs have reduced cortical width (CtW) and trabecular
bone volume/total volume (BV/TV) at both 2 and 6 mo of
age compared with WT littermates. Reduced trabecular
number and thickness contribute to lower Brtl bone volume
at both ages. Trabecular number falls in both genotypes
with age.

In the cellular compartment (Figs. 3A and 3B), Brtl os-
teoblast surface (ObS/BS) was comparable to control at
both ages. However, Brtl osteoclast surface (OcS/BS) and
number (NOc/BPm; Table 1) were significantly increased at
both ages, with levels about one third greater than in WT
littermates. While ObS/BS fell ∼40% in both genotypes by
6 mo, OcS/BS decreased only 16% in Brtl and 22% in WT,
and Brtl osteoclast number remained elevated.

Dynamic histomorphometry

Brtl mice have normal bone formation (BFR/BS) and
mineral apposition (MAR) rates at 2 mo of age (Fig. 3C;
Table 1). However, Brtl BFR/BS and MAR are signifi-
cantly lower than in WT littermates at 6 mo of age. The
decrease in bone formation in 6-mo-old Brtl mice reflects in
part the postpubertal cellular imbalance in Brtl favoring
osteoclasts, since Brtl ObS has a relatively greater decrease
(∼40%) than does OcS (∼16%) in 6-mo mice compared
with the levels present in 2-mo animals. Because osteoblast

and osteoclast numbers are expected to be coupled, we
examined the possibility that the cellular imbalance in
6-mo-old Brtl mice was caused by decreased ability of Brtl
to replenish osteoblasts from precursor cells.

Colony-forming unit–fibroblastic

To examine the ability of Brtl mice to replenish function-
ally spent osteoblasts by osteogenic precursor cells, colony-
forming unit–fibroblastic (CFU-F) efficiency assays were
performed (Supplementary Table 1). Equivalent numbers
of CFUs were identified in stromal cells from Brtl and WT
mice at both 2 and 6 mo of age in multiple independent
experiments. The decrease in the average number of CFU
in Brtl stromal cells in 6 versus 2-mo-old mice was not
significant (p � 0.27) because of the large variations be-
tween individual experiments inherent in the assay. The
bone marrow stromal cells (BMSCs) were evaluated for
their responsiveness to growth signals, specifically TGF-�1,
which also stimulates collagen production by osteo-
blasts.(25) The fold stimulation was determined for each
independent experiment and averaged for each genotype at
both ages. Brtl and WT CFU numbers were equivalent in
cultures treated with TGF-�1; the fold increase was also
equivalent between genotypes in cells from 2- (WT, 1.7 ±
0.9; Brtl, 2.0 ± 0.8; p � 0.56) and 6-mo-old (WT, 2.4 ± 2.0;
Brtl, 3.7 ± 4.3; p � 0.54) mice.

Osteoclast function

TRACP+ cells were counted as a measure of osteoclast
function in vivo.(20) The number of TRACP+ cells was con-
sistently elevated in Brtl femurs (Figs. 4A–4G); specifically,
TRACP+ cells were increased 57% at 2 mo and 47% at 6
mo in Brtl compared with WT littermates. Furthermore,
Brtl osteoclasts were larger and more intensely TRACP
stained than those found in WT mice, at both the 2- and
6-mo ages. Although the number of TRACP+ cells de-
creases substantially with age (the level at 6 mo was ∼30%
of 2-mo levels), the decrease was comparable in both geno-
types. TRACP staining results were obtained just under the
femoral growth plate and corroborated the static histomor-
phometry measurements made distal from the growth
plate–metaphyseal junction.

TRACP expression was assayed in total RNA extracted
from whole femur specimens by real-time RT-PCR (Fig.
4H). Brtl TRACP expression in 2-mo animals was almost
double that of WT levels (1.51 ± 0.24 versus 0.83 ± 0.23,
p � 0.002), but no differences were detected between Brtl
and WT in the lower expression of TRACP mRNA mea-
sured in 6-mo animals.

Osteoclast increases are independent of the
RANKL/OPG ratio

Increased osteoclast surface, numbers, and TRACP
staining, in the context of normal ObS and decreased bone
formation, led us to examine the RANK/RANKL/OPG sig-
naling pathway in normal and Brtl mice. Transcripts for
both RANKL (1.76 ± 0.33 versus 0.94 ± 0.26, p � 0.001)
and OPG (1.78 ± 0.49 versus 1.02 ± 0.31, p � 0.01) were
significantly increased in femora of 2-mo-old Brtl mice
compared with WT and decreased to control levels by 6 mo

FIG. 1. Growth curve of male Brtl and WT littermates from 3 to
16 wk of age. Weights plotted as mean ± SD. *p < 0.05. Brtl is
significantly smaller (5–7 g) through young adulthood, ranging
from about one-third smaller than WT at weaning to one-sixth
smaller as young adults.
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of age (Fig. 5; Table 2). Interestingly, the RANKL/OPG
transcript ratio did not differ significantly between Brtl and
WT mice at either age (0.86 ± 0.14 versus 0.97 ± 0.35, p �

0.36; 0.49 ± 0.22 versus 0.58 ± 0.18, p � 0.51, respectively).
However, there was a trend toward elevated levels of
RANK transcripts in 2-mo-old Brtl mice (p � 0.08) com-
pared with WT, suggesting one possible route by which
osteoclast numbers are increased in Brtl bone.

Immunohistochemistry of RANKL and OPG (Figs. 6
and 7; Table 2) also showed elevation of both osteoblast

FIG. 3. Cellular and dynamic histomor-
phometry of Brtl and WT femora. (A) Rep-
resentative images of trabecular bone from
Masson trichrome–stained Brtl and WT un-
decalcified femur sections. Osteoblast sur-
face indicated with green arrows. Magnifica-
tion, ×450. (B) Bar graphs of osteoblast
(ObS/BS) and osteoclast (OcS/BS) surface.
(C) Bar graphs of calculated mineral appo-
sition rate (MAR) and bone formation rate
per bone surface (BFR/BS). Data are repre-
sented as mean ± SD. *p < 0.05, difference
between WT and Brtl; †p < 0.05, difference
between 2 and 6 mo of same genotype.

<
FIG. 2. Static histomorphometry of 2- and 6-mo Brtl and WT
femoral cortical and trabecular bone volume. (A) Representative
images of Masson trichrome–stained Brtl and WT undecalcified
femurs showed thinner cortex and reduced number of trabeculae
in Brtl compared with WT, in both 2- and 6-mo animals. Magni-
fication, ×40. (B) Bar graphs of cortical width (left) and trabecular
bone volume/total volume (right). Data are represented as mean
± SD. *p < 0.05, difference between WT and Brtl; †p < 0.05,
difference between 2- and 6-mo cortical thickness in Brtl mice.
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signals in sections of femurs from 2-mo-old Brtl mice com-
pared with WT littermates (1.50 ± 0.21 versus 1.00 ± 0.10,
p � 0.04 and 1.49 ± 0.23 versus 1.00 ± 0.09, p � 0.05,
respectively). In femoral sections from 6-mo-old mice,
RANKL and OPG did not differ significantly between the
two genotypes, although WT values were significantly in-
creased compared with 2-mo WT mice. Notably, as in the
RANKL and OPG transcripts, the RANKL/OPG ratio was
not elevated in Brtl femora compared with WT at either
age.

Osteoclasts and their precursors are increased in
Brtl marrow

The elevation of RANK transcripts in Brtl femurs sug-
gests that the asynchrony of Brtl osteoblasts and osteoclasts
may relate to the increased numbers of osteoclasts in Brtl,
specifically, or the presence of either increased numbers of
osteoclast precursors that respond to the normal RANKL/
OPG ratio or increased sensitivity of osteoclast precursors
to RANKL/OPG caused by elevated RANK expression.
To test these possibilities, we examined the number of os-
teoclast precursors and their in vitro differentiation from
2-mo-old mice, the age at which the number of Brtl
TRACP+ osteoclasts was 57% greater than in WT litter-
mates. We showed a marked increase in the number of Brtl
osteoclast precursors (Fig. 8); marrow cultured in the pres-
ence of M-CSF and RANKL (50 ng/ml) yielded 7-fold more
TRACP+ mono- or binucleated cells from Brtl than from
WT mice (p < 0.001). Moreover, 2-fold more osteoclasts
(containing three or more nuclei) formed in Brtl marrow
cultures (p < 0.01), and these appeared larger and more
intensely TRACP stained compared with those derived
from WT mice. Similarly, osteoclast generation was consis-
tently enhanced in Brtl compared with WT marrow cultures
exposed to lower concentrations of RANKL (20, 30, or 40
ng/ml), although the number and size of osteoclasts formed
declined in both with RANKL dose (data not shown).
Thus, at a given level of RANKL, more osteoclasts are
generated from Brtl compared with WT marrow.

Urinary cross-links from bone resorption

As one measure of bone resorption, urinary collagen
DPD cross-links were determined and normalized to urine

creatinine (Fig. 7D). No differences were found in the con-
centration of DPD between Brtl and WT at 2 (6.94 ± 1.16
versus 7.31 ± 0.98, p � 0.53) or 6 mo of age (3.71 ± 0.53
versus 3.20 ± 0.49, p � 0.14, respectively), despite the in-
crease in osteoclast surface, number, and TRACP staining.

DISCUSSION

The Brtl mouse is a knock-in model for OI, which carries
a classical glycine substitution in one col1a1 allele. The Brtl
phenotype is similar to the moderate type IV OI present in
the child from whom the mutation was copied.(13) Brtl also
provides an important opportunity to examine the cellular
components of OI long bones during development, to un-
derstand the mechanism(s) leading to decreased OI bone
volume and weak bone geometry.

Our previous mechanical studies showed that Brtl femurs
are geometrically smaller than those of WT littermates at 1,
2, and 6 mo. As predicted, Brtl femurs from 2-mo animals
fracture at a lower load. However, in mature young adult
Brtl mice (6 mo), bending stiffness and load to fracture in
Brtl attained parity with WT despite reduced geometry.(14)

The studies presented in this report were conducted in the
same 2- to 6-mo age frame to correlate with the biomechan-
ics data. Thus, the present study does not include a cohort
of 4-mo-old mice, the age of normal peak bone mass in
mice. Our findings showed that both decreased osteoblast
and increased osteoclast function contribute to the mecha-
nism of skeletal changes in OI.

Histomorphometry corroborates reduced Brtl cortical
and trabecular bone(14) compared with WT at both ages. In
addition, developmental changes in Brtl cellular function
and number were found. Brtl osteoblast surface/bone sur-
face is equal to WT before and after puberty, including a
40% decrease after puberty. Consistent with histomor-
phometry, Brtl and WT also have equivalent ability to re-
plenish osteoblasts from marrow precursors, although the
high variability inherent in this assay limits our ability to
detect whether physiologically significant small differences
exist. More importantly, Brtl clearly has a postpubertal de-
cline in MAR compared with WT, pointing to a decline in
the production of matrix by individual Brtl osteoblasts. In
contrast, Brtl OcS/BS is increased compared with WT be-

TABLE 1. HISTOMORPHOMETRY

Parameter 2-mo WT 2-mo Brtl 6-mo WT 6-mo Brtl

Ct W (�m) 230.53 ± 40.26 171.17 ± 31.38*† 216.12 ± 27.75 142.66 ± 29.91*
BV/TV (%) 9.28 ± 3.56 5.67 ± 1.23* 8.14 ± 3.85 4.43 ± 1.89*
TbN (N/�m2) 3.03 ± 0.91† 2.45 ± 0.24† 2.25 ± 0.70 1.65 ± 0.49*
TbTH (�m) 30.17 ± 5.02 23.20 ± 5.11* 35.24 ± 8.89 26.32 ± 6.96*
TbSp (�m) 337.59 ± 151.31 387.66 ± 38.12† 452.64 ± 160.13 625.15 ± 181.79*
ObS/BS (%) 19.32 ± 5.64† 21.59 ± 2.72† 12.93 ± 3.32 12.90 ± 3.83
OcS/BS (%) 10.77 ± 3.12† 14.69 ± 2.85* 8.48 ± 2.49 12.30 ± 3.09*
NOc/BPm (N/�m2) 4.68 ± 1.20 6.80 ± 1.03* 4.50 ± 1.58 6.37 ± 1.42*
MAR (�m/d) 1.05 ± 0.38† 0.87 ± 0.30† 0.63 ± 0.34 0.33 ± 0.33*
BFR/BS (�m3/�m2/d) 0.17 ± 0.08 0.17 ± 0.06† 0.12 ± 0.08 0.07 ± 0.07*

Values are mean ± SD.
* p < 0.05 between WT and Brtl.
† p < 0.05 between 2 and 6 mo.
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FIG. 5. Real-time RT-PCR determination
of RANKL, OPG, and RANK transcripts in
Brtl and WT femurs. (A) Expression of
RANKL compared with 2-mo WT mice. (B)
Expression of OPG vs. 2-mo WT mice. (C)
RANKL/OPG ratio for each genotype and
age group is the average of the RANKL/
OPG ratios determined for each mouse, us-
ing RANKL and OPG transcripts normal-
ized to GAPDH. (D) Expression of RANK
compared with 2-mo WT mice. *p < 0.05,
difference between WT and Brtl, †p < 0.05,
difference between 2- and 6-mo mice from
the same genotype.

FIG. 4. Immunohistochemical measure-
ment of TRACP+ osteoclasts in Brtl and WT
femurs. (A–F) Representative images of 2-
and 6-mo WT and Brtl decalcified paraffin
femoral sections, in the region below the
growth plate, stained for TRACP enzymatic
activity and counterstained with hematoxy-
lin. (A, C, and E) Regions from WT mice at
2 (A and C) or 6 mo (E). (B, D, and F)
Regions from Brtl mice at 2 (B and D) or 6
mo (F). Arrowheads highlight a few of the
TRACP+ osteoclasts stained red, all of which
are located on resorptive bone surfaces. (C
and D) Higher magnification views to show
that Brtl osteoclasts (D) are generally larger
and more intensely TRACP stained than are
WT osteoclasts (C). (A, B, E, and F) Origi-
nal magnification, ×300. (C and D) Original
magnification, ×500. (G) Quantitation of the
number of TRACP+ osteoclasts in Brtl
femora at 2 (left) and 6 (right) mo. (H)
TRACP expression in total RNA of whole
femora in Brtl and WT; expression is nor-
malized to the 2-mo WT pool.
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fore and after puberty, which is also confirmed by the in-
creased number of TRACP+ cells. Furthermore, the greater
size and staining intensity of TRACP+ cells in Brtl bone

suggests that the activity of individual Brtl osteoclasts may
be increased. OcS/BS has only a modest physiological de-
cline after puberty.

TABLE 2. IMMUNOSTAINING AND REAL-TIME RT-PCR OF BRTL RANKL/OPG SYSTEMS

Parameter*

2-mo 6-mo p values

WT Brtl p WT Brtl p WT 2 vs. 6 mo Brtl 2 vs. 6 mo

Immunostaining†

RANKL 1.00 ± 0.10 1.50 ± 0.21 0.04 1.75 ± 0.18 1.35 ± 0.13 0.15 0.004 0.55
OPG 1.00 ± 0.09 1.49 ± 0.23 0.05 2.02 ± 0.42 1.56 ± 0.23 0.37 0.04 0.85
RANKL/OPG 1.00 ± 0.09 1.01 ± 0.15 0.41 0.87 ± 0.24 0.87 ± 0.17 0.86 0.42 0.99

Real-time RT-PCR‡

RANKL 0.94 ± 0.26 1.76 ± 0.33 0.001 0.49 ± 0.11 0.48 ± 0.18 0.91 0.01 0.00006
OPG 1.02 ± 0.31 1.78 ± 0.49 0.01 0.77 ± 0.31 0.89 ± 0.33 0.60 0.25 0.01
RANKL/OPG 0.97 ± 0.47 0.86 ± 0.14 0.36 0.58 ± 0.18 0.49 ± 0.22 0.51 0.09 0.01
RANK 0.96 ± 0.31 1.44 ± 0.49 0.08 0.29 ± 0.10 0.46 ± 0.24 0.22 0.003 0.004

* Values are expressed as a percentage of 2-mo WT.
† Immunostaining: 2 mo, n � 9 WT and n � 9 Brtl for RANKL, n � 16 WT and n � 16 Brtl for OPG; 6 mo, n � 8 WT and n � 8 Brtl for RANKL,

n � 20 WT and n � 16 Brtl for OPG.
‡ Real-time RT-PCR: 2 and 6 mo, n � 5 WT and n � 5 Brtl for RANKL, OPG, and RANK.

FIG. 6. Immunohistochemical detection of
RANKL and OPG in Brtl and WT femurs.
Representative images of 2- and 6-mo WT
and Brtl paraffin decalcified femoral sec-
tions, in the region below the growth plate,
immunostained for RANKL or OPG protein
expression. Top row sections from 2-mo ani-
mals were immunostained for RANKL and
counterstained with hematoxylin (H) to
show overall histology of the region. Higher
RANKL or OPG protein expression was ap-
parent in 2-mo, but not 6-mo, Brtl compared
with WT bone. Magnification, ×10.
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FIG. 8. Osteoclast generation in vitro from
WT and Brtl bone marrow. Marrow was iso-
lated from 2-mo-old mice and cultured with
M-CSF and RANKL to promote osteoclast
differentiation. (A and C) TRACP+ osteo-
clasts were formed by day 5 in marrow from
WT mice. Magnifications: (A) ×200 and (C)
×400. (B and D) Osteoclasts formed by day 5
from marrow of Brtl mice are more numer-
ous, larger, and more intensely TRACP+

compared with WT. In addition, more
TRACP+ small cells (mono- or binucleated)
are observed in the Brtl marrow cultures.
Magnifications: (B) ×200 and (D) ×400. (E)
Quantification of mono- and binucleated
TRACP+ cells in WT and Brtl marrow cul-
tures. (F) Quantitation of multinucleated
TRACP+ osteoclasts containing three or
more nuclei per cell.

FIG. 7. Quantitation of immunohistochem-
istry and urinary cross-links. (A–C) Immu-
nohistochemical staining for RANKL or
OPG protein expression in 2- and 6-mo
femoral bones was performed (as in Fig. 6),
and staining densities were quantified by
computer-linked light microscopic image
analysis (magnification, ×20). (A and B) The
mean ± SE staining density for RANKL (A)
or OPG (B) protein expression per field is
shown for 2- and 6-mo-old WT and Brtl
femoral bones. *p < 0.05 difference from
2-mo WT. (C) The mean RANKL/OPG ra-
tio for protein expression per field is not al-
tered between WT and Brtl bones in 2- or
6-mo mice. (D) Urinary DPD cross-links,
normalized to urine creatinine, were mea-
sured to evaluate bone resorption. No signif-
icant difference in DPD cross-links was
found between WT and Brtl. Data are rep-
resented as mean ± SD.
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The Brtl cellular data point to unbalanced bone cellular
number and function, which becomes more disproportion-
ate after puberty, when osteoblast and osteoclast surface
have not declined proportionately. Rather, the osteoblasts
decline in function and experience a relatively greater de-
crease in number than do osteoclasts. The combination of
increased osteoclast number and function and decreased
matrix production by osteoblasts establishes and maintains
the weak Brtl femoral geometry. These cellular functions
do not play a clear role in the postpubertal adaptation of
Brtl bone calculated material properties,(14) which involves
alterations in the composition or arrangement of Brtl ma-
trix and/or mineral. Conversely, it is possible that the matrix
or mineral alterations that occur as part of adaptation might
alter the cell-matrix interactions in Brtl and activate signal-
ing pathways that contribute to the Brtl cellular imbalance.

The mechanism of bone dysplasia in Brtl mice, with a
classic glycine substitution in col1a1, differs from that of the
other well-studied murine models for OI, Mov13(5) and
oim.(8) The Mov13 mouse is an excellent model for both the
mechanism and the mild phenotype of type I OI, because it
has absence of transcripts from one col1a1 allele(5,26) and
decreased production of structurally normal matrix.
Mov13/+ mice have weak prepubertal geometry and brittle
bones,(27,28) with a pubertal adaptive increase in cross-
sectional area to enhance failure load. Unfortunately, his-
tomorphometry is not available on, Mov13/+ mice. Oim is a
recessive OI model with more severe bone dysplasia than
Brtl, whose extracellular matrix is composed of �1(I)3 ho-
motrimers, rather than type I collagen heterotrimers
[�1(I)2�2(I)].(8) Oim histomorphometry revealed a high
turnover state, with increased ObS, OcS, and BFR.(10) Post-
pubertal oim have increased col1a1 transcription in vivo
compared with wildtype, which allows oim to maintain a
normal MAR(10) but does not improve cortical or trabecu-
lar bone geometry(29) or load to fracture.(9) This contrasts
with Brtl’s normal levels of col1a1 transcripts in neonatal
osteoblasts,(30) postpubertal decreased MAR, and reduced
matrix output by osteoblasts.

Neither Brtl nor oim has femoral histomorphometry that
is identical to that reported from iliac crest biopsies in two
sizable groups of children with types III and IV OI.(3,4) The
pediatric OI bone has high turnover, with increased osteo-
blast and osteoclast surface and elevated bone formation
rate. Oim has a more exuberant high turnover state than do
OI children, with relatively greater elevation of ObS, OcS,
and BFR, as well as increased urinary collagen cross-
links,(10) compared with controls. OI children also have de-
creased MAR,(3) whereas oim osteoblasts maintain MAR
comparable to WT mice.(10) In Brtl mice, there is an un-
coupling of cell responses; OcS is elevated, although ObS
remains normal, and both bone formation rate and MAR
are decreased. It is interesting that urinary collagen cross-
links are not increased in Brtl, given the elevated osteoclast
activity. However, discordance of serum and urinary mark-
ers of bone formation and resorption have been previously
noted in OI. Collagen urinary cross-links are generally in
the normal range in children with structural defects of col-
lagen,(31,32) as in Brtl, and may reflect the matrix insuffi-
ciency of the underlying bone, yielding fewer cross-links

despite increased osteoclast numbers or activity or resis-
tance of the abnormal matrix to resorption.

Because the increase in OcS and TRACP in Brtl para-
doxically occurs in a context of decreased osteoblast matrix
production and normal RANKL/OPG ratios, there must be
an alternative mechanism for cellular asynchrony. The el-
evation of RANK transcripts in Brtl femurs suggests that
osteoclast precursors might be increased in number and/or
their sensitivity to prevailing RANKL/OPG levels. In fact,
a marked increase in the number of osteoclast precursors
and their formation into more numerous and larger osteo-
clasts in response to a given RANKL concentration was
demonstrated in Brtl marrow. This finding provides new
insights into the role of the bone cellular compartment in
OI. Disproportionate elevation of osteoclasts in bone with
a genetic defect in collagen, an osteoblast protein, points to
a secondary effect of OI matrix or soluble factors on osteo-
clasts. More circulating OC precursors may be recruited to
the bone compartment and/or the lifespan of resident pre-
cursors may be prolonged. Additional studies are required
to determine whether or how precursor cell trafficking or
lifespan dynamics are altered in this animal model of type
IV OI. Identifying potential differences in soluble factors
that may regulate osteoclast recruitment and development
in concert with the RANK/RANKL/OPG signaling system
could provide further insights regarding the imbalance in
OI bone cell coupling.(33,34) For instance, inflammatory
conditions may be triggered by defective collagen in OI that
lead to increases in interleukin (IL)-1 and TNF-�, which
could secondarily elevate Brtl RANKL and OPG, as well as
synergize with RANKL intracellularly to promote osteo-
clast development.(33,35,36) Osteoclast precursors may also
be increased in oim/oim mice, from which bone marrow
cultured in the presence of RANKL and M-CSF yielded
more mononuclear and multinucleated osteoclasts forming
resorption pits than in WT cultures.(37)

We have initiated a series of studies on Brtl osteoclasts to
address the questions of matrix or soluble factors that dis-
proportionately increase osteoclast recruitment in OI. In-
sight into the mechanism of cellular asynchrony in OI may
provide the basis for novel therapeutic approaches.
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