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Recent non-placebo-controlled studies of the bisphosphonate
pamidronate have shown it to be effective in reducing fractures
and improving bone density in infants and children with osteo-
genesis imperfecta (OI). To evaluate the effects of bisphospho-
nate treatment in a controlled study, the oim/oim mouse model of
OI was studied. Nursing infant mouse pups (~2 wk old) with
moderate to severe OI (oim/oim mouse) and age- and back-
ground-matched control mice (�/�) were treated either with the
third-generation bisphosphonate alendronate (ALN), or with sa-
line. Fracture risk, bone quality, and growth were evaluated over
a 12-wk treatment period. ALN at a dose of 0.03 mg/kg/d or
saline was administered via s.c. injection to infant oim/oim and
wild-type (�/�) mice from 2 to 14 wk of age (n � 20 per
subgroup). The average number of fractures sustained by the
ALN-treated oim/oim mice was reduced significantly compared
with the untreated oim/oim mice (0.7 � 0.7 fractures/mouse
versus 2.0 � 0.2 fractures/mouse). Bone density increased sig-
nificantly in the femur and the spine with treatment (2.0 � 0.5
versus 1.2 � 0.5 in femur and 2.1 � 0.5 versus1.6 � 0.5 in
spine). Histologic evaluation revealed the percentage of metaph-
yseal tibial bone increased significantly with treatment in both
�/� and oim/oim mice. Mechanical testing revealed an increase

in structural stiffness for both treated �/� and oim/oim mice
compared with untreated animals. None of the material proper-
ties examined were significantly altered with treatment, nor was
spinal curvature affected. Weight gain and long bone growth
were comparable in the treated and untreated oim/oim mice. In
wild-type mice, femur lengths were significantly shorter in the
treated mice compared with untreated counterparts. This animal
study demonstrates that treatment of OI in mice as early as 2 wk
of age with ALN appears to be effective in reducing fractures and
increasing bone properties. Based on the data from this study,
ALN therapy in infants with OI should prove to be effective.
(Pediatr Res 52: 660–670, 2002)

Abbreviations
OI, osteogenesis imperfecta
oim/oim, mice homozygous for spontaneous mutation causing
the skeletal defects of OI
�/�, wild-type mice
AP, anteroposterior
ML, mediolateral
BMD, bone mineral density
ALN, alendronate

OI, also known as “brittle bone disease,” occurs in about 1
in 20,000 births (1). The real incidence is probably higher
because a significant number of children are not diagnosed at
birth due to mild expression of the disease (2). OI is predom-
inately a collagen defect, caused by heterogeneous genetic
mutations that result in an array of clinical manifestations,
ranging from blue sclerae and dentinogenesis imperfecta to

extremely short stature and progressive limb/spine deformities
secondary to multiple fractures. Surgical treatment of the
extremities and spine are often indicated to stabilize the long
bones and optimize functional ability and walking capacity.
According to the Sillence classification (3) there are four forms
of OI, although recent data has added additional variants (4).
Type II OI is lethal in the perinatal period, due to a restrictive
pulmonary hypoplasia secondary to abnormal development of
the rib cage in utero. Type III OI is the most severe form in
children surviving the neonatal period, and life expectancy in
these patients is reduced (5).

Clearly, despite marked clinical variability, OI is a devas-
tating disease that often presents at birth and needs to be treated
as early as possible to improve quality of life and outcome for
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these children. Before the recent use of bisphosphonates in the
treatment of OI, medical management of OI had been largely
ineffective in altering the course of the disease. Pharmaceutical
interventions with sodium fluoride, calcitonin (6), and GH (7)
have been tried, but the most promising drugs to date appear to
be the bisphosphonates. Bisphosphonates are stable analogs of
inorganic pyrophosphate, which have been developed over the
past three decades as potent inhibitors of osteoclast-mediated
bone resorption and effective agents for the management of
osteoporosis and other bone diseases. Bisphosphonates may
inhibit osteoclast-mediated bone resorption by several routes,
including decreased osteoclast progenitor development, de-
creased osteoclast recruitment, and promotion of apoptosis of
mature osteoclasts leading to decreased bone remodeling (8).
According to Rogers et al. (9), bisphosphonates most likely act
on mature osteoclasts by perturbing cellular metabolism and
inducing osteoclast apoptosis. Other studies raise the possibil-
ity that increased survival of osteoblasts and osteocytes
through inhibition of apoptosis may contribute to the efficacy
of bisphosphonates in the management of disease states due to
loss of bone, such as glucocorticoid-induced osteoporosis (8).

Several investigators have reported beneficial effects of
bisphosphonate treatment in children with severe forms of OI.
Devogelaer et al. in 1987 (10) and Huaux and Lokeitek in 1988
(11) were the first to report decreased fracture rate and pain in
children with severe OI treated with bisphosphonates. Lans-
meer-Beker et al. (12) in 1997 reported a decrease in fracture
number, an increase in calcification of long bones, and ame-
lioration of vertebral shape in three boys with severe OI type
III treated for 5–7 y with the bisphosphonate olpadronate.
Bembi et al. (13) first reported an increase in BMD in children
with OI treated with pamidronate for a period ranging from 22
to 29 mo. Astrom and Soderhall (14) reported a major im-
provement in well-being, pain, and activities of daily life using
pamidronate over a 2–5 y treatment period. Of note, the effect
on the younger patients in this study was more pronounced
than that observed in the older patients, perhaps owing to a
higher rate of bone turnover at a younger age. The most recent
published data supporting the use of bisphosphonates in infants
and children with OI is the work of Glorieux et al. (15), and
Plotkin et al. (16), who have treated children ranging in age
from 3 to 16 y and severely affected infants ranging in age from
2.3 to 20.7 mo with the bisphosphonate pamidronate. Here,
treatment was reported to be safe, to increase BMD, and to
decrease fracture rate. Unfortunately, these recent studies were
not placebo-controlled, the ultimate test of drug efficacy, and
histologic evaluation of bone quality was not possible.

Because fractures begin in infancy in OI, or even in utero or
perinatally, it is logical to speculate that treatment with
bisphosphonates would be most beneficial if initiated early in
life. There are concerns, however, over safety issues involved
in treating an infant whose bones are rapidly growing and
remodeling with a drug that inhibits bone resorption. In animal
studies, high doses of bisphosphonates given to growing rats
have been found to decrease growth (17) and femur length
(18). Similar studies in an animal model of OI are needed to
evaluate the effect of treatment on growth and to look histo-
logically at the effects of bisphosphonates on bone quality.

Such studies should confirm the safety and efficacy of bisphos-
phonates in reducing fracture risk and increasing bone quality
in infant mice with OI.

The animal model used in the current study is the oim
mouse, a naturally occurring established animal model of OI
(19). Mice homozygous for the oim mutation (oim/oim) are
deficient in pro�2(I) collagen. This collagen defect produces
phenotypic and biochemical features similar to moderate to
severe forms of human OI, such as limb deformities, osteope-
nia, small body size, and skeletal fractures. Thus, the oim/oim
mouse provides a model of human OI that can be used to study
the effects of experimental therapies, such as bisphosphonates,
thereby providing information critical to design of a long-term
therapeutic protocol for infants with OI. The current study
investigates the efficacy of the bisphosphonate ALN in infant
oim/oim mice over a 12-wk treatment period.

This study was approved by the Institutional Animal Care
and Use Committee at The Hospital for Special Surgery, New
York, NY, U.S.A.

METHODS

Subjects

Breeder wild-type mice (�/�) (strain: B6C3Fe-a/a �/�)
and mice homozygous for the spontaneous mutation that
causes the skeletal defects of OI (oim/oim) (strain: B6C3Fe-
a/a/ Cola2 oim/oim) were initially obtained from Jackson Labo-
ratory (Bar Harbor, ME, U.S.A.). Breeding pairs were set up to
yield a desired number of 80 mouse pups to be used in the
study, 40 affected oim/oim mice and 40 �/� control mice.
Parents and offspring were maintained at 75°F on a diet of tap
water and standard laboratory rodent chow during the study.
Powdered food was used for the mice affected with OI, inas-
much as their teeth can be also affected in OI by dentinogenesis
imperfecta.

Protocol

At 2 wk of age, �/� and oim/oim offspring were each
randomized into two subgroups (20 mice per group) to receive
weekly s.c. injections of either ALN (Merck, Whitehouse
Station, NJ, U.S.A.) at a dose of 0.03 mg/kg/d or saline in an
equal volume of 0.1 mL/10 g body weight. The dosage was
previously determined in a pilot study (20). Mice were
weighed weekly for adjustment of dosage and tracking of
weight gain. Pups were weaned from their mothers at 4 wk of
age, and male and female pups separated. The infant pups were
treated from 2 to 14 wk of age, at which time the mice were
killed via tubocurarine injection under ketamine sedation. This
method of sacrifice was chosen to minimize artifacts of rigor
mortis on spinal curvature measurement. A baseline group of
oim/oim mice were also examined at 2 wk of age to determine
fracture number at this age (n � 7 per genotype).

Measurements

Fracture count. After sacrifice, high-resolution whole-body
AP and lateral radiographs were taken via Faxitron (Hewlett
Packard, Palo Alto, CA, U.S.A.). Fractures were counted on
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illuminated and magnified radiographs by examining the fol-
lowing bones: bilateral femora, tibiae, humeri, and tails. Frac-
ture count was performed by a blinded observer: an orthopedic
surgeon with significant experience in fracture determination
(C.L.R.).

Spinal curvature. Radiographs were digitized and SigmaS-
can software (SPSS Science, Chicago, IL, U.S.A.) used to
measure spinal curvature (cervical lordosis and thoracic ky-
phosis) using Cobb’s angle measurement (21).

Bone geometry. Whole spines were carefully dissected out
at sacrifice, cleaned of soft tissue, and radiographed in the AP
plane. Measurements of vertebral height and width were made
at L2 in each dissected spine, using the iliac crest as an
anatomical point of reference. Individual femora were also
dissected at sacrifice, cleaned of soft tissue, and radiographed
in the AP and ML planes. Femur length, endosteal (de) and
periosteal (dp) diameters were measured in the AP and ML
planes from digitized radiographs. Femur length was deter-
mined as the distance from the tip of the femoral head to the
base of the condyles. The midpoint of the femur was used to
measure de and dp. Cortical thickness was calculated as the
difference between endosteal and periosteal diameter. Based on
the diameteral measurements in the AP and ML planes, the
femoral cross-section was estimated to be elliptical. The mo-
ment of inertia, I, a measure of the distribution of material
around a given axis, was calculated as:

Iellipse �
�

4��APdp

2 ��MLdp

2 �3

� �APde

2 ��MLde

2 �3�
where dp in the AP plane corresponds to the major diameter of
the ellipse, and dp in the ML plane corresponds to the minor
diameter (22).

Bone biomechanics. Mechanical testing of femurs via three-
point bend testing was performed to evaluate differences in
structural and material bone properties. Testing was performed
at room temperature, using a closed-loop servo-hydraulic test
machine (MTS Systems Corporation, Eden Prairie, MN,
U.S.A.) with Instron electronic controls (Instron Corporation,
Canton, MA, U.S.A.). The bones were placed with their ante-
rior aspect facing down on two supports equidistant from their
ends and separated by a constant distance [length (L) � 8 mm
for the 14-wk old mice) and centrally loaded from the posterior
aspect of the bone at a constantly increasing rate (0.5 N/s) until
fracture. Stiffness was determined by taking the slope of the
elastic region of the load-displacement curve. Load and dis-
placement data were then normalized to the moment of inertia,
I, to obtain material properties (22).

The stress was calculated as:

� �
Mc

Iellipse

where M is the maximum load, c is the distance from the
neutral axis to the point of loading, equal to one half the AP
periosteal diameter, and Iellipse is the moment of inertia (22).
Stress-strain curves were calculated, and Young’s modulus
determined by taking the slope of the elastic region of the curve
as a measure of the intrinsic stiffness of the material. Yield

strain (point of maximum elastic deformation) divided by
ultimate strain * 100 was also calculated and termed
“brittleness.”

Bone density. Femurs dissected at sacrifice were radio-
graphed in the AP plane with an aluminum alloy density step
standard. Radiographs were digitized and density measure-
ments taken using Sigma Chemical scan software (Sigma
Chemical, St. Louis, MO, U.S.A.). Each individual image was
calibrated using the steps as the density standards with inten-
sity units ranging from 1 to 3. Femoral cortical density was
determined by averaging density measurements of two 1-mm-
long rectangular areas along the mid-shaft of the cortex. For
metaphyseal density, measurements were taken of a 1-mm area
located 2 mm proximal to the femoral condyles. Vertebral
density measurements were also made using SigmaScan soft-
ware to analyze dissected lumbar spines via digitized AP
radiographs. For consistency, measurements were made on the
same vertebra, L2, using the iliac crest as a point of reference.
Two spine density measurements were taken: metaphyseal and
trabecular. The metaphyseal spine density was measured using
a 1-mm by 1-mm area immediately adjacent to the endplate
between the cortex and the spinous process. The trabecular
spine density was measured using a 1-mm by 1-mm area
located 0.7 mm away from the endplate and 1.5 mm medial to
the cortex (Fig. 1).

Bone histology. For histologic evaluation, dissected tibiae
were fixed in glutaraldehyde, decalcified in 10% EDTA, em-
bedded in JB4 resin, and sectioned longitudinally at 3 �m
thickness. They were then stained with Safranin O, a stain
specific for cartilage proteoglycans (23), and counter-stained
with Fast Green. This method was used to differentiate bone,
which stains light green, from calcified cartilage, which stains
red. Growth plate heights were measured from these sections
using Metamorph software (Universal Imaging Corp., West
Chester, PA, U.S.A.). Tibial diameter was determined across
the growth plate, and the growth plate height measured at three
points near mid-diameter. These data were then averaged to
obtain one value per section. A grid-counting method was used
to calculate the percentage of bone and calcified cartilage
present in the primary spongiosa in a 0.5 � 0.5 mm2 region
directly under the epiphyseal plate. Two separate sections of
each tissue were analyzed to calculate the average percentage
of bone under the growth plate. Dissected spines were also
evaluated histologically. After fixation in glutaraldehyde and
decalcification in 10% EDTA, spines were embedded in par-
affin, stained with hematoxylin and eosin and sectioned at 3
�m thickness for qualitative microscopic examination.

Data analysis. Statistical analyses were performed on Sig-
maStat software (SPSS Science). Univariate statistics were
collected on all variables, including means, medians, ranges,
and SD. Parametric data were analyzed by two-factor ANOVA
to test for the simultaneous effects of genotype and ALN
treatment on the outcome variables. Three null hypotheses
were examined: 1) there is no effect of genotype, 2) there is no
effect of ALN treatment, and 3) the potential effect of ALN
treatment is independent of genotype (the interaction term). If
significant differences were found for any factors, multiple
comparisons were performed using Student-Newman-Keuls to
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test for differences with ALN treatment within either oim/oim
mice or wild-type (�/�) mice (24). Values were considered
significantly different at p � 0.05. Although the oim gene is not
sex-linked, all measurements were analyzed separately for
males and females. Because significant differences were not
found based on gender, the data for males and females were
grouped together. For fracture counting, a nonparametric mea-
surement, the Mann-Whitney rank sum test, was used with
differences considered significant at p � 0.05.

RESULTS

Growth. At baseline 2 wk of age, (�/�) mice had signifi-
cantly larger average weights than the oim/oim mice. (Table 4)
Throughout the 12 wk of evaluation, ALN treatment did not
appear to have an adverse effect on weight gain in either the
�/� or oim/oim mice. Growth curves in treated versus non-
treated groups were comparable for both wild-type and OI-
affected mice (Fig. 2).

Similarly, at 2 wk baseline and at the end of the 12 wk of
study, �/� mice had longer femur lengths than their oim/oim
counterparts (Tables 1–4). ALN treatment did not appear to
have an adverse effect on long bone growth with treatment in
the oim/oim mice, as femur lengths after 12 wk of treatment
were comparable to those of untreated oim/oim mice. However,
femur lengths in the �/� mice after 12 wk of ALN treatment
were significantly shorter than those of their untreated coun-
terparts. This discrepancy in the effect of treatment on �/�
versus oim/oim mice was confirmed by the significance of the
two-way ANOVA interaction factor, p � 0.025.

Fracture number. The average number of fractures sus-
tained by the ALN-treated oim/oim mice was significantly

reduced to 0.7 � 0.7 fractures/mouse compared with untreated
oim/oim mice, who sustained 2.0 � 0.2 fractures/mouse (p �
0.006). Whereas 86% (19/22) of the oim/oim control mice
sustained fractures, only 58% (11/19) of the ALN-treated
oim/oim mice sustained fractures. To account for fractures
sustained before the treatment period, fracture incidence was
also examined in 2-wk-old baseline mice, who had not been
subjected to either handling or injections. The fracture inci-
dence in baseline 2-wk-old oim/oim mice was identical to that
of 14-wk-old oim/oim mice who had been treated with ALN
from 2 to 14 wk of age, 0.7 � 0.8 fractures/mouse.

Bone density. Density measurements were not obtained in
baseline 2-wk old mice due to technical limitations of the density
standard. However, at sacrifice at 14 wk of age, the density of the
cortical and metaphyseal femoral bone in �/� mice treated with
saline was greater than that seen in the same regions of oim/oim
bone also treated with saline, emphasizing the difference in bone
quality between the oim/oim mouse model and a wild-type mouse.
Femoral density in the cortical region of bone did not change
significantly with treatment in the oim/oim mice. However, den-
sity in the femoral metaphyseal region did increase with ALN
treatment in oim/oim mice (Fig. 3). Vertebral density in both the
metaphyseal and trabecular regions also increased significantly
with treatment in oim/oim mice (Fig. 4). In fact, with treatment,
both the vertebral density and femoral metaphyseal density of
oim/oim mice increased to equal that of untreated wild-type mice
(Figs. 3 and 4).

Spinal curvature. The spinal curves of untreated oim/oim
mice were not significantly greater than those of untreated �/�
mice at 14 wk of age. Furthermore, cervical lordosis and

Figure 1. Vertebral density measurements. Faxitron of dissected lumbosacral spine. Metaphyseal spine density at L2 was measured using a 1-mm by 1-mm
area immediately adjacent to the endplate between the cortex and the spinous process. The trabecular spine density at L2 was measured using a 1-mm by 1-mm
area located 0.7 mm away from the endplate and 1.5 mm medial to the cortex.
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thoracic kyphosis were not significantly altered with treatment
in oim/oim mice.

Bone geometry. At baseline 2 wk of age, there were no
significant differences in bone geometry between wild-type and
OIM mice (Table 4). After 12 wk of treatment, again no
significant differences were noted in bone geometry between
mice treated with ALN versus those receiving only saline
(Table 2). There was a tendency toward increasing femoral
periosteal ML diameter in the �/� mice with treatment (p �
0.07).

Bone histology. ALN treatment increased the percentage of
bone under the growth plate (primary spongiosa) significantly:
from 23.89% � 9.81% to 30.35% � 5.58% in �/� mice (p �
0.01), and from 12.29% � 5.28% to 22.35% � 9.59% in
oim/oim mice (p � 0.01) (Fig. 5). Tibial growth plate heights
tended to be greater in untreated oim/oim mice at 14 wk of age
compared with age-matched untreated �/� mice (124.2�m �
11.3 versus 114.0�m � 16.9; p � 0.07). With ALN treatment,

Table 2. Geometrical properties of bone after 12 wk of treatment (mean � SD)

�/� Saline �/� Alendronate
oim/oim
saline

oim/oim
alendroate

Vertebral height (mm) 3.62 � 0.17 3.64 � 0.14 3.55 � 0.22 3.53 � 0.24
Vertebral width (mm) 1.96 � 0.17 1.93 � 0.14 1.96 � 0.18 1.82 � 0.22
Femoral endosteal

diameter, ML view (mm)
0.84 � 0.13 0.92 � 0.15 0.78 � 0.12 0.78 � 0.10

Femoral periosteal
diameter, ML view (mm)

1.38 � 0.18* 1.48 � 0.16* 1.26 � 0.17† 1.34 � 0.14†

Cortical thickness (mm) 0.54 � 0.09 0.52 � 0.14 0.49 � 0.12 0.53 � 0.17
Femoral endosteal diameter

AP view (mm)
1.14 � 0.15 1.19 � 0.16 1.10 � 0.21 1.04 � 0.11

Femoral periosteal diameter
AP view (mm)

1.72 � 0.23 1.77 � 0.19 1.61 � 0.19 1.62 � 0.13

Moment of inertia 0.22 � 0.14* 0.24 � 0.09* 0.13 � 0.06† 0.17 � 0.06†

Results represent geometrical properties of wild-type (�/�) and oim/oim bone after 12 wk of treatment with either saline or alendronate. Note: at baseline
and 2 wk of age there are no differences in geometrical properties between wild-type and OI bones.

*,† Values denoted by † are significantly different from values denoted by * for said parameter (p � 0.05).

Figure 2. Growth curves plotted over the 12-wk course of the study. No significant difference was noted in weights at sacrifice between treated and untreated
mice in either �/� or oim/oim mice. �/� mice were significantly larger than oim/oim mice in both treatment categories. Lines denoted by different letters are
significantly different from each other (p � 0.05).

Table 1. Average femur length after 12 wk of treatment

Genotype Treatment
Femur length

(mm)* No. of animals

�/� Saline 16.00 � 0.50 22
�/� Alendronate 15.38 � 0.42** 20

oim/oim Saline 15.38 � 0.39** 22
oim/oim Alendronate 15.52 � 0.61 19

Baseline femur length at 2 wk of age is smaller in oim/oim mice than
wild-type mice.

* Results are expressed as the mean femur length (mm) � SD in wild-type
(�/�) and oim/oim mice after 12 wk of treatment with either saline or
alendronate. Comparisons were made using the two-way ANOVA.

** Denotes significant difference vs untreated �/� mice (Student-Newman-
Keuls method, p � 0.05).
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the tibial growth plates in the oim/oim mice tended to be
narrower than in untreated oim/oim mice (115.7 � 14.5 versus
124.2�m � 16.9; p � 0.07), actually approaching the width of
untreated �/� growth plates (114.0�m � 16.9) (Fig. 5).
Qualitative analysis of the spine histology in the untreated
oim/oim mice revealed two primary findings: 1) marked dis-
organization of the growth plate, and 2) decreased cross-
connectivity between bone trabeculae, which also appeared
thin (Fig. 6). With treatment, the spines in the oim/oim mice
showed an increase in cross-connectivity and width of trabec-
ulae as well as an increase in the amount of calcified cartilage
under the growth plate. In general, the growth plates in ALN-
treated oim/oim mice appeared more organized in alignment.

Bone biomechanics. Oim/oim femora are significantly more
brittle (as measured by percentage elasticity) than �/� bones
both with and without treatment with bisphosphonate (Table
3), supporting the definition of OI as “brittle bone disease.”
Biomechanical testing of femora revealed an increase in the
structural stiffness for oim/oim mice treated with ALN (Table
3). Failure load increased significantly with treatment only for
�/� mice. None of the material properties examined were
significantly altered with treatment. Biomechanical data could

not be obtained on baseline mice due to technical limitations
given small size of bones at 2 wk of age and fragility of
oim/oim bones.

DISCUSSION

The results of the current study demonstrate that s.c. admin-
istration of ALN to infant mice affected with OI markedly
improves metaphyseal bone density and decreases fracture rate
without adversely affecting growth. Long bone growth and
overall weight gain were maintained with treatment in this
study. In humans, ALN, which is given orally, is known to
cause gastrointestinal side effects, including gastric and duo-
denal ulcers (25). Although in mice we have shown compara-
ble weight gain between treated and untreated subjects, the
drug may not be tolerated as well when administered orally to
nursing infants. The human studies done by Plotkin et al. (16)
involved i.v. administration of pamidronate in cycles of three
consecutive days every 6–8 wk, in which case no adverse side
effects of treatment were noted other than an acute phase
reaction of short-term fever after the first infusion. Current
human studies by Glorieux (26) are focusing on the evaluation
of the efficacy of oral drug therapy.

The primary outcome variable examined in the current
animal study was fracture incidence. In an earlier study where
ALN treatment of oim/oim mice was initiated at 6 wk of age
and continued for an 8-wk treatment period, fractures still
occurred during the treatment period in the treated mice but to
a lesser extent than in nontreated mice (20). In contrast, in the
current study, it appears no fractures occurred during the
treatment period, inasmuch as the average number of fractures
sustained by 14-wk-old treated mice was equivalent to the
average number of fractures seen in 2-wk-old baseline mice.
ALN treatment essentially prevented any further fractures from
occurring beyond those already present by 2 wk of age. Thus,
initiation of bisphosphonate treatment in mice at the early age
of 2 wk appears to be even more effective in preventing
fractures than when initiated at 6 wk.

In addition, in the current study, long bone growth was not
affected by ALN treatment in contrast to what was found in the
earlier study. This may be attributed to the slightly lower
dosage used in the current study (31 �g/kg/d) compared with
the dosages of 73 �g/kg/d for the first 4 wk, followed by 26
�g/kg/d for the next 4 wk, used previously. In both studies,

Table 3. Biomechanical data: structural and material properties of femora after 12 wk of treatment

�/� Saline
�/�

Alendronate oim/oim Saline
oim/oim

Alendronate

No. 20 19 21 16
Structural stiffness (N/mm) 42.7 � 11.5† 53.2 � 16.6*† 30.3 � 6.8‡ 40.8 � 7.0*‡
Failure load (N) 15.3 � 3.2† 18.4 � 4.0*† 7.8 � 2.3‡ 9.0 � 1.8‡
Breaking strength (MPa) 167.5 � 40.7† 178.6 � 32.3† 107.8 � 34.6‡ 108.6 � 21.6‡
Young’s modulus (GPa) 3071.2 � 999.5 3302.6 � 964.1 3398.1 � 1601.0 3368.9 � 1023.1
Brittleness (% elasticity) 73.8 � 20.0† 81.2 � 16.9† 97.71 � 5.2‡ 97.6 � 4.7‡

Values represent biomechanical data, expressed as mean � SD, for wild-type (�/�) and oim/oim mice after 12 wk of treatment with either saline or
alendronate. *p � 0.05 treated vs control, same genotype.

†,‡ Values denoted by ‡ are significantly different from values denoted by † for that specific parameter (p � 0.01).

Table 4. Postmortem studies of baseline mice (2 wk of age)

�/� Mice
(n � 7)

oim/oim Mice
(n � 7)

Average femur length
(mm)

10.5 � 0.69 8.71 � 0.26*

Average weight (g) 11.78 � 0.85 9.4 � 0.5*
Femoral endosteal

diameter, AP view
(mm)

1.0 � 0.07 0.94 � 0.07

Femoral periosteal
diameter, AP view
(mm)

1.21 � 0.1 1.16 � 0.06

Cortical thickness (mm) 0.22 � 0.09 0.22 � 0.05
Femoral endosteal

diameter, ML view
(mm)

0.91 � 0.11 1.12 � 0.14

Femoral periosteal
diameter, ML view
(mm)

1.12 � 0.14 1.12 � 0.14

Moment of inertia 0.05 � 0.03 0.05 � 0.02

* At 2-wk baseline, average femoral length and weight were significantly
larger in oim/oim mice than in �/� mice, p � 0.05.
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Figure 3. Femoral metaphyseal bone density (intensity units � SD) after 12 wk of treatment. Bone density increased significantly with treatment in oim/oim
mice (*p � 0.01 vs control), making it comparable to that of untreated �/� mice.

Figure 4. Vertebral density (intensity units � SD) after 12 wk of treatment. Density increased significantly with treatment in both the metaphyseal and trabecular
regions of the spine in oim/oim mice, making it comparable to that of untreated �/� mice (*p � 0.01 vs control).

666 MCCARTHY ET AL.



ALN treatment caused an increase in oim/oim femoral metaph-
yseal density such that it equaled that of the �/� bones. Taken
together, these data support the commencement of bisphospho-
nate treatment of OI at as early an age as possible. Although we
do not know the equivalent age in children, it appears that
earlier treatment in mice affected with OI is beneficial. These
results also parallel the results seen in recent human studies by
Plotkin et al. (16) wherein pamidronate treatment was found to
be safe and to increase BMD and decrease fracture rate in
severely affected OI patients under 3 y of age.

There are certain limitations to the use of mouse models and,
in particular, the oim/oim mouse model of OI. First of all, the
genetic mutation in mice is recessive, whereas in most human
forms of OI the defect is autosomal dominant. There is,

however, a human correlate to the oim/oim mouse model of OI
(27). In this variant of OI, the collagen synthesized is a
homotrimer of pro �-1 chains, and the phenotype is considered
severe, similar to the oim/oim mouse model. Thus, the oim/oim
mouse is a valid model in which to study the effects of therapy
in OI. Nonetheless, one cannot simply translate what is ob-
served in mice directly to humans. For instance, remodeling of
bones in mice differs from that in humans in that there is no
osteonal network. Therefore, the effect of an antiresorptive
drug may be different in humans than in mouse bones. Accord-
ingly, although it appears earlier treatment with ALN in mice
with OI is beneficial, we do not know what effects would be
seen in human infants nor do we know the equivalent early age
in children.

Figure 5. Tibial histology after 12 wk of treatment. Light micrographs of (A) saline-treated and (B) ALN-treated oim/oim tibiae stained with Safranin O (10�).
Growth plate (gp) appears red in color and bone (b) appears pink. Growth plate height decreased with treatment and percentage bone under growth plate increased
with treatment.
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Another critical area of investigation into the effects of
bisphosphonates on OI bone is biomechanics. How is bone
strength affected by this treatment? In the current study, ALN
treatment resulted in increased structural stiffness in oim/oim
femurs. Thus, OI bones treated with ALN, although brittle,
were stiffer. We believe this is an improvement, based on the
decreased incidence of fracture and increased bone density. It
is important to note that although increased brittleness was not
seen in homozygous oim/oim mice treated with ALN, this does
not preclude the possibility of it occurring in humans with mild
OI, as was seen in the ALN-treated wild-type mice in the
current study. Interestingly, the derived material properties of
bone, such as breaking strength and modulus, were not im-
proved and bone geometry was not changed significantly with
treatment in the oim/oim mice. One possible explanation for
this finding is that three-point bend testing evaluates cortical

bone, and in fact there were no changes with treatment in
cortical bone density. Thus, it seems the drug may be affecting
the metaphyseal region of bone to a greater extent than cortical
bone in OI mice. As such, biomechanical evaluation of me-
taphyseal bone, if feasible, would prove to be more useful.
Thus, the means by which structural stiffness increased is still
unclear. In other animal studies where rats or rabbits were
treated with bisphosphonates, improved mechanical properties
were attributed to better bone geometry (28–30).

The precise mechanism by which bisphosphonate treatment
reduces the number of fractures is also unknown, although it is
known that decreased bisphosphonate-associated remodeling
leads to increased BMD (31) or increased bone mineralization
(32). In our study, although mechanical and material properties
of cortical bone did not increase with treatment, metaphyseal
density was increased. This certainly could impact on fracture

Figure 6. Spine histology after 12 wk of treatment. Light micrographs of hematoxylin and eosin stained spines from (A) saline-treated and (B) ALN-treated
oim/oim mice (10�). Note improved organization of growth plate (gp), increased trabecular bone (b), and increased cross-connectivity of trabeculae in
ALN-treated mice.
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reduction and long bone growth. A similar density increase
was also shown in the vertebral bodies. A recent study pro-
posed that antiresorptive agents decrease fracture incidence
disproportionally to their effect on bone mass (33), suggesting
an additional effect on bone strength unrelated to effects on
BMD. An explanation for this phenomenon remains to be seen.
Perhaps, as proposed by Plotkin et al. (8), bisphosphonates
exert antiapoptotic effects on osteocytic cells and mature os-
teoblasts. This increase in osteoblast work time may lead to a
gradual increase in bone mass, as in trabecular thickness,
which in turn may contribute to the antifracture efficacy of
these agents.

In the present study in the oim/oim mouse, it does appear
that the action of ALN is associated more with an increased
bone quantity than with improved tissue quality of bone.
Indeed, we have documented an increase in the percentage of
bone under the tibial growth plate with treatment. However,
there were also improvements in the architecture of the bone.
The vertebrae in the ALN-treated oim/oim mice showed an
increase in cross-connectivity and width of trabeculae, as well
as an increase in the amount of calcified cartilage under the
growth plate. In addition to these effects, the tibial growth
plates in the oim/oim mice became narrower with ALN treat-
ment, actually approaching the width of the �/� growth
plates. These findings suggest a positive effect of ALN on the
organization and compactness of the growth plate in the oim/
oim mouse after treatment, which may result in a decreased
tendency to fracture. According to Bullough (34), bone biopsy
specimens from human patients with the severe or congenital
form of OI are characterized by “large areas of osseous tissue
that are devoid of an organized trabecular pattern.” Further-
more, microscopic analysis of an intact growth plate in OI
reveals disorganization of the proliferative and hypertrophic
zones (34). Our findings of increased organization of the
growth plate in the spine with greater cross-connectivity and
width of trabeculae (Fig. 6) also suggest a positive drug effect
in the spine, which could lead to increased stability of growth
plates and bone. One could speculate that such drug effect may
result in a subsequent decrease in the incidence of compression
fractures commonly seen in OI, although this was not evalu-
ated in the current study.

Bisphosphonate therapy is now so well validated that their
use has extended far beyond osteoporosis to include diseases
such as Paget’s disease, malignant osteolysis, and fibrous
dysplasia (35). Promising preliminary findings, such as those
of Glorieux, Plotkin et al. (15, 16) warrant the use of bisphos-
phonates in severe conditions such as OI. Thus, bisphospho-
nates are rapidly becoming the mainstay of treatment for
children with severe OI. One concern is the effect therapy
could have on growth in young infants. In studies using older
animals, long-term treatment with bisphosphonates did not
affect growth, unless very high doses were administered (17).
The only human studies to date of bisphosphonate treatment in
infants (16) showed no detrimental effect of pamidronate on
growth.

A true cure for the disease, which would involve correction
of the genetic abnormality, may be decades away. Therefore,
any treatment that offers an improvement in quality of life for

these severely affected children is welcome. Indeed, treatment
during infancy to prevent the painful fractures these infants
endure is desirable not only for the immediate comfort to be
derived, but also to improve long-term outcome and ambula-
tory potential. Human studies do indicate earlier treatment is
more beneficial (16). But how early can we safely give this
antiresorptive drug to infants? Will it interfere with normal
bone growth? What are the long-term consequences? Will it be
tolerated orally? What is the optimal dose? How long should
this treatment be continued? Is it safe to administer to women
of childbearing age? Animal studies allow us to examine the
biologic plausibility of our hypotheses before attempting hu-
man trials. If safety and efficacy can be demonstrated in an
infant mouse model of OI, then investigators of human OI may
be encouraged to start treatment even earlier.

Ultimately, strengthening bone in OI will require steps to
correct the underlying genetic mutations that are responsible
for this disorder. Until gene therapy becomes a reality, the best
treatment we can offer these patients is bisphosphonates, in an
attempt to alter the natural course of this devastating disease
(26). We believe that fracture reduction in OI patients will
improve their clinical prognosis. As shown by Bembi et al.
(13), who used i.v. pamidronate to treat children with OI, “A
clear clinical response was shown, with a striking reduction of
new fracture episodes and a marked improvement in the quality
of the patients’ lives.” More recently, Zacharin et al. (36)
undertook a 2-y study of pamidronate treatment in a cohort of
18 children ages 1.4–14.5 y with OI types III and IV and found
sustained cessation of bone pain, improved mobility, and de-
creased fracture rate in all patients. It stands to reason that
fewer fractures translates into decreased pain, decreased bony
deformity, decreased need for surgery, and possibly even
improved ambulatory potential. The earlier these children re-
ceive treatment, the greater their potential to walk and to lead
productive lives, free of painful fractures and subsequent sur-
geries. Hopefully, the promising results demonstrated here will
encourage clinical investigators to extend their evaluation of
this therapeutic approach to newborn infants with OI, who may
stand to benefit the most from clinical intervention at an early
age.
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