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ABSTRACT Osteogenesis imperfecta type I Is a mild,
dominantly inherited, connective tissue disorder characterized
by bone fragility. Mutations in type I collagen account for all
known cases. In Mov-13 mice, integration of a murine retro-
virus within the first Intron of the al(I) collagen gene results in
a null allele blocked at the level of transcription. This study
demonstrates that mutant mice heterozygous for the null allele
are a model of osteogenesis Imperfecta type I. A defect in type
I collagen production is associated with dominant-acting mor-
phological and functional defects in mineralized and nonmin-
eralized connective tissue and with progressive hearing loss.
The model provides an opportunity to investigate the effect of
a reduced amount of type I collagen on the structure and
integrity of extracellular matrix. It also may represent a system
in which therapeutic strategies to strengthen connective tissue
can be developed.

The Mov-13 strain was generated by exposing mouse
embryos to Moloney murine leukemia virus. Genetic and
molecular evidence indicated that a single copy of the pro-
virus integrated into the first intron of the al(I) collagen gene
(13, 14). The proviral insert is associated with a change in
chromatin conformation and de novo methylation ofthe gene,
and it prevents initiation of transcription (15-17). Mice
homozygous for the null mutation die in utero because of
failure of the vascular system (18). However, heterozygous
Mov-13 mice (referred to in this paper simply as Mov-13 mice)
do not display an obvious mutant phenotype. Given the
nature of the mutation harbored by Mov-13 mice, it was
hypothesized that they would serve as a model of 01-I. In the
present report we have undertaken a detailed biochemical
and functional analysis of Mov-13 mice to determine if this
were the case.

Osteogenesis imperfecta type I (O0-I) is a mild disorder
characterized by bone fracture without deformity, blue
sclerae, normal or near normal stature, and autosomal dom-
inant inheritance (1, 2). The incidence is estimated to be 1 of
20,000 live births, and males and females are affected equally.
Osteopenia is associated with an increased rate of long-bone
fracture upon ambulation. For reasons not well understood,
fracture frequency decreases dramatically at puberty and
during young adult life but increases once again in late middle
age (3). Progressive hearing loss, often beginning in the
second or third decade, is a feature of this disease in about
half of the families (4). The proportion of O0-I patients with
significant hearing loss rises steadily into middle age despite
the general decline in fracture frequency. Conductive or
mixed (conductive and sensorineural) hearing loss is more
common in dominant OI than sensorineural hearing loss
alone. Dentinogenesis imperfecta is observed in a small
subset of the patient population (5).

All O0-I cases to date have been associated with mutations
in the extracellular matrix molecule type I collagen (6). There
is evidence that both null alleles and structural mutations can
produce this phenotype. Structural alterations within or near
the triple-helical domain of collagen chains have been re-
ported (7-11) but appear to represent the minority of cases.
Although null 01-I alleles are thought to be common, only
one has been characterized at the molecular level (12). As a
result, the nature of mutations responsible for the O0-I
phenotype is largely unknown, and the pathogenesis of this
disease remains poorly understood.

MATERIALS AND METHODS
Determination of Collagen Content in Skin. Abdominal skin

samples taken from littermate wild-type and Mov-13 female
mice (15 weeks) were minced, and skin proteins were ex-
tracted sequentially at 40C into a neutral pH salt buffer and
then 0.5 M acetic acid as described (19). Supernatants were
dialyzed against 0.5 M acetic acid and quantitated by UV
absorbance (215 nm) and also by the Bradford assay (Bio-
Rad). Equal aliquots of total protein were treated with pepsin
and lyophilized. Serial 1:1 dilutions (12.0-3.0,g) ofwild-type
and Mov-13 samples were resuspended in electrophoresis
buffer and separated on SDS/5% PAGE. Gels were fixed in
methanol/acetic acid as described (20) and stained with silver
according to the manufacturer's recommendations (Bio-
Rad). Band identification was by cyanogen bromide peptide
mapping (20).
The hydroxyproline content of skin from wild-type and

Mov-13 mice (males and females at 8 weeks) was determined
from site-matched, 4-mm circular biopsies offrozen skin. The
samples were defatted in chloroform/methanol (2:1, vol/vol)
and then hydrolyzed in 6 M HCl under N2 at 110'C for 20 hr.
The dried hydrolysates were analyzed for hydroxyproline
content as described (21). Collagen content was calculated by
taking into account the normal hydroxyproline content of
collagen, based on amino acid analysis, and was expressed as
,ug of collagen per mm2 of the original biopsy. All measure-
ments were carried out in duplicate.

Fibroblast Cell Lines and Radiolabeling of Cellular Proteins.
Explants of littermate wild-type and Mov-13 dermal fibro-
blasts (15-week mice) were prepared and propagated (20).

Abbreviations: 01-I, osteogenesis imperfecta type I; dB, decibels.
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Radiolabeling of cellular proteins, preparation of pepsin-
treated samples, and electrophoresis were performed as
described (20).

Bright-Field Microscopy. Littermate wild-type and Mov-13
abdominal skin specimens were fixed in 2.5% glutaraldehyde
in phosphate buffer containing 2% (wt/vol) tannic acid for 6
hr at room temperature. The tissues then were rinsed in
buffer, treated with osmium tetroxide, dehydrated by a
graded ethanol series, and embedded in Spurr resin (Ted
Pella, Tustin, CA). Sections (5 ,4m) were stained with tolu-
idine blue and photographed with a Leitz Orthoplan micro-
scope (x25 objective).
Biomechanical Studies. After sacrifice, long bones were

disarticulated and cleaned of soft tissue. Samples were stored
at -30'C prior to analysis. Right whole-bone specimens
(humeri and femurs) were obtained from seven wild-type and
five Mov-13 females. Specimens were potted in methyl
methacrylate and then stressed to failure in bending on a
servohydraulic testing system (model 1000, Instron). The
bones were loaded at a constant rate of 0.5 mm/sec until
failure occurred, and the ultimate failure load [Newtons (N)],
energy to failure (N x mm), and stiffness (N/mm) were
determined. Thin sections from cortical bone specimens
described above were prepared under constant irrigation by
using an Isomet low-speed diamond saw (22). Each section
was then milled to a rectangular, parallelepiped beam of
tissue that maintained normal osteonal orientation. Specimen
geometry was determined from direct video digitization un-
der microscopic examination, and the final dimensions of the
rectangular beam specimens typically were 120 x 120 x 1200
jam. A three-point bending stress test was chosen because of
specimen size. The beam specimens were loaded at a con-
stant displacement rate of 0.081 mm/sec until failure oc-
curred. Cortical beam displacement was measured by a linear
variable differential transformer, and force and deflection
data were acquired directly by using an analog to digital
converter and a Zenith 286 microcomputer. An effective
modulus (gigapascals) was calculated as described (22).
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Polarized Light Microscopy. Littermate wild-type and Mov-
13 long bones (humerus and femur) were decalcified and
embedded in paraffin. Sections were stained with hematox-
ylin and eosin. Polarized light microscopy was performed
with a Leitz Laborlux 12 Pol microscope (x25 objective).

Hearing. Tone bursts (1.0-ms rise-fall time, 15-ms dura-
tion) were presented via a 1.27 cm condenser microphone
placed in the external auditory canal within 3-4 mm of the
tympanic membrane of the anesthetized mouse (23). The
evoked auditory brainstem response (ABR) was differentially
recorded from three subcutaneous electrodes placed below
each pinna and at the vertex. The amplified (x 1000) output
from the electrode array was sent to a PC-AT-type computer
for averaging (512 samples, 25-msec bin width, 256 responses).

RESULTS
To estimate the amount of collagen in a nonmineralized
connective tissue, protein extracts from skin were prepared
and equal aliquots were analyzed by gel electrophoresis after
treating the samples with pepsin. Pepsin treatment of samples
was used prior to electrophoresis to reduce the background
of noncollagenous matrix proteins in the extracts. As ex-
pected, type I collagen from skin migrated as monomeric (a),
dimeric (J3), and trimeric (y) forms because of the presence of
crosslinks that persist despite sample preparation and elec-
trophoresis. The amount of type I collagen extracted from
Mov-13 skin was obviously decreased (Fig. 1A). This obser-
vation was supported by three independent lines ofevidence.
First, and as anticipated (26, 27), Mov-13 skin fibroblasts
produced half the normal amount of radiolabeled type I
collagen in cell culture (Fig. 1B). Second, the dermis of
Mov-13 mice contained unusually thin collagen fibers (Fig.
1C). The presence of type I collagen in the abnormal fibers
was confirmed by an indirect immunofluorescence study that
utilized a polyclonal antibody against mouse type I collagen
(L.B., unpublished observations). Third, the collagen con-
tent of Mov-13 dermis (as calculated from assays of total
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FIG. 1. Collagen content of wild-type (WT) and Mov-13 nonmineralized connective tissue (skin). (A) Total protein extracts from the skin
of 15-week-old wild-type and Mov-13 female littermates were prepared, and protein quantitation was performed as described. Equal protein
aliquots were treated with pepsin (100 jg/ml) and then lyophilized prior to electrophoretic separation. Serial 1:1 dilutions (12.0-3.0 ,ug) ofaliquots
of wild-type and Mov-13 samples were separated on a SDS/5% polyacrylamide gel and stained with silver. Type I collagen migrated as a, (,
and A forms because of the presence of nonreducible crosslinks (in ,B and A forms) in skin tissue (24). It is likely that a portion of the
noncollagenous skin protein degraded by pepsin treatment migrated near the bottom of the gel as silver-stained bands of varying intensity. (B)
Collagen production by primary skin fibroblast cultures established from 15-week-old wild-type and Mov-13 female mice is shown. The
experiment was standardized according to cell number and normalized based on the established relationship between production ofMov-13 types
I and III by mouse cells (25). The result shown is representative of three independent labeling experiments: in two experiments, radiolabeled
samples were treated with pepsin prior to electrophoresis, and in the third experiment, samples were analyzed without prior pepsin digestion.
The figure shows the results of one experiment with pepsin-treated samples. To quantitate, three exposures (2, 8, and 48 hr at -86°C) of a single
experiment were made, the collagen signal from all films was determined by scanning gel densitometry, and the results were averaged
[al(I)/a2(I): wild-type, 2.6:1.0 ± 0.44; Mov-13, 2.47:1.0 ± 0.638; the total collagen signal was 30.25 ± 14.28 for wild-type and 15.14 ± 8.63 for
Mov-13]. (C) Representative sections of dermis from 8-week-old wild-type and Mov-13 male mice are shown. Collagen fibers, oriented both
parallel and perpendicular to the plane of section, are more widely separated than normal in the dermis of Mov-13 mice.
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hydroxyproline) was reduced by =z50 when compared with
age- and sex-matched wild-type mice (Table 1). Gender-
matched controls were necessary here because of established
differences in the collagen content of skin from male and
female C57BL mice (28). Type I collagen produced by
Mov-13 cells appeared normal in that migration of a1(I) and
a2(I) chains was indistinguishable from wild-type (Fig. 1B),
and the chains were produced in a 2:1 ratio by scanning gel
densitometry. Therefore, the results from four independent
experiments indicate that Mov-13 mice have a nonmineral-
ized connective tissue defect related primarily to reduced
amounts of type I collagen.
Whole-bone specimens and microspecimens of cortical

bone were used to estimate the structural integrity of min-
eralized connective tissue (22). Intact long bones (humerus
and femur) were tested in a four-point bending apparatus by
stressing the specimens to failure and then assessing the
ultimate failure load, energy to failure, and stiffness (Fig.
2 A-D) (30). Mov-13 humeri were more fragile than wild type
by both failure-load and energy-to-failure criteria (Fig. 2 A
and B). Mov-13 femurs showed a similar degree of fragility in
terms of the energy to failure. Fig. 2D depicts the behavior of
wild-type and Mov-13 humeri during four-point bending. At
maximum load, the wild-type humerus typically fractured
only one cortical surface (in tension), and the fracture then
was propagated along the medullary canal. In contrast, the
Mov-13 humerus shattered at maximum load-i.e., immedi-
ately broke both cortices. Similar results were obtained with
wild-type and Mov-13 femurs (not shown). The results in Fig.
2D provide evidence of the abnormally brittle nature of
Mov-13 bones.
When taken together, the whole-bone data indicate a

significant difference in the load deformation response of
Mov-13 bones at failure. In contrast, a significant difference
in the stiffness of these samples was not seen (Fig. 2C).
Stiffness is a measure of preyield behavior. The data suggest,
therefore, that the load deformation response of wild-type
and Mov-13 bone was similar prior to failure.

This initial demonstration of bone fragility could have
resulted from a change in the cross-sectional geometry of
bone or from a change in cortical bone matrix composition.
To begin to discriminate between these possibilities, the
modulus of elasticity (22) of cortical bone microspecimens
was determined (Fig. 2E). Mov-13 microspecimens (milled
from the diaphysis of the humerus and femur) consistently
displayed a lower modulus, indicating that the composition of
Mov-13 cortical bone likely contributes to bone fragility.

Table 1. Collagen content of wild-type and Mov-13 skin
Mouse dermal samples Collagen, ,ug/mm2
Female
Mov-13 25.5, 27.3
Wild-type 49.4 + 3.3

(n = 6)
Male
Mov-13 50.6, 46.8
Wild-type 110.2 ± 26.2

(n = 6)
The collagen content of dermal samples taken from 8-week wild-

type and Mov-13 mice was calculated based on an assay of total
hydroxyproline as described. Collagen content of wild-type samples
is given as a mean value (j.g of collagen per mm2 of the original
biopsy) ± SD, and the number of replicate analyses is shown in
parentheses. The results shown are representative of three similar
experiments. Note: the observed difference in the collagen content
of skin samples from male and female wild-type mice is consistent
with previous observations in C57BL mice (28) and humans (29).
Despite these differences in overall collagen content, a 50% reduc-
tion was observed in both male and female Mov-13 skin samples
relative to age- and gender-matched wild-type samples.

Histological analysis supported the observation that Mov-13
cortical bone is disorganized (Fig. 2F). Within the diaphysis
of humerus and femur, well-demarcated normal and abnor-
mal regions of cortical bone were identified. The abnormal
cortex stained less intensely than normal, and bone cells
within this region were not organized in a normal osteonal
pattern. Polarized light microscopy demonstrated the re-
gional disorganization of collagen within the cortex. When
taken together, the structural and functional data presented
in Fig. 2 provide evidence of the decreased mechanical and
material properties of Mov-13 long bones.
Evoked auditory brainstem responses were used to mea-

sure hearing sensitivity. A total of four wild-type and six
Mov-13 animals were evaluated. Mov-13 mice demonstrated
a progressive deficit with age (Fig. 3). At 8 and 11 weeks,
mutant mice were 10-35 decibels (dB) less sensitive. At 15
weeks, further decreases in sensitivity of =20-30 dB were
observed. Significantly, in 15-week Mov-13 animals, no re-
sponse could be elicited within the frequency range tested
(2.0-20.0 kHz) at the limits of the acoustic delivery system
[4110-120 dB SPL (sound pressure level)].

Finally, the external character of Mov-13 mice, including
tooth morphology and mineralization, was analyzed. No
evidence of dentinogenesis imperfecta or short stature was
seen in the mutants examined (T.L.S. and J.B., unpublished
observations). A lack of tooth pathology is consistent with
recent evidence demonstrating that, in contrast to other cell
types studied, developing odontoblasts efficiently transcribe
and translate the Mov-13 allele into functional pro-al(I)
chains (31).

DISCUSSION
This study shows that a heterozygous null mutation at the
al(I) collagen locus is associated with (i) a reduced amount
of collagen in nonmineralized connective tissue, (ii) profound
and progressive hearing loss, and (iii) long bones that have
significantly reduced mechanical and material properties. As
such, the results support our hypothesis that Mov-13 mice
represent a model of human OI-I. The results also provide
strong support for the original hypothesis (32) that a hetero-
zygous null al(I) collagen allele could produce the O0-I
phenotype. A previous study suggested that the principal
effect of a heterozygous null al(I) allele would be to decrease
collagen production by 50% but that all of the collagen
molecules would have al(I) and a2(I) chains in a normal
stoichiometry (32). In fact, this finding has been observed
consistently (ref. 2 and references therein), and it represents
the most characteristic biochemical correlate of disease. This
correlate was observed with primary skin fibroblast cultures
derived from Mov-13 mice (Fig. 1B).
The results reported here indicate that a reduced amount of

type I collagen has adverse consequences for fiber structure
and the organization and structural integrity of connective
tissue. Multiprotein structures such as muscle or the mitotic
apparatus are sensitive to mutations that result in the incor-
poration of an inactive (i.e., structurally altered) protein
constituent (33). In contrast, the Mov-13 mutation may
represent an example of a null allele that reduces the amount
of one component of a multiprotein structure, in this case
extracellular matrix, thereby disrupting its integrity and
function because of the imbalance. It is somewhat unusual for
a heterozygous null allele to be associated with a dominant
phenotype. The heteropolymeric nature of collagen, its or-
dered assembly with other molecules into fibrils, and the
abundance and ordered assembly of fibrils within a connec-
tive tissue matrix are relevant considerations in this regard.
Perhaps the Mov-13 mutation is dominant because the im-
balance can disrupt more than one step in the biosynthetic
pathway as collagen is assembled into connective tissue.
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FIG. 2. Assessment of the biomechanical properties and morphology of wild-type and Mov-13 (MOV) mineralized connective tissue. Long
bones were stressed to failure in four-point bending tests. Right humeri and femurs were obtained from seven wild-type (WT) and five Mov-13
females as described. The mice ranged in age from 6 to 16 weeks, and all comparisons were age-matched. Biomechanical properties (expressed
as the mean ± SD) were determined from tests that measured load to failure (A), energy to failure (B), and stiffness (C). Note that within both
groups, humeri demonstrated significantly reduced properties when compared with femurs: wild-type, P = 0.013 and Mov-13, P = 0.018. A
significant difference in the properties of Mov-13 femurs was observed despite the generally stronger nature of femoral bones. (D) Graphic
representation of the behavior of wild-type (Left) vs. Mov-13 (Right) humeri during four-point bending. A significant difference in behavior at
the maximum load is shown. The graphs are representative of the behavior of all wild-type and Mov-13 humeri and femurs tested. (E)
Microspecimen tests. Cortical beam specimens were prepared from left humeri and femurs obtained from wild-type and Mov-13 mice as
described above. Typically, three microspecimens were prepared and tested from each bone. The average of the values obtained from these
specimens was then used to calculate modulus (22). (F) Microscopy. Bright-field and polarized light images from the diaphyseal cortex offemurs
obtained from 8-week wild-type and Mov-13 femur are shown. Mov-13 cortical bone was characterized by well demarcated disorganized regions
(arrows).

Recently, Kratochwil et al. (31) reported that tooth rudi-
ments from embryos of homozygous Mov-13 mice produce a

dentin layer containing normal amounts of type I collagen
when grown as transplants either in the anterior chamber of
the eye or under the kidney capsule of syngeneic hosts. To
account for this unexpected finding, evidence was presented
that odontoblasts were able to efficiently produce al(I)
mRNA despite stable integration of the retrovirus within the
first intron of the al(I) collagen gene. In addition, the authors
stated that perhaps as many as 5% of osteoblasts from long
bone were able to produce normal amounts oftype I collagen,
thus implying that a small subset of osteoblasts also did not
express the mutant phenotype. If this observation can be
confirmed, it would suggest that bone tissue mosaicism for

expression of the mutant allele may explain why Mov-13
heterozygotes do not display an obvious mutant phenotype
with regard to bone fragility (R.J., unpublished observa-
tions). In other words, the effect of the heterozygous null
collagen allele on mineralized connective tissues actually
may be more severe in the absence of the balancing effect
than what was observed in this study.
Type I collagen is thought to make an important contribu-

tion to the structure and function of long bone (34). Both the
amount and the organization of collagen within the extracel-
lular matrix contribute to the mechanical properties of bone.
We reasoned that in addition to modeling a human inherited
connective tissue disease, the null collagen mutation har-
bored by Mov-13 mice would serve as a useful experimental

Proc. Natd. Acad. Sci. USA 87 (1990)
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FIG. 3. Auditory brainstem response thresholds to tone bursts of
wild-type (WT) and Mov-13 (MOV) mice as a function of age. Evoked
auditory brainstem responses were measured as described. As
shown at the bottom of the figure, three wild-type control mice
measured at 11, 12, and 15 weeks show no evidence of hearing loss.
In contrast, Mov-13 mice demonstrate profound hearing loss that
progressively worsens with time. The figure presents the pattern of
hearing loss in one Mov-13 mouse measured at 8, 11, and 15 weeks.
This pattern of hearing loss is representative of similar results
obtained with other male (3) and female (1) Mov-13 mice. SPL, sound
pressure level.

probe of collagen's contribution to matrix integrity. The
biomechanical tests used in this study allowed us to measure
the effect of the mutation at the tissue level.
From the view of biomechanics, bone is considered to be

a nonhomogenous composite structure consisting, at the very
least, of mineral and organic phases (34). In tests of whole-
bone properties, e.g., four-point bending, the sum of the
various phases of a composite structure usually contribute to
the mechanical properties measured. In other mechanical
tests, however, one phase may predominate over another.
For example, Burstein et al. (35) have shown recently that the
mineral phase of bone predominates in the evaluation of pre-

yield properties (stiffness). Although more work must be
done, the fact that the stiffness of wild-type and Mov-13 long
bone did not differ significantly suggests that the reduced
properties of Mov-13 long bone are based either within the
extracellular matrix or in the abdominal interaction between
matrix and mineral. Preliminary transmission electron mi-
croscopic studies of Mov-13 long bone support this hypoth-
esis, showing a reduced quantity of collagen fibrils within the
cortical bone (femur) of 15-week Mov-13 mice (M. Lundy and
J.B., unpublished observations).
A mouse model corresponding to perinatal lethal OI was

created by introducing al(I) genes carrying point mutations
into normal mice (19). This model and the Mov-13 strain are
attractive because they permit the study of connective tissue
defects as they evolve under precisely defined conditions.
Mov-13 mice provide an opportunity to investigate the pa-
thology that results from putative null al(I) mutations in
human patients. The strain also represents an experimental
system to test therapies designed to strengthen both miner-
alized and nonmineralized connective tissues. Since Mov-13
mice share many features of01-I, the successful strategy may
be applicable to this patient population. Given the effect of
the Mov-13 mutation on bone mechanical properties and
hearing, such a strategy also may be applicable to other
human manifestations of bone disease such as osteoporosis
and otosclerosis.
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