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Abstract

Osteogenesis imperfecta (OI) is a disease attributable to any
of a large number of possible mutations of type I collagen.
The disease is clinically characterized in part by highly brit-
tle bone, the cause of this feature being unknown. Recently
a mouse model of OI, designated as osteogenesis imperfecta
murine (oim), and having a well defined genetic mutation,
has been studied and found to contain mineral crystals dif-
ferent in their alignment with respect to collagen and in
their size. These observations are consistent with those re-
ported in human OI and the unusual crystal alignment and
size undoubtedly contribute to the reduced mechanical
properties of OI bone. While the mineral has been investi-
gated, no information is available on the tensile properties
of oim collagen. In this study, the mechanical properties of
tendon collagen under tension have been examined for homo-
zygous (oim/oim), heterozygous (+/oim), and control (+/+)
mice under native wet conditions. The ultimate stress and
strain found for oim/oim collagen were only about half the
values for control mice. Assuming that prestrained collagen
molecules carry most of the tensile load in normal bone
while the mineral confers rigidity and compression stability,
the reported results suggest that the brittleness of OI bone
in the mouse model may be related to a dramatic reduction
of the ultimate tensile strain of the collagen. (J. Clin. Invest.
1997. 100:40-45.) Key words: collagen - osteogenesis im-
perfecta « mechanical properties « stress/strain  x-ray scat-
tering

Introduction

Osteogenesis imperfecta (OI)! (Brittle Bone Syndrome) is a
disease which results from a variety of mutations in type I col-
lagen (1, 2). Phenotypically, the disease presents a broad spec-
trum of effects (3, 4). Bone brittleness is the hallmark of all
types of OI, but in many cases structural and functional alter-
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ations of the teeth, skin, and the sclera of the eyes occur as well
(5). The origin of the brittleness of bone and changes in other
tissues are not yet clear. Bone itself is a complicated composite
combining very hard and brittle material, the mineral, with
much softer material, the collagen fibrils (6). The collagen
fibrils are the tension elements and the mineral is responsible
for stiffness against compression. In addition to the combina-
tion of these two very different components, the hierarchical
structure of bone optimizes the composite material from the
nanometer scale to the macroscopic scale. Some abnormalities
in the composite material, including the presence of both
hypo- or hypermineralized regions (1) and changes in collagen
cross-links (7), mineral crystallinity (7), and collagen fibril di-
ameters (8), have been suggested as possible sources for the
brittleness of OI bone.

Recently the osteogenesis imperfecta mouse model (oim),
which has a well defined genetic mutation, has become avail-
able for the study of increased bone brittleness typical of hu-
man OI (9). The homozygous oim mouse produces only a1(I)
collagen. This leads to an abnormal collagen molecule com-
prised of three a1(I) chains rather than the normal two a1(I)
and one o2(I) chains. Such molecules still form a helical struc-
ture but increased bone brittleness is observed (9), which mod-
els the situation in human OI (10). Recent small angle x-ray
scattering (SAXS) studies of the nanometer level of oim bone
structure have shown that the crystals were thinner and less
well oriented than in the counterpart normal mouse bone.
These differences in the nature of the mineral undoubtedly un-
derlie changes measured in the biomechanical properties of
the bones (11, 12). Since bone is a collagen-mineral composite,
in which collagen reduces the inherent brittleness of the min-
eral, one might expect that part of the increased brittleness of
oim bone might be attributable to biomechanical changes of
collagen. However, to date, no data are available which exam-
ine oim collagen mechanical properties. In this context, the tail
tendon collagen of the oim mouse is a likely candidate for such
investigations since its main component is the same type I col-
lagen comprising bone. Recent x-ray crystallographic investi-
gations of tail tendon collagen from oim mice and controls
showed some differences in the lateral molecular packing of
the collagen fibrils: The Bragg reflections of a quasi-hexagonal
structure superimposed on a broad diffuse scattering, a result
which is typical for a liquid-like lateral packing of the mole-
cules, could not be observed (Brodsky, B., personal communi-
cation).

In this paper the mechanical behavior of the tail tendon
collagen of the oim mouse has been studied. Three different
groups of animals were compared in tensile testing of collagen
fibers under native wet conditions: the homozygous mutant
mouse (oim/oim), the heterozygous mouse (+/0oim), and the
cross-bred normal mouse (+/+). The consequences of the re-
sults obtained for collagen for the biomechanical properties of



bone are then discussed within the framework of a simple
model.

Methods

Two oim/oim mutant mice, two +/oim mice, and three +/+ control
mice were killed at the age of 14 mo, 14 mo, and 7 mo, respectively.
The oim/oim and +/oim mice were all approximately the same weight
(26 g), whereas the control mice, which were younger, had a weight of
~ 30 g. The tails of the mice were frozen and stored at ~ —18°C until
dissection. At that time, tail tendons were isolated and immediately
placed in PBS at pH 7.4. At least nine tendons from each mouse were
investigated by mechanical testing at room temperature, some imme-
diately after dissection and others after storage in PBS at 4°C for
some days. No change in mechanical data after specimen storage in
PBS at 4°C was observed. A small segment was dissected from each
tendon and its diameter was measured with a calibrated eyepiece un-
der a light microscope. The remaining part of each tendon was kept in
PBS at room temperature to maintain it in a wet condition and
mounted into the upper and lower grips of a self-made mechanical
testing machine described previously (13).

During testing the entire tendon was immersed in PBS at room
temperature. The testing apparatus (grips and container) was made
of stainless steel to avoid interaction with PBS. The grips were moved
by a motor-driven micrometer stage allowing grip maximum velocity
of 0.43 mm/s. The initial distance between the two grips was ~ 13.4
mm before tension was applied to the tendon. For all measurements
the velocity of the grips was constant at 0.01 mm/s, corresponding to a
strain rate of ~ 0.08%/s. Force measurements were made by using a
small load cell directly mounted on the upper grip with a maximal
load of 125 N. The minimal measured force of the cell was ~ 0.005 N.
Movement of the grips was recorded by an inductive transducer with
a resolution of 0.002 mm. Both the signal from the load cell and from
the transducer were recorded by a personal computer which also con-
trolled the movement of the grips. Each tendon was stretched to fail-
ure and a load—-extension curve was recorded. The initial length of
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Figure 1. Load-extension curves for typical oim/oim (A), +/oim (@),
and +/+ (O) mice. In this half logarithmic plot, the identical shape of
the various curves at low strain (e) is clearly visible, and at intermedi-
ate and higher strains the oim/oim mice bear less load than controls at
all points. Heterozygous animals fall between mutants and controls.
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Figure 2. The scaling factor 1/\ plotted as a function of wd*4 where d
is the collagen fibril diameter. The solid line has a slope of 1. The dot-
ted lines bracket a deviation of 40% from the solid line. +/+: [J;
+/oim: @; oim/oim: A.

each fiber was determined by stretching it until the smallest measur-
able force (0.005 N) was detected.

The applied stress, o, can be calculated by dividing the measured
force, F, by the tendon cross-sectional area, obtained from indepen-
dent measurements of the diameter, d, of the specimens: Assuming
cylindrical symmetry, o = 4F/(w d?). With variations in gripping the
samples, it was found that the tendon diameter could be measured to
an accuracy of only ~ 20%, as was verified by a large number of inde-
pendent measurements on the same tendon. Because of this uncer-
tainty an alternative method for measuring the applied stress on the
specimens was derived as follows. First, the extension of a given ten-
don was plotted as a function of the logarithm of the measured force.
A typical plot of oim/oim, +/oim, and, +/+ tendon samples is shown
in Fig. 1. In such plots, the shape of all recorded load/extension data
was very similar in the low strain region to about e = 5%. The curves
were shifted in a second step along the vertical axis, corresponding to
multiplication of the force, F, by an empirical factor, \. To achieve a
superposition of all curves for strains € < 5%, the empirical factors
thus determined were next plotted in a graph of 1/\ versus tendon
collagen cross-sectional area, wd?/4, determined by observation in a
light microscope (Fig. 2). A large scatter is visible in the data, but the
scatter is about the same within each group and consistent with the
large errors in the measurement of wd%/4 (twice the relative error of
d, that is, ~ 40%). A linear regression of the data in Fig. 2 was then
used to determine the constant \,, so that wd?/4 = \/\ within the er-
ror margins of the direct measurement of d. Errors in the measure-
ments of the diameter, the maximum strain, and maximum stress
were determined by ANOVA analysis using a statistical software
package SPSS (SPSS Inc., Chicago, IL). Statistical differences be-
tween the three groups were considered significant with a confidence
interval of 0.99.

Results

In the absence of applied stress, a macroscopic crimp, well
known for normal collagen (14), was visible in the fibrils
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viewed by polarized light microscopy (Fig. 3 a) for all three ge-
netic groups and vanished as soon as a stress was applied (Fig.
3 b). Typical stress/strain data obtained from measuring one
group of oim/oim, +/0im, and +/+ animals are shown in Fig.
4. The stress has been determined from the applied force, F, in
the relation o = N/\, F as explained above. All data exhibited
a characteristic shape at low strain, €, which is well recognized
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Figure 4. A typical stress (o)/strain (e) diagram of the tail tendon col-
lagen from oim/oim (A), +/oim (@), and +/+ (OJ) animals. The
equivalent shape of the curves in the low strain region is apparent.
The oim/oim and +/oim collagen have a decreased ultimate stress at
increasing strain compared to +/+ collagen. Measurements from
+/oim animals fall between those from normal (control) and oim/oim
animals.
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Figure 3. (a) The macro-
scopic crimp of an oim/
oim collagen fiber as visu-
alized by polarized light
microscopy (14) of an un-
stretched tail tendon. (b)
The appearance of the
tendon at very low tensile
stress. The macroscopic
crimp has disappeared.
Magnification of the ten-
don is X65.

for normal type I collagen and usually called the “toe” region
of the stress—strain curve (6, 15). No difference was observed
in this region (up to e = 5%) between the three types of ani-
mals.

Over ~ 5%, the stress continued to increase with increas-
ing strain although the modulus (the slope of the curve) be-
came smaller. The stress reached a maximum first for the ho-
mozygous mutant (at a strain ~ 6-7%), second for the
heterozygotes (at an intermediate strain ~ 8%), and last for
the normal animals (typically at 12-16%). This means that the
normal collagen can be stretched twice as much as the ho-
mozygous mutant before it breaks. It should be noted that the
conclusions regarding the strain at maximum stress are not in-
fluenced by the normalization of the applied force to stress
data (see Methods) since this renormalization only involves a
multiplication of the vertical scale by a constant which does
not affect the position of the maximum. Even for the maxi-
mum stress data (that is, the height of the maximum), the same
qualitative results remained true regardless of which of the two
methods was used to determine the stress o (see Methods).

Fig. 5, a, b, and ¢, summarize mean tendon collagen diame-
ter, strain at maximum stress, and maximum stress for oim/
oim, +/oim, and +/+ animals. Fig. 5 a shows that the average
diameter of collagen in oim/oim mice is significantly smaller
than the average diameter of the other groups (a confidence
interval of 0.99 was considered significant). This is true even
though the normal control mice were younger and the tendon
diameter is known to increase with age. Measured strain at
maximum stress and the maximum stress itself were signifi-
cantly larger for normal (+/+) compared to either +/oim or
oim/oim mice.

Discussion

Tail tendons from oim mice were found to be mechanically
weaker than normal counterparts because, first, their cross-
sectional areas were significantly smaller. By scaling the load—
extension curves to stress—strain diagrams, the experiments re-
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Figure 5. Average measurements of the diameter of tail tendon col-
lagen fibers, the average strain at maximum stress, and average maxi-
mum stress for +/+ (n = 25), +/oim (n = 18), and oim/oim (n = 9)
mice. n, number of fibers investigated. The error bars represent one
standard deviation of the mean, and asterisks indicate significant dif-
ferences compared to controls with a confidence interval of 99% (by
analysis of variance).

vealed, second, a dramatic change in ultimate stress and strain
data for the oim/oim compared to control animals, in agree-
ment with recent measurements (16). At small strains the
curves were nearly identical for all genotypes. This finding at
small strains appears to correspond to the stretching of a char-
acteristic macroscopic crimp commonly observed in tendon
and found here to be present in all mice examined.

At strain levels > 5% and near the points of ultimate stress
and strain, significant differences between oim/oim and +/+
mice occur. It may be here that, related to normal cross-links
and structure, collagen molecules slide with respect to each
other and/or stretch to compensate for their undergoing me-
chanical forces (17-19). On the other hand, in the absence of
a2(I) chains in the mutant, the oim/oim mouse may suffer
from a different type or number of a cross-link or abnormal
cross-links altogether. In this case, one may speculate that crit-
ical bonds are missing or that certain bonds, possibly of a cova-
lent nature, which could be either intra- or interchain protein
bonds, may be breaking prematurely in oim/oim collagen to
account for the stress-strain curves generated here. In the

same context, such putatively different, absent, or altered
bonds may yield a collagen molecular assemblage similar to
that proposed recently on the basis of electron microscopic to-
mography of the unusually mineralized leg tendons from oim
mice (20, 21). Indeed, poorly aligned collagen hole and overlap
zones and resultant discontinuous hole zone channels sug-
gested by such studies (20, 21) may occur by a changing nature
of the chemical bonds in the mouse mutant. Further investiga-
tions of the cross-linking or other chemical structure and orga-
nization of oim collagen would be required to clarify this possi-
bility.

Regardless of the exact underlying cause, it is clear that the
mutant animals have a reduced tensile strength of their col-
lagen alone. Such a change will undoubtedly have conse-
quences on the mechanical properties of oim bone. The lower
maximum stress and strain of bone collagen fibers could con-
ceivably be the source of increased brittleness of the oim
mouse bone.

A schematic model of mineralized collagen, shown in Fig.
6, provides some insight into the relation between collagen
structure and tensile force (adapted from reference 22). The
upper part shows an unmineralized normal collagen fibril, the
constituent collagen molecules being assembled in a 67 nm
stagger, the periodicity composed of adjacent gap (hole) and
overlap regions in the usual way (23). Mineral crystals are first
nucleated principally in the hole zones and also in overlap re-
gions of the collagen fibrils and once nucleated the crystals
grow in the same locations (24-27). The second part of Fig. 6
shows holes filled with mineral crystals (plates or needles)
viewed edge-on in the figure. A similar schematic could be
made for unmineralized and mineralized oim collagen, the
ultrastructure, assembly, and organization of which has been
described recently (20, 21). The thickness of the incipient crys-
tals (that is, their smallest dimension) has been consistently
found in the order of 2—4 nm for most types of bone (11, 22,27,
28). In particular, for young oim/oim mice and oim/+ animals,
this dimension was ~ 2 nm (12). It is important to realize that
the presence of a crystal of this dimension in a hole between
two normal or oim collagen molecules will result in a signifi-
cant local distortion of the molecules and, hence, a tensile
force on the molecules will be exerted. The distortion and
forces placed on a molecule are schematically illustrated in the
lower part of Fig. 6.

Under normal conditions, the tensile force on the mole-
cules can be expected to improve the mechanical properties of
bone (22) since it creates a compressive stress onto the hard
mineral, which can support high compressive but much smaller
tensile loads (the ultimate strain of the mineral is ~ 0.1%
strain [6]). Indeed, recent investigations of the relation be-
tween mechanical properties of tendon and mineral content
showed that with increasing mineral content the ultimate stress
increases by a factor of three (19). On the other hand, the ulti-
mate strain is only about one-third of the value for unmineral-
ized tendon (19). Another effect is that mineralization reduces
the average lateral distance between collagen molecules (20,
21, 29), a result which increases their direct interaction and
probably reduces their capability of gliding and thus accom-
modating tensile stresses.

Assuming that mineral crystals have nucleated and grown
into oim collagen fibrils in a similar way, the oim collagen must
be increasingly prestrained with increasing mineral content.
Since the ultimate strain of the oim collagen decreases from
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Figure 6. Schematic diagram of
normally mineralized collagen
(adapted from reference 22). The
upper part of the diagram shows
collagen molecules assembled
normally with an axial period of
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direction is on the order of 1.5
nm. As shown in the middle part
of the diagram, when mineral
crystals (plates or needles) grow
with a thickness > 1.5 nm in the
collagen hole zones, a distortion
of the collagen molecules must

equatorial direction (nm)

occur which increases as the crys-
tals become thicker. A schematic
path of one molecule of the four
located between hole zones is
shown in the lower part of the di-
agram. M indicates the distortion
induced by a growing mineral

~ 12 to ~ 6% as demonstrated in this study, it should be ex-
pected that oim collagen will have no further capability of ex-
tending when the bone is submitted to large external tensile
forces. Hence, oim collagen will fail and so will the mineral,
which itself is naturally brittle. As a consequence, oim/oim
bone tissue can be expected to be brittle as a whole. When the
same external forces are applied to normal bone, the mineral
may not resist the tensile strain, but the normal collagen would
be able to accommodate these strains further without failure
and to take up some deformation energy. Therefore, under the
same conditions in which oim/oim bone fractures, normal bone
can be expected not to break.

In addition to the present data showing reduced tensile
stress supported by collagen, smaller and less well-aligned
mineral crystals have been found previously in the oim mouse
model (12). Since the effective pretensioning of the collagen
will depend on the thickness of mineral crystals (see Fig. 6)
and the thickness is known to increase with age in normal tis-
sue (22), one might speculate that crystal growth inside col-
lagen fibrils could be limited by a strongly reduced maximum
tension in oim collagen since continuous growth of the crystals
(thickness and other dimensions) would ultimately result in
damage to the collagen fibrils. Within a damaged collagen ma-
trix, a less constrained growth of mineral crystals could possi-
bly lead to the large blocklike crystals also reported in oim
bone (20). Although to date there is no proof for these effects,
they could be an attractive explanation for the coexistence of
large blocklike mineral crystals and others with reduced thick-
ness as compared to normal bone.

In conclusion, this study suggests that the brittleness of
bone in the oim mouse resides in part in a strongly reduced
maximum stress and strain that can be attributed to the major
protein of the tissue, collagen. This in turn may be the conse-
quence of the absence of the a2(I) chain of collagen in this
mouse mutant and, if so, it suggests that this constituent plays a
specific and important role in cross-linking and therefore in
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crystal and F indicates the result-
ing tensile force on the molecule.

providing tensile strength and mechanical integrity to a verte-
brate connective or mineralized tissue.

Further investigations, such as x-ray scattering measure-
ments of the collagen structure at definite strains, should be
performed in the future to expand this hypothesis. Indeed, ad-
ditional information on the structure and mechanical proper-
ties of the “soft” part of the collagen/mineral composite in
bone appears to be crucial for a better understanding of the OI
disease not only in the mouse mutant but also in human pa-
thologies.
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