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ABSTRACT

The aim of this study was to assess the usefulness of the inbred rat model for studies of genetic influences on
skeletal fragility. We characterized bone mass, geometry, and skeletal biomechanics in 11 inbred strains of
rats. This study showed that considerable variation exists in bone structure, areal bone mineral density
(aBMD), and fragility phenotypes among inbred strains of rats. Interestingly, the variability in skeletal
phenotypes in rats was site specific, suggesting that no single gene regulates skeletal fragility at all sites. For
instance, the Copenhagen 2331 (COP) strain had the greatest biomechanical properties in the femoral neck
but only modest bone strength at the femoral midshaft, compared with other strains. Consequently, COP rats
appear to have alleles that specifically enhance femoral neck biomechanical properties and may serve as a
model for studying genetic influences on hip strength. The Brown Norway (BN) and Fischer 344 (F344) strains
may provide models for vertebral fragility because each has relatively fragile lumbar vertebrae. The F344 rats
also had the most fragile femora and, thus, appear to carry alleles that cause overall skeletal fragility. We
identified two inbred rat crosses that will facilitate the study of genetic influences on skeletal fragility at
clinically relevant skeletal sites: Lewis (LEW) with F344 (primarily for vertebral fragility) and COP with DA
(primarily for femoral neck fragility). The results strongly suggest that selected crosses of inbred strains of
rats will provide useful models for studying genetic influences on bone strength and structure. (J Bone Miner
Res 2001;16:1532–1539)
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INTRODUCTION

PEAK BONE mineral density (BMD) is a highly heritable
trait.(1–3) Although BMD is a major component deter-

mining the ability of bone to resist fracture, other traits such
as bone geometry or structure and tissue quality also play
important roles. Currently, the key genes that influence bone
structure and strength have not been identified. Identifica-
tion of the genes that underlie the components of bone
strength will provide fundamental information and improve

our understanding of the pathophysiology and treatment of
osteoporotic fracture.

The use of animal models with relevant biological phe-
notypes related to disease models may provide important
genetic clues that will improve the efficiency of identifying
genes underlying bone strength. Well-characterized animal
lines with phenotypes related to certain aspects of human
osteoporosis can be used as an approach to study more
homogeneous populations in which isolation of candidate
chromosomal regions and genetic loci should be faster and
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more efficient.(4) Animal models complement and extend
human studies by allowing close control of environmental
factors by expanding the characterization of phenotypes
underlying bone strength and by facilitating breeding strat-
egies to identify genetic linkage. Of particular value are
experimental approaches using inbred animals. Although
individuals within an inbred strain are genetically identical,
genetic differences exist between different inbred strains.
Where there are differences in bone fragility between two
inbred strains, one can identify the genetic differences that
are linked to the variation in bone fragility phenotypes.

Studies using the quantitative trait loci (QTL) approach
with inbred strains of mice have provided some promising
new information about the genetic influence on BMD.(5,6)

Inbred rats are a potentially useful genetic model that is yet
to be studied. The ovariectomized rat generally is accepted
as an excellent animal model for studying postmenopausal
bone loss.(7,8) Importantly, rats have been used extensively
for biomechanical analyses of bone fragility and have
served as a highly predictive model of fracture risk in
humans.(9) Furthermore, considerable progress has already
been made in mapping the rat genome.(10) Currently, there
are thousands of simple sequence length polymorphism
(SSLP) markers for rat genetics studies, making the inves-
tigation of genetic influences on skeletal phenotypes quite
feasible.(11–13)

In this study, we characterized bone mass, geometry, and
skeletal fragility in 11 inbred strains of rats. We hypothe-
sized that there would be considerable variability among the
strains in these phenotypes indicating that the genetic dif-
ferences between the strains contribute to changes in bone
fragility phenotype.

MATERIALS AND METHODS

Study design

Female rats at 12 weeks of age were obtained from
Harlan Sprague–Dawley (Indianapolis, IN, USA). These
rats had been raised under identical housing and dietary
environments by Harlan Sprague–Dawley. The rats, repre-
senting 11 inbred strains (n 5 6–7 from each strain),
included ACI, Brown Norway (BN), Buffalo (BUF),
Copenhagen 2331 (COP), DA, Fischer 344 (F344), Lewis
(LEW), Munich Wistar (MW), PVG, Wistar Furth (WF),
and Wistar Kyoto (WKY). These strains represent all of the
commonly used inbred rat strains available from Harlan
Sprague–Dawley, excluding strains of rats that are sponta-
neously hypertensive. They were kept in the animal facility
at Indiana University for 8 weeks after delivery, during
which they were maintained in the same room and received
the same diet and were weighed weekly. At 20 weeks of
age, the animals were killed and their femora and lumbar
spine were collected for bone densitometry, biomechanical
evaluation, and geometry measurements as described in the
following sections. All specimens were stored in a220°C
freezer during interim periods. All animal procedures were
approved by the Animal Care and Use Committee of the
Indiana University School of Medicine.

BMD measurement

The left hind leg and spinal column were dissected from
the rats for BMD measurement of the left femur and lumbar
vertebrae (L3–L5). BMD was measured using dual-energy
X-ray absorptiometry (DXA) (Hologic QDR 1000/W; Ho-
logic, Inc., Waltham, MA, USA) in regional high-resolution
mode (0.70-mm beam collimator and 0.25-mm step size).
All specimens were thawed before measurement and placed
on a 1.5-in thick polyacrylic block used as a soft tissue
equivalent during measurement. Measurements of projected
area, bone mineral content (BMC), and areal BMD (aBMD)
were recorded.

Bone geometry

Bone geometry measurements included the projected area
of L3–L5 (from DXA), femoral length, cortical thickness at
the midshaft of the femur, medial-lateral width of the mid-
shaft of the femur, width of the femoral head, width of the
femoral neck, and femoral neck axis length (Fig. 1). Fem-
oral geometry measurements were made using digital cali-
pers accurate to 0.005 mm. The value for the cross-sectional
moment of inertia (CSMI) at the midshaft of the femur was
calculated under the assumption that the femoral cross-
sections were shaped elliptically. Previously, it has been
shown that the elliptical cross-section model predicts the
true CSMI within 5%.(14) The calculation of CSMI using the
elliptical cross-section model is as follows:

CSMI 5 ~p/64!@ab3 2 ~a 2 2t!~b 2 2t!3#,

wherea is the width of the cross-section in the mediolateral
direction,b is the width of the bone in the anteroposterior
direction, andt is the average cortical thickness. Average
cortical thickness was calculated from thickness measure-
ments made in each of the four quadrants of the femoral
cross-section using digital calipers (cortical thickness mea-
surements were made after biomechanical testing, i.e., after
the femur was fractured).

FIG. 1. Geometry measurements in the femur.
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Biomechanical tests

Biomechanical testing of a bone specimen produces sev-
eral parameters that describe different aspects of bone fra-
gility. These parameters are derived from the force-
displacement curve (Fig. 2). Ultimate force (Fu) represents
the strength of the bone; ultimate displacement (du) repre-
sents the ductility; the slope (S) represents bone stiffness;
and the work to failure (U) represents the energy the bone
can absorb before it breaks. Of these parameters, ultimate
force is most commonly reported; however, work to failure
is the parameter that may best describe bone fragility.
Trauma imparts energy into the bone. If the traumatic en-
ergy exceeds the energy the bone can absorb (work to
failure) the bone breaks. Thus, lower work to failure (area
under the curve) may be caused either by decreased bone
strength or by decreased ductility (i.e., decreased ultimate
displacement).

Femur: Right femora were thawed before testing in
three-point bending while submerged in a saline bath
maintained at 376 1°C. Load was applied midway
between a 15-mm loading span at a crosshead speed of 20
mm/minute using a screw-driven mechanical testing ma-
chine (QTest IV; MTS Systems Corp., Eden Prairie, MN,
USA). Fu, du, S, andU were determined from the load-
displacement curve, which was stored in an ASCII file
(Fig. 2). Intrinsic biomechanical properties were calcu-
lated using the following formulas:

su 5 FuSLb

8I D ,

«u 5 duS6b

L2D ,

E 5 SS L3

48ID , and

uT 5 US 3b2

4LID ,

where su is ultimate stress,E is Young’s modulus,uT is
modulus of toughness,eu is ultimate strain,L is the loading
span (15 mm),b is the width of the femoral shaft in the
anteroposterior direction, andI is the CSMI.(15)

Femoral neck:After the femoral three-point bending
tests, the proximal one-half of each femur was mounted
vertically in a special chuck that clamped the femoral shaft.
Load was applied downward onto the femoral head at a rate
of 20 mm/minute using a screw-driven mechanical testing
machine (QTest IV) until the femoral neck fractured.Fu, du,
S, and U were determined from the load-displacement
curve.

Lumbar vertebra:L5 vertebrae were dissected from all
soft tissues, and posterior elements were removed using
small bone cutters. Specimens were clamped in an acrylic
cutting fixture and parallel, transverse cuts were made at the
end plates of the vertebral body using a diamond wafering
saw (Isomet; Buehler, Lake Bluff, IL, USA). Specimens
were thawed before testing in compression while sub-
merged in a saline bath maintained at 376 1°C. Load was
applied at a crosshead speed of 20 mm/minute using a
screw-driven mechanical testing machine (QTest IV).Fu,
du, S, andU were determined from the load-displacement
curve. Intrinsic biomechanical properties were calculated
using the following formulas:

su 5
Fu

A
,

«u 5
du

h
,

E 5 SS h

AD , and

uT 5
U

Ah
,

where su is ultimate stress,eu is ultimate strain,E is
Young’s modulus,uT is modulus of toughness,h is the
height of the sectioned vertebral body, andA is the cross-
sectional area at the midcentrum.

Statistics

Analysis of variance (ANOVA) was used to compare the
rat strains. Post hoc comparisons were performed using a
Fisher’s protected least significant difference test. The
t-tests were used to compare the mean of each phenotype for
each strain with the median values taken for all 11 strains.
Simple regression analysis was used to compare measure-
ments from different anatomical sites.

FIG. 2. Parameters derived from a biomechanical test. Ultimate
force (Fu) represents the strength of the bone; ultimate displacement
(du) is the ductility; the slope (S) represents bone stiffness; the work
to failure (U) represents the energy the bone can absorb before it
breaks.
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RESULTS

Body mass varied among the strains (p , 0.0001; Fig. 3);
BUF and WKY were significantly heavier than other strains
(p , 0.01), and ACI was significantly lighter than the other
strains (p , 0.05). In addition, femoral length varied sig-
nificantly among the strains (p , 0.0001; Table 1). F344
rats had the shortest femoral length, which was significantly
shorter than all other strains except BN, PVG, WF, and COP
had the longest femora; femora from these strains were
significantly longer than all other strains except BUF.

There were statistically significant differences (p ,
0.001) among the strains of rats for all phenotypic variables
presented in Table 1. The biomechanical integrity of the
femur was well represented by the work to failure. F344 rats
had the lowest femoral work to failure, whereas highest
femoral work to failure was observed for DA rats (Fig. 4).
The improved femoral work to failure in DA rats over F344
rats seemed to be caused by a larger than average femoral
CSMI (p , 0.05). Femoral work to failure also was high in
WF rats, apparently because of a greater than average cor-
tical thickness. In addition, both DA and WF rats had high
values of femoral modulus of toughness, a tissue level
measure of resistance to fracture, suggesting that these
strains not only had better femoral geometry, but also better
bone quality. F344 rats had the lowest femoral modulus of
toughness, suggesting more fragile femoral tissue. Although
F344 and DA rats were similar in body size, the DA femur
was significantly larger with greater bone mass. The DA rats
had 13% greater femoral aBMD and 33% greater femoral
CSMI compared with F344 rats. DA rats also had higher
ultimate force (18%), ultimate displacement (41%), and
work to failure (58%). In contrast, the ultimate stress and
Young’s modulus for the DA rats were significantly less
than those for F344 rats, whereas the ultimate strain and
toughness were much greater in the DA rats, suggesting that
the femora from DA rats were less mineralized than the
femora from F344 rats, and therefore less brittle.

COP rats clearly had superior work to failure of the
femoral neck, while ACI rats had the most fragile femoral

neck (Fig. 5). DA and WF rats also had more fragile femoral
necks. The better femoral neck biomechanics in COP rats
was caused by the combination of a thicker femoral neck
and a shorter femur axis length. Compared with the ACI
strain, the femoral neck from COP rats was significantly
stronger (47% greaterFu), more ductile (188% greaterdu),
and less fragile (338% greaterU).

BUF rats had the greatest work to failure of lumbar
vertebrae, while BN, F344, and MW rats had significantly
more fragile vertebrae (Fig. 6). The improved vertebral
biomechanics of BUF rats was caused by increased bone
mass as well as larger vertebral bodies, which might reflect
the substantially larger body size of BUF rats. Among the
strains of rats with similar body size, LEW had high verte-
bral work to failure, BMC, and projected spine area while
F344 and BN rats had fragile vertebrae with significantly
reduced vertebral BMC and smaller vertebral bodies. The
lowest vertebral work to failure was observed in the BN
rats.

Biomechanical properties were not well correlated among
the anatomical sites. For instance, work to failureU for the
femoral midshaft was only weakly correlated with vertebral
U (r 5 0.28; p , 0.05), and femoral neckU was not
correlated with femoralU (p 5 0.22) or vertebralU (p 5
0.99). These findings indicate that genetic control of bio-
mechanical properties varies with anatomical site. In con-
trast, the bone mineral measurements were highly corre-
lated:r 5 0.75 for spine BMC versus femoral BMC andr 5
0.80 for spine aBMD versus femoral aBMD.

DISCUSSION

It is widely recognized that age-related loss of aBMD is
accompanied by increased risk of fracture.(16) In addition,
certain aspects of skeletal geometry and structure are asso-
ciated with fracture risk.(17,18)The results of this study show
that considerable variation exists in bone geometry, bone
mineral, and fragility phenotypes among inbred strains of
rats. Thus, genetic studies in rats may uncover genes asso-
ciated with skeletal fragility conditions in humans. The
variability in skeletal biomechanical phenotypes in rats was
site specific, suggesting that no single gene or group of
genes regulate skeletal fragility at all clinically relevant
sites; for example, genetic regulation of hip fragility might
be somewhat independent of genetic effects on spine fra-
gility. Interestingly, the variation in BMC and aBMD had
little site specificity. Our findings suggest that mainly ge-
netic regulation of bone geometry not BMC or aBMD
causes the site-specific distribution of biomechanical prop-
erties. The variation found in our geometric measurements
supports this conclusion. These data show that selected
crosses of inbred strains of rats will provide useful models
for studying genetic influences on bone strength and struc-
ture.

The data suggest complex genetic regulation of skeletal
fragility. In many cases, rat strains had high bone strength at
one skeletal site but only modest bone strength at others. An
example is the COP strain, which had only modest bone
strength at the femoral midshaft but high biomechanical

FIG. 3. Body mass for inbred strains of rats (error bars represent
SEM). The horizontal line represents the median (208 g). The striped
bars are significantly different from the median (p , 0.05).
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properties in the femoral neck, compared with other strains.
The latter was associated with a thicker and shorter femoral
neck. Consequently, COP rats appear to have alleles that
specifically enhance femoral neck structure and biome-
chanical properties offering a compelling model for the
study of hip fragility. Similarly, the BN and F344 strains
may provide models for vertebral fragility because each
have relatively fragile lumbar vertebrae. The F344 rats had
the most fragile femora, and thus appear to carry alleles that
cause overall skeletal fragility.

One approach for identifying the genetic loci regulating a
skeletal phenotype involves the creation and genetic map-
ping of a population of F2 offspring derived from a cross of
two inbred strains.(19) The two inbred strains (i.e., the grand-
parents of the F2 offspring) should be chosen based on a
large difference in the phenotype of interest but matched for
body size and weight and other factors known to be related
to bone strength and structure. From the data collected in
this study it is possible to identify inbred rat crosses that will
facilitate the study of genetic influences on skeletal fragility
at the skeletal sites investigated. The two most compelling
crosses are LEW with F344 (LEW3 F344, primarily for

FIG. 4. Femoral work to failure, CSMI at the femoral midshaft, and
femoral cortical thickness for inbred strains of rats (error bars represent
SEM). The horizontal lines represent the median values: 42.3 mJ for
work, 2.72 mm4 for CSMI, and 0.68 mm for cortical thickness. The
striped bars are significantly different from the median (p , 0.05).

FIG. 5. Work to failure and geometric measurements for the femoral
neck of inbred strains of rats (error bars represent SEM). The horizontal
lines represent the median values: 16.3 mJ for work, 2.48 mm for neck
width, and 8.86 mm for femur axis length. The striped bars are
significantly different from the median (p , 0.05).
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vertebral fragility) and COP with DA (COP3 DA, primar-
ily for femoral neck fragility). COP and DA rats showed the
most variation in femoral neck biomechanical properties (if
one eliminates the ACI strain because of their significantly
smaller body size). Femoral neck work to failure for COP
was over 3-fold greater than DA. In addition, the femoral
neck was significantly wider and shorter in COP. LEW and
F344 strains showed the greatest phenotypic variation at the
lumbar spine (if one eliminates the BUF strain because of
their much larger body size). Moreover, both crosses show

significant variation in the femoral shaft phenotype. LEW
and F344 have large differences in work to failure of the
femoral midshaft and cortical thickness, while COP and DA
are different mainly in the CSMI of the femoral midshaft,
which results in a difference in femoral work to failure.

For this study, we chose 20-week-old female rats, which
equate with young women. Our aim was to choose animals
with peak bone strength. Genes that influence the attainment
of peak bone strength or density also should protect against
osteoporosis in later years. In women, high peak bone
density is associated with lower risk of osteoporosis.(20)

Previous studies using female Sprague–Dawley rats show a
decline in femoral midshaft and neck strength beginning at
or before 27 weeks of age (C.H. Turner, unpublished data,
1995).(21) Vertebral trabecular bone volume began to de-
cline as early as 15 weeks.(21) From these data we concluded
that peak bone mass and bone strength occurred within a
window of 15–27 weeks of age in rats; hence, our choice of
20-week-old rats. Others suggest that rats achieve peak bone
density between 24 and 36 weeks of age.(22) It is not
established that skeletal growth in inbred strains of rats
resembles that shown for the outbred Sprague–Dawley
strain. We cannot exclude the possibility that the inbred
strains we studied develop bone strength and density at
different rates and that this variability in growth contributed
to a portion of the variation in phenotypes we observed.

We conclude that considerable variability exists among
inbred strains of rats for skeletal phenotypes. However, the
phenotypic variation is site specific. Two crosses of rat
strains, LEW3 F344 and COP3 DA, will facilitate studies
of genetic loci influencing skeletal structure and fragility at
the femoral neck, lumbar spine, and femoral midshaft and
will complement ongoing human studies focused on iden-
tifying genetic loci influencing aBMD. Unlike human stud-
ies, controlled breeding studies in rats allow direct measure-
ment of bone fragility and thus extend our knowledge of the
genetics of osteoporosis beyond genetic influences on
aBMD. In addition, rats offer some advantages over mice
for genetic studies. Because of the small size of mouse
bones, biomechanical measurements, particularly vertebral
compressive tests, have greater variability compared with
tests using rat bones. For instance, the CV for vertebralU
measured previously by our laboratory for C57BL/6J
mice(23) was about twice that for the rats in this study. BMD
measurements in mice are more sensitive to partial volume
averaging errors than are measurements in rats, again be-
cause of the small size of mouse bones, and bone geometry
measurements are made more easily in rats. Finally, the
femoral neck strength phenotype found in COP rats pro-
vides a model for genetic effects on hip strength not cur-
rently available in mice.
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FIG. 6. Work to failure, BMC, and geometry for the lumbar
vertebrae of inbred strains of rats (error bars represent SEM). The
horizontal lines represent the median values: 52.9 mJ for work,
0.309 g for BMC, and 1.39 mm2 for projected area of the lumbar
spine (L3–L5). The striped bars are significantly different from the
median (p , 0.05).
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