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Abstract
Previously, we demonstrated that skeletal mass, structure and biomechanical properties vary
considerably among 11 different inbred rat strains. Subsequently, we performed quantitative trait
loci (QTL) analysis in 4 inbred rat strains (F344, LEW, COP and DA) for different bone
phenotypes and identified several candidate genes influencing various bone traits. The standard
approach to narrowing QTL intervals down to a few candidate genes typically employs the
generation of congenic lines, which is time consuming and often not successful. A potential
alternative approach is to use a highly genetically informative animal model resource capable of
delivering very high-resolution gene mapping such as Heterogeneous stock (HS) rat. HS rat was
derived from eight inbred progenitors: ACI/N, BN/SsN, BUF/N, F344/N, M520/N, MR/N, WKY/
N and WN/N. The genetic recombination pattern generated across 50 generations in these rats has
been shown to deliver ultra-high even gene-level resolution for complex genetic studies. The
purpose of this study is to investigate the usefulness of the HS rat model for fine mapping and
identification of genes underlying bone fragility phenotypes. We compared bone geometry,
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density and strength phenotypes at multiple skeletal sites in HS rats with those obtained from 5 of
the 8 progenitor inbred strains. In addition, we estimated the heritability for different bone
phenotypes in these rats and employed principal component analysis to explore relationships
among bone phenotypes in the HS rats. Our study demonstrates that significant variability exists
for different skeletal phenotypes in HS rats compared with their inbred progenitors. In addition,
we estimated high heritability for several bone phenotypes and biologically interpretable factors
explaining significant overall variability, suggesting that the HS rat model could be a unique
genetic resource for rapid and efficient discovery of the genetic determinants of bone fragility.
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Introduction
Osteoporosis is a common bone disease leading to increased susceptibility to fracture at
multiple skeletal sites [1]. Bone mineral density, structure and strength are the major
determinants for skeletal fracture [2-4]. Several studies demonstrated that these phenotypes
are highly heritable [5-8]. Identification of genes underlying these phenotypes, particularly
at the most common skeletal fracture sites, will provide valuable insights for understanding
the genetics of osteoporosis and fracture risk.

Animal models have been widely used as a means to aid in the identification of genes
contributing to complex human traits, such as osteoporosis and other bone-related
phenotypes [7,9-14]. Although the mouse is the most commonly used animal model for
genetic studies, the rat offers several distinct advantages over mice due to their larger bone
size, which enables the study of skeletal phenotypes at the hip and spine [18-22]. In
addition, previous studies showed that the rat is a highly predictive model of skeletal
fracture in human [15,16]. Furthermore, the existence of a large number of phenotypic
databases along with the rapid growth of rat genomic resources enable researchers to use
the rat as a crucial animal model for understanding the genetics of osteoporosis and other
bone-related phenotypes.

Previously, we identified several inbred rat strains that are similar in body weight but vary
considerably for different bone parameters, suggesting that these inbred rat models could
provide valuable insights regarding the genetics of osteoporosis and fracture risk [17].
Subsequently, using four of these inbred strains we have discovered quantitative trait loci
(QTLs) for different bone phenotypes [18-22] and identified candidate genes influencing
these phenotypes [23-25]. However, these QTLs encompass broad chromosomal regions
harboring hundreds of potential candidate genes. To narrow these critical QTL regions to a
small chromosomal segment containing a few genes several alternative approaches such as
the development of recombinant inbred and congenic lines have been attempted; however,
these approaches have proven to be time-consuming and labor intensive and often they do
not have enough resolution to detect the causal genes and variants.

The heterogeneous stock (HS) rat, a unique rat model, was developed by the National
Institutes of Health (NIH) in 1984 [26]. These rats were originally derived from eight inbred
founder strains: Agouti (ACI/N), Brown Norway (BN/SsN), Buffalo (BUF/N), Fischer 344
(F344/N), M520/N, Maudsley Reactive (MR/N), Wistar-Kyoto (WKY/N) and Wistar-
Nettleship (WN/N) (Figure 1). Subsequently, these heterogeneous stock were bred for 50
generations using a rotational outbreeding regime to minimize the extent of inbreeding, drift
and fixation [27]. Importantly, each of these HS rats represents a unique, genetically random
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mosaic of founding animal chromosomes due to recombinantions that have accumulated
over many generations. It has been estimated that the average distance between
recombination events in these rats is approximately 2 cM [28]. Thus, the HS rat is a unique
genetic resource of animals for the fine mapping of QTLs to very small genomic regions.
Recently, these rats have been successfully used to fine map QTLs for diabetes [29] and
fear-related behavior phenotypes [30]. Whether HS rats could also provide the quality data
for bone phenotypes for complex trait like osteoporosis remains to be determined.

The purpose of this study is to investigate the usefulness of the HS rat model for potential
fine mapping and identification of genes underlying bone fragility phenotypes. We
hypothesize that HS rats possess considerable genetic variability and unique segregation
pattern for bone geometry, density and strength phenotypes. We also hypothesize that
several key bone phenotypes in these rats will have high heritability, making them an
excellent model for genetic mapping studies for skeletal fracture.

Materials and Methods
Animals

We used a total of 667 HS rats (male n=319; female n=348) in this study. The HS rats were
bred and grown at the Autonomous University of Barcelona. Microchips were implanted in
these rats for proper identification and multiple phenotypes were obtained in the same
animals at different time points to characterize primarily rat physiology and behavior. The
rats were housed in cages in pairs (male) and trios (female) and maintained with food and
water available ad libitum, under conditions of controlled temperature and a 12-h light-dark
cycle. The HS rats were raised over 2.5 years in batches of approximately 250 animals per
batch in accordance with the Spanish legislation on “Protection of Animals used for
Experimental and Other Scientific Purposes” and the European Communities Council
Directive (86/609/EEC).

Additionally, we used ACI, BN, BUF, F344 and WKY inbred female rats (n=6-7) in this
study. The inbred rats were obtained from Harlan (Indianapolis, USA), kept at Indiana
University and provided standard rat chow and water ad libitum under conditions of
controlled temperature and a 12-h light-dark cycle as described previously [17]. The
procedures performed throughout the experiment for these HS and inbred rats followed the
guidelines of the Indiana University Animal Care and Use committee (IACUC).

Euthanasia and specimen collection
Inbred rats were euthanized at 20 weeks of age by cervical dislocation and HS rats were
euthanized between 19 and 20 weeks of age by ether inhalation. The lower limbs and lumbar
vertebrae (L1-6) were dissected out from these animals. The lower limbs on the right side
were immediately stored at −20°C for subsequent biomechanical testing. The lower limbs
on the left side were stripped of muscle, transferred to 70% ethyl alcohol and stored at 4°C
for densitometry analyses.

Femur Geometry
Femoral length was measured from medial condyle to the femoral head. In addition, width
of the femoral head, width of the femoral neck and axis length of the femoral neck
measurements were made as described previously [17]. All of these femoral geometric
measurements were performed using digital calipers accurate to 0.005 mm (Mitutoyo,
Aurora, IL).

Alam et al. Page 3

Bone. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dual energy X-ray absorptiometry (DXA)
The left femur and lumbar vertebrae 3-5 (L3-5) of inbred rats were scanned using DXA
(Hologic QDR 1000/W; Hologic, Inc., MA, USA) with high-resolution mode (0.70-mm
beam collimator and 0.25-mm step size). The same bones of HS rats were analyzed using
DXA (PIXImus II mouse densitometer; Lunar Corp., Madison, WI, USA) with ultra-high
resolution (0.18 × 0.18 mm/pixel). During scanning dissected bones were positioned on a
platform supplied by manufacturer. After completion of scan of each bone mutually
exclusive region of interest (ROI) boxes were drawn around the bone from which aBMD
and BMC measurements were obtained.

Biomechanical testing
The frozen right femurs were brought to room temperature slowly in a saline bath. The
femurs were tested in three-point bending by positioning them on the lower supports of a
three-point bending fixture and applying load at the midpoint using a material testing
machine (Alliance RT/5, MTS Systems Corp., Eden Prairie, MN, USA). The bones were
held in place by small (1N) preload and then loaded in monotonic axial compression until
fracture, at a crosshead speed of 20 mm/min. Load was applied midway between two
supports that were 15 mm apart. After the long bones were fractured, cortical thickness was
measured at the midshaft and 5 mm distal and proximal to the midshaft using digital calipers
accurate to 0.01 mm, with a precision of + 0.005 mm (Mitutoyo, Aurora, IL). For femoral
neck, the proximal half of each femur was mounted vertically in a special chuck that
clamped the femoral shaft to the lower platen of the same materials testing machine. Load
was applied downwards onto the femoral head at a crosshead speed of 20 mm/min until the
femoral neck fractured. Force and displacement measurements were collected every 0.05
second. From the force vs. displacement curves, ultimate force (Fu; in N) and work to
failure (W; in mJ) were calculated in TestWorks software, version 4.06. Fu reflects the
strength of the bone or the maximum load that the bone can support before failing and W
reflects the total energy the specimen can absorb before fracture.

Correlation analysis between different bone phenotypes
Pearson correlation coefficients was performed to obtain bone-specific (femur vs lumbar),
phenotype-specific (geometry vs density; density vs biomechanics; geometry vs
biomechanics), and site-specific (femur vs femoral neck; spine vs femoral neck) correlations
from male and female HS rats. All statistical analyses were performed using the statistical
package StatView (Abacus Concepts, Berkley, CA).

Statistics
Body weight was a significant predictor for all phenotypes; therefore, weight was used as a
covariate for all statistical analysis. All results were expressed as mean ± standard deviation
(SD). To detect significant differences for bone phenotypes among all rat strains, one-way
analysis of variance (ANOVA) was performed, followed by Fischer‟s protected least-
significance differences between strains. The level of significance was set at 0.05 or less for
all phenotypes. Pearson correlation coefficients (r) were generated from linear regression
analyses in HS rats to identify the underlying phenotypic relationships among all variables
(bone geometry, mineral density and biomechanics).

Heritability estimation
Residuals of each skeletal phenotypic measure were computed with body weight as a
covariate to obtain weight-adjusted values for the female rats. Several of the bone
phenotypes (femur axis length, femur ultimate force and lumbar aBMD) demonstrated a
mean difference across batches and the batch effect was adjusted as well for these
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phenotypes. The environmental variance component (Ve) was estimated as the error
variance in the phenotypic residual among progenitors after covarying for weight and strain.
The phenotypic variance component (Vp) was estimated as variance in female HS rats after
covarying for weight (and batch as necessary, as indicated above). Heritability in the female
rats was then calculated as 1-(Ve/Vp) [31].

Principal component analysis (PCA)
All phenotypic variables from the female HS rats were entered into a principal component
analysis (PCA) to identify novel multivariate phenotypes for pleiotropic genetic effects
using SAS version 9.1 (SAS Institute, Cary, NC, USA). Briefly, the first principal
component (PC1) was derived from the correlation structure of the body weight and 12 bone
phenotypes (Table 2) as a simple linear combination of the measured phenotypic values,
explaining the maximum possible amount of common phenotypic variation among the
phenotypes. Subsequent uncorrelated components (PC2, PC3 and PC4) were generated in a
similar way, each explaining the maximum possible amount of the remaining variation
among the phenotypes after consideration of previous components.

Results
Body weight

Average body weight varied significantly among inbred progenitors and HS female rats. HS
rats had significantly higher (p<0.05) mean body weight compared with BN, F344 rats and
significantly higher (p<0.005) body weight compared with ACI rats (Figure 2). Among all
inbred rats, body weight for BUF rats was significantly higher (p<0.05) compared with ACI
rats.

Femur geometry
Significant variability in femur length was detected among inbred progenitors and HS
female rats. In general, longer femur length was observed in ACI, BUF and HS rats
compared to BN, F344 and WKY rats (Figure 3). The shortest femur length was recorded
for F344 rats.

Femur length in HS rat was significantly higher (p<0.005) compared with WKY rats and
significantly higher (p<0.0001) compared with F344 and BN rats. The average femur head
width was not significantly different among inbred progenitors, but head width was
significantly higher (p<0.05) in WKY rats compared with HS rats. HS rats also had
significantly lower (p<0.001) femoral neck width compared with all progenitor inbred
strains. Among all femur geometry measurements, the axis length of HS rats exceeded those
from all progenitors: HS rat had significantly higher (p<0.005) axis length compared to ACI,
BUF, F344 and WKY rats, and significantly higher (p<0.001) axis length compared to BN
rats.

Femur and lumbar aBMD and BMC
Femur and lumbar DXA measurements varied greatly among inbred progenitors and HS
female rats. Among all inbred progenitors, BUF rats had highest body weight adjusted
aBMD and BMC in both femur and lumbar vertebrae compared with the other inbred
progenitors (Figure 4). On the other hand, F344 rats had the lowest values for aBMD and
BMC for both femur and lumbar vertebrae among all progenitors. The aBMD for both femur
and lumbar was significantly lower (p<0.0001) in HS rats compared with their inbred
progenitors. In contrast, femur BMC in HS rat was significantly higher (p<0.05) compared
with BN and significantly higher (p<0.005) compared with WKY rats. HS rats also had
significantly higher (p<0.05) values for lumbar BMC compared to WKY rats. The mean
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values for both femur and lumbar BMC in HS rats fell between those of the progenitor
strains.

Femur and femoral neck biomechanics
The femur and femoral neck biomechanical properties showed significant variability among
inbred progenitors and HS female rats. The values for body weight adjusted ultimate force
(UF) and work to failure (W) at both femur and femoral neck were in the middle range in
HS rats compared to the inbred progenitors (Figure 5). Among all inbred progenitors, F344
rats had the weakest femur biomechanical properties. On the other hand, BUF rats had the
highest values for both femur and femoral neck UF.

Femur ultimate force and work to failure were significantly lower (p<0.05) in HS rats
compared with BUF rats. In addition, femur work to failure was significantly lower (p<0.05)
in HS rats compared with BN and WKY rats. In contrast, the value for the same phenotype
was significantly higher (p<0.005) in HS rats compared with F344 rats. Femur neck UF was
significantly lower (p<0.05) in ACI and BN compared to HS rats. Additionally, femoral
neck W was significantly lower (p<0.05) in ACI compared to HS rats. In contrast, BUF rats
had significantly higher (p<0.05) values for femur neck UF compared to HS rats.

Sex-specific differences of weight-adjusted bone phenotypes in HS rats
To identify gender-specific differences for bone phenotypes, we compared bone phenotypes
between 319 male and 348 female HS rats between 19-20 weeks of age. All bone
phenotypes (femur geometry, femur aBMD and BMC, lumbar aBMD and BMC, femur and
femoral neck ultimate force and work to failure) were significantly lower (p<0.0001) in
female rats compared to male rats after adjustment for body weight (Figure 6).

Correlation between different weight-adjusted bone phenotypes in HS rats
Correlation analysis in female HS rats showed that both aBMD and BMC were highly
correlated (r=0.87 and 0.77, respectively) for femur and lumbar spine (Table 1). In addition,
correlation coefficient values between femur and lumbar for aBMD and BMC were 0.68 and
0.86, respectively, suggesting high correlation for bone density and mineral content
phenotypes between these two skeletal sites. Correlation analysis between femur
densitometry and biomechanics also indicated high correlation between femur aBMD and
ultimate force (r=0.50). The strength of correlation was good to high between femur BMC
and ultimate force (r=0.56) and femur BMC and work to failure (0.48). Femur strength
phenotypes, ultimate force and work to failure (UF and W), had high correlation (r=0.60)
with each other. Similarly, femoral neck UF showed good correlation (r=0.49) with neck W.
However, while femur aBMD and BMC had high correlation with femoral neck UF (r=0.58
and 0.60, respectively), none of these femur bone phenotypes had any significant correlation
with femoral neck W (r=0.10 and 0.07, respectively).

We also analyzed how femoral geometry and strength parameters are correlated to each
other in female HS rats. The length of the femur was not strongly correlated to either femur
UF (r= 0.39) or femur W (r=0.39), suggesting that this measure of femur macro-architecture
is not a significant predictor for femur strength. Similarly, femoral neck geometry had low
to no correlation with neck biomechanics (r<0.32 for all). Similar phenotypic correlation
was also observed in male HS rats (Table 1).

Heritability
Heritability of various bone phenotypes in female rats revealed that bone geometry, density
and strength had high heritability based on the comparison of HS variability with that of
progenitor strains. Because high heritability of body weight as well as strong correlation of
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body weight and bone phenotypes in these rats, we adjusted the bone phenotypes for weight
prior to heritability calculation to best capture weight-independent genetic effects.
Heritability of adjusted bone geometry phenotypes ranged from 64% to 90% (Table 2).
Femur density and ultimate force as well as femoral neck strength (ultimate force and work
to failure) also had high heritability (67% to 75%). On the other hand, lumbar density and
mineral content showed lower heritability, 42% and 34%, respectively.

Pleiotropy in HS rats
To identify novel phenotypes and possible pleiotropic genetic effects, principal component
analysis (PCA) was performed in female HS rats. We included body weight in PCA with
non-weight-corrected variables to identify how weight loaded with different bone
phenotypes in the analysis. The first PC (PC1) explained about 46% of the common
phenotypic variation and was most heavily weighted for body weight, femur and lumbar
density and mineral content measures, suggesting that body weight and overall skeletal mass
at both femur and spine have significant common influence (Table 2). PC2 explained a
smaller proportion (11%) of the common phenotypic variation and was primarily weighted
for femur neck biomechanical measures (femur neck ultimate force and work to failure).
PC3 explained about 9% of the common phenotypic variation and was strongly weighted for
femur geometry measures (head width, neck width and axis length), while PC4 accounted
for 8% of overall variability and was influenced primarily by biomechanical measures at the
mid-femur (femur ultimate force and work to failure) (Table 2).

Discussion
Our results clearly demonstrate that substantial variability for bone geometry, density and
strength phenotypes at femur, hip and spine exist in HS rats, representing the bone
phenotypic variability in their inbred progenitors. In addition, we observed strong
heritability for several of these skeletal phenotypes, suggesting that the HS rat will be a
unique genetic resource for dissecting the complex genetics underlying bone fragility.

In this study, we observed some interesting variability for bone phenotypes in HS rats
compared with their inbred progenitors. While most of the bone phenotypes in HS rats were
intermediate compared with the inbred progenitors, the mean of several bone phenotypes in
HS rats exceeded those from the inbred rats. For example, the mean axis length was
significantly higher whereas the mean femoral neck width, femur aBMD and lumbar aBMD
were significantly lower in HS rats compared with all progenitor inbred strains, suggesting
that these phenotypes in HS rats might have been influenced by the combined effect and
interaction of different alleles from the progenitor rats.

Compared with HS rat, BN and WKY rats had shorter femur length and lower femur BMC
but femur biomechanical parameters exhibit equal or superior properties, suggesting that BN
and WKY rats might have high bone quality in the femur compared with HS rats. In the HS,
femur neck width was shorter and axis length was longer compared with BUF and F344 rats,
which represent as lower femoral neck bone strength in HS rats, compared with these
progenitor strains. Interestingly, with similar femur neck geometry (shorter neck width and
longer axis length) in HS rats compared with ACI and BN rats, femoral neck strength in HS
rats was either equal or superior, suggesting better microarchitecture (trabecular orientation,
cortical thickness) or intrinsic tissue properties (ultimate stress, toughness) at femoral neck
in HS rats compared with these inbred progenitors rats.

Among all inbred progenitors BUF rats had the highest aBMD and BMC for both femur and
lumbar vertebrae. These rats also had larger body size, femoral length and higher bone
strength for femur and femoral neck. As body size might be related to these observed bone
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phenotypes, we analyzed these phenotypes using body size as a covariate. However, even
after adjustment for body weight, the skeletal phenotypic differences persist, indicating that
genetics might play a potential role for this robust bone mass in BUF rats. In contrast, F344
rats had the lowest mean values for aBMD and BMC both for femur and lumbar vertebrae as
well as femur length among all progenitors, which is reflected by their lower femoral bone
strength, indicating that F344 rats possess genes for overall increased fragility.

Correlation of different bone phenotypes in HS analysis showed that density and mineral
content had strong correlation (r=0.81-0.86) within a bone (femur or lumbar spine), but this
correlation becomes modest (r= 0.43-0.52) between different bones such as femur versus
lumbar spine for both of these phenotypes. These data suggest that, besides common genes,
there are distinct sets of genes affecting different traits in a site-specific manner. Also the
correlation between density/mineral content and strength phenotypes within a bone is strong
(r=0.45-0.64). This correlation becomes low to good (r=0.21-0.56) if density/mineral
content from whole bone is correlated with a specific part of the bone (femur versus femoral
neck), suggesting site-specific genetic regulation of bone phenotypes. In addition, low to no
correlation (r=0.37-0.02) of both femur and femoral neck geometry with femur and femoral
neck strength phenotypes, respectively, indicates that distinct sets of genes are influencing
these phenotypes.

The results from principal component analysis showed that the bulk (73%) of the overall
phenotypic variability could be explained by the first four principal components. The
weighting of the first principal component on the phenotypes suggest that HS rats possess
common genes underlying variation in overall body size and skeletal mass and strength.
This principal component also indicates strong evidence of pleiotropy among major bone
phenotypic groups (geometry, density and strength) in HS rats. Interestingly, factors
uniquely influencing femur neck and femur strength phenotypes were discovered from the
second and fourth components, respectively, while geometry measures were particularly
strongly weighted on the third component.

In humans, bone geometry, density and strength at the site of high incidence of osteoporotic
fracture such as hip and spine have shown to be highly heritable [7]. In our previous studies,
we found high heritability for these bone phenotypes in the F2 rats derived from both F344
X LEW and COP X DA crosses [18-22]. In this study, HS rats showed significant
heritability for femur and femoral neck geometry, femur and spine bone density and strength
(Table 2), suggesting that genetic analysis for these skeletal phenotypes in HS and inbred
rats will be very useful for identification of genes that confer susceptibility to osteoporotic
fracture. In addition, the strength of these heritability values might be considered as
important determinants to prioritize bone phenotypes for subsequent analyses in this rat
model.

There are several limitations in the current study. We could not analyze skeletal phenotypes
in MR/N, M520 and WN/N progenitor strains due to unavailability of these inbred rats from
commercial sources. However, both MR/N and WN/N rats were derived from Wistar colony
and since our analysis of 5 other inbred strains included WKY, which is also a Wistar-
derived rat, we anticipate that the phenotypic distribution in MR/N and WN/N rats will be
similar to WKY rats. In addition, we could not compare male bone phenotypes among
inbred progenitors and HS rats because our previous inbred rat data were obtained from
female only. As sex-specific QTL regulation has been demonstrated to be important in
multiple studies [22,23,32,33], we need to extend our analyses to include male for further
investigations in the future.
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We did not compare cortical versus cancellous bone phenotypes between HS rats and their
progenitors. However, we have obtained these phenotypes in our HS rats for genetic analysis
in future. In addition, further analysis involving bone growth, modeling and bone turnover
will be necessary as all of these phenotypes might have a genetic basis for bone fragility.
Although many of the measures of BMD and bone structure are independent of bone growth
or length, young growing animals in a rapid bone acquisition period will be valuable for the
identification of the role of bone growth on peak bone mass gain in the adult animal. In
addition, measurement of serum and urine biomarkers as well as histomorphometric
measurements of bone will provide valuable insights into the process of normal and
abnormal bone modeling, remodeling and bone turnover both at cortical and trabecular
settings. We are currently genotyping the HS rats for single nucleotide polymorphisms
(SNPs) distributed throughout the genome. Our goal is to identify QTLs contributing to
different bone phenotypes in these rats within very narrow chromosomal regions, which will
greatly facilitate the identification of causative genes for osteoporosis. Moreover, we plan to
evaluate these genes in human populations in future.

In conclusion, we found significant variability for femur and lumbar density, femur
geometry as well as femur and femoral neck strength phenotypes in HS rats compared with
their inbred progenitors. In addition, we identified a strong genetic component for several of
these bone phenotypes. Thus, the HS rat model will provide us a unique resource to dissect
the complex genetic relationships for different skeletal phenotypes underlying bone fragility.

Research Highlights

➢ We compared bone phenotypes between HS and inbred progenitor rats.

➢ We estimated heritability for bone phenotypes in HS rats and progenitor strains.

➢ Significant variability for multiple bone phenotypes exist in HS rats.

➢ HS rats showed high heritability for several bone phenotypes.

➢ HS rat model is a unique resource for the genetic determinants of bone fragility.
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Fig. 1.
Schematic diagram of development of heterogeneous stock (HS) rats from 8 inbred strains
of rats: Agouti (ACI/N), Brown Norway (BN/SsN), Buffalo (BUF/N), Fischer 344 (F344/
N), M520/N, Maudsley Reactive (MR/N), Wistar-Kyoto (WKY/N) and Wistar-Nettleship
(WN/N).
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Fig. 2.
Body weight for female inbred progenitors (ACI, BN, BUF, F344 and WKY) and HS strains
of rats. Data presented are mean ± SD (n=6-7 for inbred rats and n=348 for HS rats).
*p<0.05 HS vs BN and F344; BUF vs ACI; #p<0.005 HS vs ACI
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Fig. 3.
Femur length (A), head width (B), neck width (C) and axis length (D) for female inbred
progenitors (ACI, BN, BUF, F344 and WKY) and HS strains of rats. Data presented are
mean ± SD (n=6-7 for inbred rats and n=348 for HS rats). For femur length *p<0.05 BN vs
ACI; F344 vs WKY; **p<0.005 ACI vs F344; BUF vs BN; HS vs WKY; #p<0.0001 BUF
vs F344; HS vs BN and F344; head width *p<0.05 HS vs WKY; neck width *p<0.005 BUF
vs BN, F344 and WKY; #p<0.0001 HS vs all others; axis length *p<0.005 HS vs all others
except BN; #p<0.0001 HS vs BN
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Fig. 4.
Femur aBMD (A), femur BMC (B), lumbar aBMD (C) and lumbar BMC (D) for female
inbred progenitors (ACI, BN, BUF, F344 and WKY) and HS strains of rats. Data presented
are mean ± SD (n=6-7 for inbred rats and n=348 for HS rats). For femur aBMD *p<0.005
F344 vs ACI; BN vs WKY; #p<0.0001 HS vs all others; BUF vs all others; femur BMC
*p<0.05 BN vs F344 and HS; F344 vs WKY; **p<0.005 ACI vs F344; HS vs WKY;
#p<0.0001 BUF vs all others; HS vs BUF and F344; lumbar aBMD **p<0.005 ACI vs
F344; #p<0.0001 BUF vs all others; HS vs all others; lumbar BMC *p<0.05 HS vs WKY;
**p<0.005 F344 vs WKY; #p<0.0001 BUF vs all others; HS vs all others except WKY
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Fig. 5.
Femur UF (A), femur W (B), femur neck UF (C) and femur neck W (D) for female inbred
progenitors (ACI, BN, BUF, F344 and WKY) and HS strains of rats. Data presented are
mean ± SD (n=6-7 for inbred rats and n=348 for HS rats). For femur UF *p<0.05 BN vs
ACI and F344; HS vs BUF; **p<0.005 BUF vs ACI and F344; femur W *p<0.05 HS vs BN
and WKY; **p<0.005 F344 vs ACI and HS; BUF vs HS; #p<0.0001 F344 vs BN, BUF and
WKY; femur neck UF *p<0.05 F344 vs ACI, BN and BUF; **p<0.005 BUF vs WKY and
HS; HS vs ACI and BN; #p<0.0001 BUF vs ACI and BN; femur neck W *p<0.05 HS vs
ACI; F344 vs BN; **p<0.005 ACI vs F344
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Fig. 6.
Geometry (A), bone mass (B) and bone strength (C) parameters for male and female HS
strains of rats. Data presented are mean ± SD (n=319 for male and n=348 for female HS
rats) *p<0.0001 between male and female
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