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INTRODUCTION  

Bone structure 
Up to 90% of bone is composed of an extracellular matrix, comprising an organic 

and an inorganic component. The organic component consists primarily of 

collagen, and type I collagen predominates. Collagens are responsible for the 

strength of the bone and the molecules have a characteristic triple helical 

conformation which extracellularly forms fibrils [1]. The remaining part of the 

extracellular matrix, the inorganic component, is an important and major reservoir 

of minerals in the body. The mineral salts are primarily calcium and phosphate in 

the form of hydroxyapatite [2]. Morphologically, bone consists of two different 

types of mineralized tissue, cortical bone and trabecular bone. Although their 

cellular and matrix components are similar, their structure and function differs.  

The external shell of the bone and the middle of long bones (the diaphysis) consist 

of cortical bone, and represents nearly 80% of the skeletal mass. Cortical bone is 

compact and has a high resistance to bending and torsion, and important for the 

function of long bones. Trabecular bone (cancellous or spongy bone) is located in 

the vertebral bodies, the metaphysis of the long bones, and the inner parts of the 

small bones. It is a rigid meshwork of thin, mineralized trabeculae, less dense than 

cortical bone. The trabecular bone provides a large surface and it is the most 

metabolically active part of the skeleton. Bone turnover is thus greater in 

trabecular bone compared to cortical bone [3]. Despite the structural, distributional 

and functional differences, trabecular and cortical bone are produced by the same 

cell types and have the same overall matrix composition.  

Bone tissue is continously being remodeled by the coupled processes of osteclastic 

bone resorption and osteoblastic bone formation. Remodeling allows bone to adapt 

to changes in the distribution of mechanical forces in response to mechanical and 
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physiological stress and to repair the microdamage that accumulates in bone 

matrix. A dynamic balance between bone formation and bone resorption is 

essential for the maintenance of skeletal integrity. Changes in bone remodeling 

and an imbalance between bone degradation and formation may result in bone 

diseases, including osteoporosis [4] (Fig.1). 

Osteoporosis  
Osteoporosis is a complex disease, influenced by multiple genes and 

environmental factors. It is characterized by low BMD and deterioration of bone 

microarchitecture leading to increased bone fragility and increased susceptibilty to 

fracture [5].  

 

 
Fig.1. Normal trabecular bone and osteoporotic trabecular bone. (Adapted and modified 

from Dempster DW, et al. J Bone Mineral Res 1:15-21. 
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Osteoporosis is undoubtedly a major public health problem. High fracture rates 

result in the loss of quality of life in patients, but also place an economic burden 

on society. In Sweden, almost one half of all women and one quarter of all men 

will sustain a fracture after the age of 50 [6]. Therefore, it is imperative to develop 

inexpensive and widely applicable methods for diagnosis, prevention, and 

treatment to limit the increase in osteoporotic fractures.  

Factors that influence fracture susceptibility 
Several components affect bone strength and a bone’s ability to resist fracture 

(Fig.2), including the amount of material in the bone (i.e. size, mass, and density), 

its distribution (i.e. geometry and architecture), the intrinsic properties (i.e. 

composition) and its turnover (rate and balance of formation and resorption).  

 

  
Fig.2. Factors that influence bone strength. In courtesy of Clinical Publishing [7]. 

Peak bone mass and bone loss 
The amount of bone in all individuals increases during childhood and adolescence, 

during this period much more bone is deposited than withdrawn, subsequently the 
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skeleton grows in size and density. The amount of bone tissue in the skeleton 

continues to increase until around the age of 30 in men and women, when bone is 

considered to have reached its maximum strength and density, i.e. peak bone mass. 

Thereafter, in women, total bone mass tends to decrease between age 30 and 

menopause. Later during the first few years after menopause, women may also 

experience rapid bone loss, which then slows but continues throughout the 

postmenopausal years and through advancing age [8].  

Risk factors 
Apart from age and gender, the strongest risk factor for fracture is low bone mass. 

Body weight, lifestyle factors (nutrition, physical activity, smoking), medication, 

and genetic factors also contribute to the risk of osteoporotic fractures [9]. 

Additionally, diabetes has been described to impact bone through several 

mechanisms, with contradictory effects. Type-1 diabetes has been associated with 

decreased BMD as a result of insulin deficiency [10-11], while type-2 diabetes has 

been reported to have anabolic effects on bone resulting in higher BMD, due to 

hyperinsulinemia [12-13].  

Osteoporotic fractures 
Osteoporosis manifests clinically as fragility fractures that result from mild trauma 

acting on a skeleton with reduced bone strength. The most common sites for 

osteoporotic fractures are the hip, spine and distal radius. Loss of cortical bone 

predisposes an individual to fractures at the hip and wrist whereas the rate of 

trabecular bone loss is particularly associated with osteoporotic vertebral fractures 

[14]. The most severe fracture-type associated with the highest morbidity is hip 

fractures that occur mainly in elderly women [15].  

Diagnosis 
The definition of osteoporosis has since 1994 been based on recommendations 

from the World Health Organization (WHO) [5]. The diagnostic criteria for 
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osteoporosis are based on standard deviations (SDs) in BMD known as T-scores 

and indicate the difference between ideal peak bone mass achieved by a young 

adult and the bone mass of the patient. Individuals with BMD values lower than 

2.5 SDs (T-score -2.5) from the mean of young adults are diagnosed with 

osteoporosis [16]. Additionally, a Z-score is used, which is based on a age and sex 

matched reference and used in children and adolescents before reaching peak-bone 

mass and sometimes in the very elderly. Several non-invasive methods are 

available for the assessment of the skeleton for the diagnosis of osteoporosis and 

the evaluation of fracture-risk. Dual energy X-ray absorptiometry (DXA) is the 

clinically established method used for measuring BMD. In DXA scanning, energy 

from X-ray beams is passed through the bone being examined. The denser the 

bone, the more energy is absorbed. The energy that is not absorbed is detected and 

determines the density of the bone. DXA measures the bone mineral content 

(BMC, g) and the areal bone mineral density (aBMD, g/cm2). The density of the 

bone is determined by the mineral content, that is dependent on the amount of 

calcium phosphate at the specific site. DXA uses two different X-ray energies, that 

enable the measurement of density of skeletal tissue separately from the 

surrounding soft tissue [17]. However, the method gives information only in two 

dimensions and does not inform about the cortical and trabecular components. 

Quantitative computed tomography (QCT) provides the true measure of three-

dimensional volumetric bone density (vBMD, g/cm3) and allows the two main 

types of bone, trabecular and cortical bone, to be distinguished [18]. It is 

commonly used for the measurement of vertebral bodies. Other devices for the 

scanning of peripheral skeleton have also been developed including peripheral 

QCT (pQCT) that performs scans of the forearm and tibia.  

Evaluation of fracture risk and intervention  
It is essential that individuals with the highest fracture risk are identified. The ideal 

would be to identify and treat before the first fracture occurs, but for many the first 
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suspicion of osteoporosis is raised by a long-bone fracture following a fall, or a 

spontaneous vertebral fracture.  People sustaining traumatic or low trauma 

fractures need to be assessed for the underlying cause to decide upon treatment to 

prevent further fracture. Age and female gender are the strongest risk factors for 

fracture. In addition, prior low energy fracture, use of certain medications, reduced 

lifetime oestrogen exposure, anorexia nervosa, low body mass index, maternal 

history of hip fracture, smoking, low physical activity and fall-related factors, such 

as visual impairment increase the risk of osteoporosis and fracture [19]. As the risk 

of fracture is increased in individuals with clinical risk factors and low bone 

density, the clinical risk factors can be used to identify who should be assessed for 

their future risk of fracture by bone densitometry and by new algorithms that are 

being developed [20].  

Pharmacological treatment of osteoporosis 
Pharmacological treatment of osteoporosis aims to reduce the number of fractures 

by improving bone mass. In general they either decrease bone resorption to 

produce secondary gains in bone mass or are anabolic and produce direct increases 

in bone mass. Antiresorptive treatment inhibits osteoclast function and reduces 

bone resorption. Since osteoblast function is unaffected, bone density increases. 

Anabolic treatments stimulate osteoblast function directly, while osteoclast 

function is unaffected, thereby increasing bone density. Antiresorptive treatments 

that reduce fracture risk include vitamin D, calcium, bisphosphonates, hormone 

replacement therapy (HRT; estrogen and estrogen combinations) and SERMs 

(selective estrogen receptor modulators). Bisphosphonates are the most 

extensively studied pharmacological treatment for osteoporosis, producing a 

fracture risk reduction of 30-50% [21], and are generally recommended as the first 

line of treatment. Parathyroid hormone (PTH) has bone anabolic properties when 

given intermittently and produces incremental increases in BMD but due to 

administration and costs, it is a second or third line treatment. 
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All fracture intervention trials show that those with the most pronounced 

osteoporotic disease and the highest fracture risk benefit most from treatment.  

Genetics of complex diseases 
Complex diseases are defined as being multifactorial, having both environmental 

and genetic risk factors. To identify the genetic components of a complex disease, 

co-inheritance of chromosomal regions associated with the disease is studied in 

families or at a population level. The human genome consists of approximately 

22,000 protein coding genes.  Genetic variation is determined by polymorphisms 

or mutations. To be classified as a polymorphism, the minor allele must have a 

frequency of 1% or more in the population. If the frequency is lower, the allele is 

regarded as a mutation. Approximately 90% of sequence variation among 

individuals is due to polymorphisms where the most common type are single-

nucleotide polymorphisms (SNP). The remaining 10% of the genetic variants are 

deletion/insertion polymorphisms (DIP) and variable number tandem repeats 

(VNTR), known as microsatellites [22]. Since both SNPs and microsatellites are 

dispersed throughout the genome they can be used as genetic markers.  

Coding DNA accounts for only about 1.5% of the human genome and most SNPs 

are therefore found in non-coding regions, such as within introns and may affect 

the regulation of gene expression [23]. However, SNPs in the coding regions of a 

gene can either change the amino-acid sequence or be synonymous or silent, 

which means that the codon change caused by the SNP does not result in an 

altered amino acid [24-25].  

Genetic approaches 
Two main approaches are used to identify genome regions underlying a phenotype 

associated with a specific disease: association studies in case-control materials and 

quantitative trait locus (QTL) mapping by genome-wide linkage analysis. In both 

of these, genetic markers with known genomic location are used.  
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Association studies in case-control materials test whether the frequency of alleles 

of a genetic marker differ between the two groups of individuals (subjects with 

disease and healthy controls) and can test for association between marker alleles 

and continuous phenotypes within a population. Association studies can be 

population or family-based and either require prior hypotheses about which genes 

to test or cover the entire genome (genome-wide association studies).  

To perform QTL mapping, genetic markers must be identified and genotyped. 

Prior knowledge about the function of specific genes is, however, not required 

(random gene search). Quantitative traits are phenotypes that show continuous 

variation (e.g. BMD). QTL mapping aims to find markers that are statistically 

associated with the phenotype and linked to a chromosomal region that may 

contain one or more loci controlling the trait of interest [26].  

The statistical significance of the QTL is calculated by LOD scores at many 

selected points in an interval between markers and plotted versus map position. 

The peak of the LOD score gives the most likely location of the QTL, and the 

height of the peak is a measure of statistical significance. The LOD score is 

defined as the log of the ratio of the likelihood of there being a QTL present vs. 

the likelihood of no QTL being present at a particular map position [27]. A LOD 

score higher than 3 (comparable to genome-wide P<0.05) is generally accepted as 

evidence for suggestive linkage in intercrosses between inbred animals [28]. Since 

many statistical tests are conducted in genome scans (multiple testing issues), the 

actual threshold for significance must be established by either permutation [29] or 

by numerical methods [28].  

When the QTL is identified, candidate genes within the QTL can be identified that 

are functionally connected to the phenotype of interest. If the phenotype is 

determined by several QTLs, many genes of small effect influence disease 

susceptibility. Conversely, one single QTL can contain several genes affecting the 

same phenotype. 
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Gene mapping in animal models  
The use of animal models as a complement to studies in human populations is one 

approach to accelerate the identification and functional characterisation of 

candidate genes. Animal models offer many advantages, including controlled 

breeding, standardized environmental conditions, the ability to study phenotypes 

similar to those observed clinically, and the ability to narrow the regions of QTLs 

by fine mapping by employing congenic breeding strategies [30-31]. Additionally, 

because the homologous regions of several animal genomes and human 

chromosomes are very well defined, it is possible to identify the chromosomal 

location of a candidate gene accurately in humans by mapping it in animal models 

(Fig.3).  The approach to identify a gene regulating a specific phenotype in an 

animal model is to localize QTLs for the phenotype, first in an F2 intercross, then 

in congenic strains carrying individual QTLs to study the underlying physiology of 

the phenotype, and in advanced intercross lines (AIL) for higher resolution in the 

positioning of the QTL. Once the region is narrowed, expression analysis 

combined with sequencing can be used to identify a potential candidate gene in the 

rat.  Next step is comparative genomics i.e., to identify the syntenic human gene 

followed by functional analysis and finally test the gene in humans by association 

studies [31-32]. 
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Fig.3. Pathway for the identification of genes for complex diseases in animal models. 

Modified from Piehl et al, Physiol Behav. 2007 Sep 10;92:67-74. 

Breeding of F2, AIL and congenic strains  
The F2 progeny is generated by crossing two strains, usually phenotypically 

distinct, to obtain a heterozygous F1 population. All rats in the F1 population are 

genetically identical, as they have inherited the same haplotype from each parental 

strain. For a reciprocal cross, the two groups of F1 progeny (A female x B male) 
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or (B female x A male) are then intercrossed separately to yield two reciprocal F2 

populations (Fig.4). From a genetic standpoint, the reciprocal crosses both harbour 

a mix of the two genomes (A and B) but differ in their mitochondrial genotypes as 

inherited from the founding female. Progeny displaying a quantitative trait 

associated with disease will give information as to which part of the genome is 

influencing the phenotype. Once a QTL has been identified it is important to 

confirm its location and eventually dissect the locus into such a small region that it 

will be possible to positionally clone the gene. This can be done using congenic 

strains. Congenic strains carry only homozygous genomic intervals, and are 

generated by transferring a specific genetic locus from a donor strain to a recipient 

inbred strain. Procedurally, the donor and recipient inbred strains are mated; the 

F1 progeny are then backcrossed to the recipient successively over ten generations 

(N10) with selection on the congenic fragment in each generation. With each 

generation, the homozygosity of the recipient background increases from 50% at 

N1 to 99.9% at N10 (Fig.4). Another (or a complementary) strategy to narrow the 

relatively large QTLs identified in F2 whole genome scans, is the use of an 

advanced intercross line (AIL). An AIL is created by repeated random 

intercrossing of at least 50 breeding pairs starting from the F2 generation from two 

inbred strains. Due to the higher density of recombinants, genetic mapping of an 

AIL requires dense genotyped markers. Although the breeding of an appropriate 

AIL requires many years, it is a valuable tool to fine-map QTLs with high-

resolution (Fig.4). 
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Fig.4. Breeding schedule of F2, AIL and congenic strains. 

The genetics of osteoporosis 
Bone strength is influenced by bone mass and bone quality, which encompasses 

both structural and biomechanical aspects. Family and twin studies have shown a 

significant heritable component, accountable for up to 80% with both BMD [33-

35] and femoral structure [36], between 51% and 79% for hip axis length [37] and 
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from 60%-80% for the other aspects of bone geometry as well as bone quality [38] 

Data modelled in twins indicates that both specific and shared genetic factors act 

on individual bone phenotypes [39] and may explain the partially BMD-

independent associations often observed with fracture.  Several genome-wide 

linkage scans in humans have been performed in attempts to identify loci that 

regulate BMD [40-44]. Few of the genome-wide scans have identified QTLs that 

meet the criteria for genome-wide significance and there has been limited 

replication of QTL between different studies. Only one gene that regulates 

susceptibility to osteoporosis has been identified by this approach: the BMP-2 

gene [43]. Nevertheless, some important findings have emerged from QTL studies, 

including evidence for a sex- and site-specific genetic regulation of BMD [41-42, 

45-46].  The predominant strategy for identifying candidate genes for osteoporosis 

in humans is association studies. Although hundreds of association studies based 

on candidate gene polymorphisms have been performed, only a handful of genes 

with consistent effect on BMD, bone loss or osteoporotic fractures have been 

identified. These findings reflect the genetic heterogeneity and possibly the 

environmental variations in human populations, and frequently underpowered 

analyses which result in little consistency between studies [47]. Table 1 gives a 

brief overview of a few of the candidate genes related to osteoporosis phenotypes 

in association studies. 

 

 

 

 

20



21 

Table 1. Overview of candidate genes related to osteoporosis phenotypes. 

Category Candidate Gene Reference 

Calciotropic 
hormones and 
receptors 

VDR (Vitamin D receptor) 

PTH (Paratyroid hormone) 

CTR (Calcitonin receptor) 

CaSR(Calcium secsing receptor) 

[48-52] 

Sex hormones and 
receptors 

ESRα (Estrogen receptor α) 

AR (Androgen receptor) 

[53-54] 

Bone matrix 
components 

COLIA1 (Collagen type 1α1) 

BGP (Osteocalcin) 

[55-58] 

Cytokines and 
growth 
factors 

IGF-1 (Insulin like growth factor) 

IL-6 (Interleukin-6) 

[59-60] 

Wnt signaling 
pathway 

BMP2 (Bone morphogenetic protein 2) 

TGFβ-1 (Transforming growth factor β-

1) 

LRP 5 (Lipoprotein receptor related 

protein-5) 

SOST (Sclerostin) 

[61-64] 

 

Inflammation ALOX 12 (Arachidonate 12-

lipoxygenase) 

RANK (Receptor activator of nuclear 

factor-κB 

RANKL (RANK ligand) 

OPG (Osteoprotegerin) 

[65-66] 

 

Mice and rats to identify osteoporosis susceptibility genes 
Inbred mouse and rat strains have been established as valuable models for 

dissecting the genetic regulation of bone. The variety of measurement tools 

available for measuring the many components of bone in mice and rats (i.e., 

peripheral- and full body DXA, pQCT, microCT, and biomechanical testing) have 

helped to identify strains with variations in bone strength, structure and BMD for 

genetic mapping, and several QTLs regulating these phenotypes have been 
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identified [67-77]. Additionally, genetic modifications of rodents are a powerful 

tool for studying genetics, with the possibility to arrange knock-in and knock-out 

models to test and confirm a specific gene function. One important finding from 

linkage analysis and knock-out models in mice, was the identification of ALOX15 

(arachidonate lipoxygenase 15) as a candidate gene for the regulation of BMD 

[78].  Furthermore, studies in mice have shown that genes regulating BMD are 

site- and sex specific [79-80].  

Observed variations in bone strength, structure and BMD among several inbred rat 

strains, together with progress in mapping the rat genome makes the rat a useful 

genetic model for skeletal fragility [81]. Compared to mice, rats are ideal for 

biomechanical analyses of bone strength due to larger bones thereby allowing 

more precise measurements.  

The GK and F344 rat strains 
The inbred GK (Goto-Kakizaki) rat is a well-established genetic model for type-2 

diabetes. GK rats exhibit several features resembling diabetes in humans, such as 

fasting hyperglycemia [82] and impaired insulin secretion and action [83-85]. 

Progeny from F2-intercrosses arranged between GK and normoglycemic strains 

have been used for genome-wide linkage analyses, and significant QTLs for 

glucose tolerance have been identified on chromosomes 1, 2, and 10 [86-87]. 

Furthermore, bone changes in the GK strain have been observed, i.e. increased 

bone strength and loss of trabecular vBMD, making these rats well suited for 

investigations of possible interactions between bone and type-2 diabetes 

phenotypes. [88-90]. 

The normoglycemic Fischer (F344) rat strain has been shown to develop 

osteopenia similar to humans and to carry alleles contributing to skeletal fragility. 

F344 rats are therefore useful for studying genetic influences on bone strength and 

structure [77, 81, 91-93].  
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Genetic contributions from the mitochondrial genome  
Mitochondria are the only organelles with their own DNA and this DNA is 

maternally inherited [94-95]. The mtDNA encodes 37 genes, including 13 protein-

coding genes. These in conjunction with subunits encoded by the nuclear genome, 

form the electron transport chain, the primary adenosine triphosphate (ATP) 

producer in the cell. Consequently, mitochondria demand coordinated expression 

of both nuclear and mitochondrial genes to sustain full mitochondrial function. 

Therefore, mitochondrial dysfunction caused by impairment of the interaction 

between the two genomes is expected to affect the pathogenesis of metabolic 

disorders such as type-2 diabetes. However, studying nuclear-mitochondrial 

interactions in complex diseases like type-2 diabetes and osteoporosis in human 

populations is very difficult not only due to the large number of mildly deviant 

mtDNA haplotypes and the heterogeneous nuclear genome, but also the inability 

to control environmental factors that heavily influence these diseases. Inbred 

animals on the other hand offer a more standardized alternative to study such 

interactions. Recent studies identified mitochondrial influence on type-2 diabetes 

associated phenotypes by the use of conplastic rat strains, differing only in their 

mitochondrial genomes [96]. Another approach to study mitochondrial interactions 

is reciprocal crossing of two inbred strains [86].  

In the mitochondrial genome of the GK and F344 rats, more than 100 variant 

positions segregating the strains have been identified. These include twelve non-

synonymous amino acid changes in proteins required for ATP synthesis [97]. 

Recently, a reciprocal F2 cross between these two rat strains (resulting in two 

individual crosses with divergent maternally inherited mtDNA) was used for 

studying nuclear-mitochondrial interactions on type-2 diabetes related phenotypes 

(HB Park et al, unpublished). In this thesis, the same type of reciprocal cross 

between the GK and F344 rat is used to study the effects of reciprocal cross, i.e. 

mitochondrial genotype on the genetic regulation of bone phenotypes.  
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AIMS 

The main aim of this thesis was to identify chromosome regions for several 

determinants affecting bone strength and fracture susceptibility, and to evaluate 

the effects of sex- and reciprocal cross on the genetic regulation of osteoporosis-

related phenotypes. This was done in an F2 intercross between inbred diabetic GK 

and non-diabetic F344 rats. In addition, an AIL population of GK and F344 rats 

was tested as a model for the effect of a high-fat diet on bone.  

Specific aims: 

 

I. Identify QTLs affecting trabecular and cortical bone properties 

measured by pQCT in an F2 intercross of GK and F344 rats. 

 

II. Characterize bone size phenotypes from parental (GK and F344), F1- 

and F2 rats using a new 3D CT method, and to identify QTLs 

contributing to the measured bone size parameters.  

 

III. Identify QTLs linked to bone strength related phenotypes obtained by 

biomechanical testing and 2D DXA in an F2-intercross of GK and 

F344 rats.  

 

IV. Evaluate the effects of a high-fat diet on diabetes and osteoporosis 

related phenotypes in AILs between GK and F344 rats. 
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METHODOLOGY 

Animals 

F2, F1 and parental strains of GK and F344 rats 
An F2 intercross from inbred type-2 diabetic GK and normoglycemic F344 rats 

(108 males and 98 females) was studied in Paper I-III. Two separate F2 

intercrosses were generated: one originating from grandmaternal GK and 

grandpaternal F344 (cross 1, (GK female × F344 male) F1), and the other from 

grandmaternal F344 and grandpaternal GK (cross 2, (F344 female × GK male) 

F1). The two groups of reciprocal F1 progeny were mated separately to yield two 

reciprocal F2-populations (Fig.5). From a genetic standpoint, the reciprocal 

crosses differ by their mitochondrial genotypes as inherited from the founding 

female. All cross 1 progeny carry GK mitochondrial genotype, and F2-males carry 

Y-chromosome from F344, whereas females can only be heterozygous or 

homozygous for GK-alleles located on chr X. All cross 2 progeny carry F344 

mitochondrial genotype, and F2-males carry Y-chromosome from GK, whereas 

females can only be heterozygous or homozygous for F344-alleles on chr X. 
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Fig.5. Breeding schedule for the F2 reciprocal intercross populations. In courtesy of 

Avinash Abhyankar.  

 

In Paper II, males and females from the parental strains GK and F344 (n = 39) and 

F1 progeny from both reciprocal crosses (n = 37) were also included.  

During the first four months all rats were fed normal protein rich chow, followed 

by a high-fat diet (supplemented with 2% cholesterol, 20% olive oil, and 0.5% bile 

acid, Lactamin AB, Linköping, Sweden), for three months. At a mean age of 215 

days, the rats were sacrificed. For skeletal phenotypes, left femur and tibia from 

the parental- and F1 progeny and left tibia from the F2 progeny were collected.  

AILs of GK and F344 rats 
In Paper IV, a total of 70 male AIL rats were studied with the GK and F344 rats as 

parental strains. The F1 generation was generated with GK as female founders. The 

F2 progeny were generated from eight pairs of F1 rats. Continuous inter-crossing was 

conducted using randomly selected 50 breeding pairs to avoid brother-sister mating. 

40 AIL at G20 generation and 30 at the G21 generation were used for the dietary 

intervention, with 60 rats introduced to a high fat diet (HFD) for 12 weeks while a 
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normal low-fat diet (LFD) were given to ten control rats during the same period. The 

experimental design for all rats is summarized in (Fig. 6).  

 

 
 
Fig. 6. Experimental design for Paper I-IV.  
 

Metabolic and diabetes-related phenotypes  
To evaluate the effects of the high-fat diet on metabolic phenotypes, plasma 

concentrations of fasting glucagon, total cholesterol and triglycerides were 

determined. For the effects on diabetes, measurements of fasting blood glucose, 

glucose tolerance and fasting insulin was longitudinally monitored along the 

dietary intervention.  

In order to detect possible effects on bone metabolism of the high-fat diet, fasting 

plasma levels of osteocalcin was measured in the rats at the endpoint of the dietary 

27



28 

intervention study. Osteocalcin is a bone-specific protein produced by osteoblasts 

during bone formation and can be used in clinical investigations as a marker of 

bone metabolism. Elevated osteocalcin is associated with both high bone 

formation and high bone turnover [98]. Furthermore, recent evidence in mice 

suggests that bone participates in the regulation of glucose homeostasis and insulin 

sensitivity via osteocalcin [99].  
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Bone Analyses 

Dual Energy X-ray absorptiometry (DXA)  
DXA is the key diagnostic tool in osteoporosis and measures bone mineral density 

(BMD). The method measures the amount of radiation absorbed by a particular 

anatomical surface. The absorption is proportional to the bone mineral of the area 

exposed to the radiation, and the content of the area provides the bone density 

value expressed in g/cm2. The method is based on projected radiographic images 

in two dimensions and does not inform about bone material quality and 

architectural structure such as cortical and trabecular components [17].  

Tibias from the F2 progeny in Paper III, were scanned by DXA using the 

PIXImusTM densitometer (GE Lunar Madison, WI) specially modified for use on 

small specimens and generated phenotypes including areal BMD (g/cm2), BMC 

(g) and projected area (cm2). Additionally, whole-body DXA (Lunar DPX-L, 

Lunar Corp., Madison, WI), generating the following parameters: whole-body 

BMC (g), areal BMD (g/cm2), area (cm2), total body fat (%), tissue (g) and lean 

mass (g), was performed for the parental- and F1 progeny of GK and F344 rats 

(Table 1A and 1B in Appendix A) and for the AILs in Paper IV.  

Peripheral Quantitative Computed Tomograhy (pQCT) 
In contrast to DXA, pQCT offers 3-dimensional information, and trabecular and 

cortical compartments can be separately measured in defined regions of a bone. 

Software specially modified for use on small bone specimens makes it possible to 

scan samples from mice and rats.  

In Paper I, tibia from the F2 rats were measured by pQCT using a Stratec XCT 

Research M (Norland, Fort Atkinsson, WI, USA) with a voxel resolution of 70 

microns modified for use on small bone specimens (Software 5.40B). The length 

of tibia was measured using a caliper. Two pQCT scans were performed, one 

proximal metaphyseal and one mid-diaphyseal (Fig.7). For trabecular bone 
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analysis, one scan at a distance equal to 5% of the length in the distal direction 

from the proximal tibia growth plate was performed (proximal metaphysis). The 

trabecular bone region was defined as the inner 45% of this area and generated 

trabecular vBMD (g/cm3), total metaphyseal vBMD (g/cm3), and cross sectional 

area (CSA, mm2) of the whole proximal metaphyseal area. Cortical diaphyseal 

bone was measured at a position 40% of the total bone length in the distal 

direction from the proximal tibia growth plate and provided the following 

phenotypes: cortical vBMD (g/cm3), cortical thickness (mm), cortical BMC 

(mg/mm), cortical CSA (mm2), periosteal circumference (PC, mm), and endosteal 

circumference (EC, mm). Biomechanical strength was calculated from the cortical 

diaphyseal data: cross-sectional moment of inertia (IP, mm4) and cross-sectional 

moment of resistance (RP, mm3).  

 

 

Fig.7. pQCT scan of mouse tibia.  

(A) Cross-sectional image at mid-diaphysis. 

(B) Cross-sectional image at proximal metaphysis. 

(C) Scout view showing the position of the two scans. 

Adapted from Schmidt C et al. 2003 J Bone Miner Res 18: 1486-1496. 
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Three-dimensional Computerized Tomography (3D CT)  
In Paper II, we used a new 3-dimensional CT (3D CT) method to measure bone 

size phenotypes.  Compared to the previously described methods (DXA and 

pQCT), the CT method provides additional information about bone size 

characteristics of both the cortical and the entire bone. Tibia from males and 

females from the parental, F1 and F2 generations were included for bone size 

measurements using the 3D CT method. Additionally, femur from the parental- 

and F1 progeny of GK and F344 rats were also included for 3D CT (Table 2A 

and 2B in Appendix A). 

The bones were placed in 70% ethanol in 15 mm diameter plastic tubes and 

scanned in a CT unit (Somatom Sensation 64, Siemens Ag, Erlangen, Germany). 

Images were acquired using 120 kV and 140 mAs per revolution with collimation 

12 ⋅ 0.6 mm and pitch 0.8. The field of view was reduced to 50 mm for maximum 

geometric resolution. Images with a slice width of 2 mm were reconstructed using 

reconstruction kernel “u80u” with a reconstruction increment of 0.4 mm. The 

images produced with the CT scanner therefore represent a 3D voxel matrix with a 

resolution of 0.1 ⋅ 0.1 ⋅ 0.4 mm.  

The images were processed using the Analyze (version 5.0) software package 

(Biomedical Imaging Resource, Rochester, MN, USA). The 3D voxel matrix was 

resampled using interpolation to an isotropic resolution of 0.1 ⋅ 0.1 ⋅ 0.1 mm. The 

bone samples were extracted from the 3D matrix with a volume rendering 

procedure using Hounsfield value thresholds for extracting either all (cortical and 

trabecular) bone tissue or only the cortical regions. 

The following measurements were made on the bones: Total and cortical bone 

volume (mm3), cortical bone volume fraction (%), total and cortical mean 

Hounsfield number, straight and curved length (mm) and peri- and endosteal area 

at mid-shaft (mm2). Peri- and endosteal area at fibula-site (mm2) was also 

measured, primarily because in these small bones it was a distinct site and likely to 
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correspond to the transition between metaphyseal and diaphyseal bone, a common 

fracture site in humans (Fig. 8).  

 

 

Fig. 8. Definition of measured CT variables: 

(A) Total bone volume (mm3) and vBMC 

(mg/cm3). (B) Cortical bone volume (mm3) and 

vBMC (mg/cm3). (C) Total straight and curved 

length (mm). (D) Periosteal area (mm2), i.e., the 

cross-sectional area delineated by the outer 

circumference and (E) endosteal area (mm2), 

i.e., the cross-sectional area delineated by the 

inner circumference at (C1) fibula-site and (C2) 

mid-shaft of tibia. 

 

 

The BMC (mg/cm3) was calculated using a calibration method previously 

developed for determining BMC in human vertebrae [100]. Since the calibration 

of the CT unit is dependent on the size of the scanned object, the calibration 

equation was re-calculated to ensure validity for the very small objects used in this 

study. This was performed by scanning the BMC calibration standards in the same 

geometry as the bone samples, allowing total and cortical measured BMC 

(mg/cm3) to be calculated from the respective mean Hounsfield value 

measurements.  

Both reproducibility and accuracy were tested for the 3D CT method. The 

reproducibility of the analytical procedure was tested by repeating the analysis of 

the first scan using the same rats (n=40) to calculate intra-observer coefficient of 

variation (CV) for each analyzed parameter. A second scan at a different time 

point from the initial measurement was performed, repeating the measurements of 

the left tibia from 5 male and 5 female rats of each strain and cross (n=40). The 
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duplicate scans and the subsequent analysis were made by the same operator. 

Additionally, we evaluated if the method was equally reliable in high and low size 

intervals by analyzing ten rats of varying body size for periosteal mid-tibial 

circumference in order to calculate the correlation with previous mid-tibial areal 

measurement. 

For the purpose of determining the accuracy of the CT method for volume 

determination, objects with known volumes were scanned, using the same 

scanning parameters as for the rat bones. The objects consisted of plexiglass rods 

with carefully measured dimensions. The diameter and length of the objects were 

measured with a digital sliding caliper (Mauser, Digital 6, 8M007906, 

Switzerland) which in its turn was calibrated against a calibration object (series 

167-102, Mitutoyo Corp., Kawasaki, Japan) with a length of 50 ± 0.002 mm. 

The plexiglass rods had volumes of 180.3, 320.5 and 494.8 mm3 when measured 

with the caliper. The corresponding values when measured with the 3D CT 

method were 179.6, 319.7 and 494.5 mm3, respectively. 
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Biomechanical testing 
For biomechanical properties of tibia in the F2 rats, the three point bending test 

was used in Paper III. This method is based on testing how much mechanical load 

a bone can sustain before fracturing and provides information about breaking 

force, stiffness and breaking strength. These parameters appear to be good 

indicators of the mechanical strength of cortical bone [101].  

Prior to testing, tibia were thawed and equilibrated at room temperature (~2 

hours). Tibia were positioned on the lower supports of a three-point bending 

fixture approximately 16 mm apart and held in a stable position by a 2N preload. 

Using a material testing machine (Instron 4465, Norwood, MA) with a 1KN load 

cell, the bones were loaded at their midpoint and at a deformation rate of 1mm/min 

until fracture. Load-displacement data representing structural or extrinsic 

properties of the bone were calculated from load-displacement curves and 

collected using LABView [102]. Parameters included: ultimate force (N; height of 

curve) reflecting the maximum load the bone can absorb before failing (i.e. bone 

strength), stiffness (N/mm; initial slope of the load displacement curve), and work 

to failure (mJ; area under curve) reflecting the total energy the bone can absorb 

before fracture (Fig.9). 

Fig. 9. A force displacement curve 
resulting from a biomechanical test of a 
specimen. The height of the curve 
(ultimate force) represents strength, area 
under curve is the work of failure (U), 
the maximum slope of the curve is 
stiffness (S).  
Adapted from Turner CH, 2002 Osteop 
Int.13:97-1043. 
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Genetics and statistical analyses 

DNA isolation and genotyping 
Genomic DNA was purified from rat liver using QIAmp DNA mini kit (QIAGEN, 

Valencia, CA, USA). Genotyping of the F2-intercross (108 male and 98 female 

rats) was accomplished using PCR with microsatellite markers shown to be 

polymorphic in GK and F344 rats [103]. PCR was performed with one primer in 

each pair fluorescently labelled (hex/fam) (DNA technology, Aarhus, Denmark) 

and for flourescent detection, electrophoresis was performed on an ABI3000 

Sequencer (Applied Biosystems). The ABI software GENESCAN was used to 

determine genotypes. A total of 192 genome-wide microsatellite markers at an 

average spacing of 9.3 cM were included and a genetic linkage map of the 20 rat 

autosomes was generated using MAPMAKER/EXP [104] and a map of the X 

chromosome using R/qtl [105]. The total genetic map length was 1784.2 cM 

(autosomes 1697.9 cM plus 86.3 cM for the X chromosome).  

QTL identification  
All phenotypes were normally distributed or log-transformed to obtain a normal 

distribution. To compare the bone phenotypes between males and females and 

between the reciprocal crosses, one-way ANOVA was used. The level of 

significance was set at p<0.05. Unless stated, p-values are nominal. Phenotypes 

were adjusted for reciprocal cross, age, litter size, and body-weight using 

regression analyses. Residuals were checked for normality and used in the QTL 

analysis. To account for gender attributable to bone quality differences, the 

residuals were computed separately for each sex. 

The QTL analyses in Paper I-III, were performed for each sex separately. In order 

to identify possible interaction differences between loci in the nuclear genome and 

mitochondrial DNA, the sex separated F2 progeny was also separated on the basis 

of reciprocal cross. QTLs on autosomes were identified employing MAP 

MANAGER/QTX v. b20 [106]. The X chromosome was also included in our 
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linkage analysis using R/qtl [105]. Mapping QTLs on the X chromosome was 

conducted for each sex separately without further separation by cross. Permutation 

tests were performed to establish genome-wide significance levels by 

randomization of the phenotypic data in relation to genotypic data [29]. Significant 

(i.e., genome-wide false-positive rate of <5%) and suggestive (i.e., genome-wide 

false-positive rate of <63%) linkage was employed to establish genome-wide 

thresholds [107-108]. 

Identification of sex- and cross specific QTLs 
To identify sex-specific QTLs, the LOD score differences between males and 

females across the genome were assessed (ΔLODsex score). A permutation method 

was applied to evaluate sex-specific QTLs, where thresholds were established 

using two randomly selected equal sized subsets of males and females [109]. The 

randomization was conducted within each cross. Subsequently, the bone 

phenotypes in the two subsets were permutated to calculate average ΔLODsex 

scores for genome-wide significant sex-specificity at suggestive (α=0.63) and 

significant (α=0.05) levels across the genome. Genetic markers on the X 

chromosome were not included in the permutation tests.  

Within each sex, subsequent reciprocal cross-separated linkage analyses were 

conducted to identify cross-specific QTLs. The LOD score differences between 

cross 1 and cross 2 (ΔLODcross score) across the genome were evaluated. 

Thresholds of the cross specific QTLs were computed by permutation using two 

randomly selected equal sized cross 1 and cross 2 subsets.  

To confirm the sex- and cross-specific QTLs identified with the ΔLOD method, 

likelihood ratio tests were performed comparing a full model with a QTL×sex 

interaction term / cross interaction term and a reduced model without the 

interaction term, using both male and female data for sex interaction and each sex 

separately for cross interaction.  
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Y= β0 + CZ + β1 X + β2 QTL +β3[QTL×X] + e                           (Full model 1) 

Y= β0 + CZ + β1 X + β2QTL + e                                    (Reduced model 1) 

Where, Y is the phenotype; β0 is the mean; C is a vector of regression coefficients 

for cross / -, age, litter size, and body-weight; Z is a matrix of regression variables 

for cross / -, age, litter size and body-weight; β1 is a regression coefficient for sex / 

cross; X is the regression variable for sex / cross; β2 is a regression coefficient for 

QTL; QTL is regression variable for QTL; β3 is a regression coefficient for the 

QTL-by-sex interaction / QTL-by-cross interaction; QTL×X is the regression 

variable for the QTL-by-sex interaction / QTL-by-cross interaction; and, e is the 

residual error.  

Residuals of each phenotype were examined for normality with normal probability 

plots. The level of significance for a specific QTL interaction with sex or cross 

was set at p<0.05.  

Statistical power calculations regarding the sample size were performed using the 

method of Lynch and Walsh [110]. We assumed that QTL acts additively in this 

power calculation. The fraction of phenotypic variance explained by QTL (i.e., R2) 

was considered as effect size of QTL. Using a LOD score of 2.4 to control false 

positive detection of linkage, a sample size of 52 is necessary to achieve 80% 

statistical power for detecting a QTL with R2 value of 0.25.  
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Table 2. Overview of the study design for Paper I-IV. 
 

  

Rats 

Phenotype 

(Bone / Diabetes) 

 

Genotyping 

Analysis 

Genetic / 

Biochemical 

Paper  
I 

GK x F344 F2  
(N = 206) 

� pQCT (tibia) 192 microsatellite 
markers 

QTL analysis 

     
Paper  
II 
 

GK x F344 F2  
(N = 206) 
GK x F344 F1 
GK, F344  
(N = 76)   

� 3D CT (tibia) 
� 3D CT (tibia, 
femur) 
� Whole-body DXA 

192 microsatellite 
markers 

QTL analysis 

     
Paper  
III 
 

GK x F344 F2  
(N = 206) 

� Three-point 
bending 
� 2D DXA (tibia) 

192 microsatellite 
markers 

QTL analysis 

     
Paper  
IV 
 

AILs of GK and 
F344 rats  
(N = 70) 

� Whole-body DXA 
� Fasting glucose 
� Insulin 
� Glucagon 
� Cholesterol 
� Triglyceride 

 Bone turnover 
marker -Osteocalcin 
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RESULTS 

Study I  
Genetic regulation of bone traits is influenced by sex and reciprocal 
cross in F2 progeny from GK and F344 rats. 
The aim was to identify genome regions linked to trabecular and cortical bone 

phenotypes in F2-intercross of inbred GK and F344 rats, and to investigate effects 

of sex and reciprocal cross. 

A genome wide screen of QTLs associated with pQCT measures of tibia was 

completed in 108 male and 98 female F2 rats, comprising reciprocal crosses with 

divergent mtDNA, either from GK or F344.  

Strong sexual dimorphism was observed for all pQCT traits in the F2 progeny 

with significantly higher values in males, except for total BMD which was 18% 

higher in females. Significant phenotypic differences were also observed between 

F2 progeny from the two reciprocal crosses, with predominately lower values in 

cross 2 progeny (F344 grandmaternal origin).  

Four genome-wide significant QTLs linked to either cortical vBMD, tibia length, 

body length, or metaphyseal area were identified in males on chromosomes (chr) 

1, 8, and 15. In females, three significant QTLs linked to cortical BMC, or 

metaphyseal total vBMD were identified on chr 1 and 2. A broad region on chr 1 

(10-93 cM) showed linkage to several parameters of cortical bone size in both 

sexes (CSA, BMC, IP, RP, and PC) and overlap QTLs for fasting glucose.  

Our analysis of sex- and reciprocal cross effects with likelihood ratio tests 

generated four female-specific QTLs on chr 2, 3, 5, and 10 (Table 3) and four 

reciprocal cross-specific QTLs on chr 1, 10, and 18 (Table 4B). 
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The reciprocal cross specific QTLs were identified in females and were only 

expressed in cross 2, indicating that segregation of the QTLs can only be observed 

in the presence of F344 mtDNA.  

In summary, these results provide evidence that both sex- and reciprocal cross, 

most probably the mitochondrial genotype influence the expression of cortical and 

trabecular bone. Of particular interest is the identified QTL region on chromosome 

1 (10-93 cM) that affected several pQCT phenotypes and fasting glucose, 

suggesting a potential genetic association between bone- related phenotypes and 

traits affecting type-2 diabetes. 
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Study II 
Genetic loci for bone size determined by three-dimensional CT in 
crosses with the diabetic GK rat. 
The aim of this study was to test reproducibility and accuracy of a new 3D CT 

method measuring bone size parameters in rats and to identify quantitative trait 

loci (QTLs) regulating these phenotypes.  

Tibia from male and females, representing the parental, F1 and F2 generations 

were characterized for bone size using the 3D CT method. The CT results between 

parental GK and F344 in both males and females, demonstrated overall elevated 

tibial bone size phenotypes in the GK rat. No pronounced difference was observed 

for the F1 progeny, with the exception of curved tibia length, that was significantly 

higher (+6.7%, p=0.009) in females having GK mtDNA. In the F2 progeny, strong 

sexual dimorphism was observed for all traits. All CT traits were significantly 

higher in males. Phenotypic differences were also observed between F2 progeny 

from the two reciprocal crosses, with more pronounced differences related to 

grandmaternal origin in female rats.  Total and cortical volume, cortical bone 

volume fraction, straight length and cortical midshaft CSA were all higher in the 

cross carrying GK mtDNA (p-values 0.02-0.009).  

In order to better estimate the genetic effects of the parental- and F1 progeny of 

GK and F344 rats, these strains were included for additional bone-characterization 

including femur measured by 3D CT and whole-body DXA. This information will 

be useful in the future breeding of congenics of the GK and F344 rat (Table 1A, 

1B, 2A, 2B in Appendix A). Genetic mapping of the bone size phenotypes in the 

F2 progeny generated several significant QTLs in both sexes on chr 1, 3, 4, 9, 10, 

14, and 17. Suggestive QTLs are summarized in Table 3A and 3B (Appendix A). 

Overlapping QTLs for both males and females in the (GK×F344) F2 progeny were 

located on chr 1 (26-97cM). This region overlapped previously reported pQCT 
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QTLs and overlaps loci for fasting glucose. Sex specific analysis confirmed a male 

suggestive QTL on chr 9 (67-82 cM) for endosteal area at the fibula site. Analyses 

separating the F2 population both by sex and reciprocal cross identified cross 

specific QTLs on chr 14 in males (Table 4A) and on chr 3 and 4 in females (Table 

3). Evaluation of the 3D CT method showed overall very low parameter dependent 

variability on repeated scans, with CV’s ranging from 0-8.2%. Intra-observer 

analysis yielded variations between 0.4-9.2%. The cross-sectional endosteal areal 

measurements had the largest variation, nevertheless area and periosteal 

circumference were highly correlated (r=0.997). 

In summary, we identified novel sex- and reciprocal cross specific QTLs for bone 

size phenotypes measured by a new application of 3D CT.  

The results from the validation of the 3D CT method demonstrated that this 

method delivers highly reproducible bone size measurements with high precision 

in the rat. The most interesting regions were identified on chr 1 and chr 4. The 

region on chr 1 overlapped previously identified QTLs for pQCT phenotypes; and 

the reciprocal-cross specific QTL on chr 4 overlapped a previously identified locus 

linked to femoral phenotypes in rats, confirming these regions to contain genes of 

importance for bone regulation. The observed interaction between nuclear QTLs 

for bone size and reciprocal cross motivates further investigation of mitochondrial 

effects on bone.  
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Study III 
Genetic loci for determinants affecting fracture susceptibility in 
crosses between GK and F344 rats interact with reciprocal cross. 
The aim of this study was to identify QTLs for biomechanical strength by three-

point bending (3PB) testing and 2D DXA phenotypes in the F2 progeny 

(previously used for identification of pQCT and CT QTLs), and to further 

delineate the effects of sex- and reciprocal cross on the genetic regulation of these 

phenotypes.  

In male rats, LOD-scores of 4.7 and 4.1 were detected on chr 8 linked to tibial area 

and BMC. In females, the maximum LOD-score was 5.5 on chr 1 with linkage to 

stiffness and suggestive linkage to area, BMC and ultimate force. However, none 

of these QTLs reached significance for sex-specific interactions.  

The reciprocal cross-separated QTL analyses in each sex generated additional 

significant QTLs, on chr 15 (ultimate force, LOD=3.9, males) and on chr 4 (BMC, 

LOD=5.1) in females with grandmaternal GK origin.  These QTLs would not have 

been detected in the combined sample including both reciprocal crosses. 

Additionally two QTLs were identified in all males on chr 2 (aBMD) and chr 6 

(BMC) at a suggestive level but showed significant linkage with LOD scores of 

4.7 and 4.8 in the cross with F344 grandmaternal origin. Subsequent likelihood 

ratio tests confirmed cross-specific interactions for the QTLs identified on chr 2, 6 

and 15 in males (Table 4A).  

By combining the identified QTLs in this study with previously identified QTLs 

linked to pQCT and 3D CT phenotypes, overlapping regions between all 

phenotypes were detected on chr 1, 3, 4, 6, 8, 10 and 14. The identified region on 

chromosome 1 (17-79 cM) displayed linkage to bone phenotypes obtained from all 

four methods (pQCT, CT, DXA and 3PB) and substantiate further support for this 

region being important for bone regulation (Fig.10).  
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The co-localized QTLs on chr 4 and chr 6 were consistently detected in either sex 

and showed more significant linkage in one reciprocal cross depending on the 

mtDNA origin.  In conclusion, the observed interactions with both sex- and 

reciprocal cross that could most likely be explained by mtDNA variation, 

demonstrate two important factors to be considered when interpreting the genetic 

regulation of phenotypes affecting fracture susceptibility.    
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Summary of results (Studies I-III) 
 
Table 3. Summary of sex-specific QTLs. 
 
    LOD (LR; p-valueb) 
Chr QTL regiona 

(Position, cM) 
Method Phenotype Male 

 
Female 
 

      
1 D1Wox16-D1Mgh1 

(66-93) 
pQCT MetavBMD                                 4.0 (12.1;0.002) 

2 D10Rat23-D2Mgh22 
(116-135) 

pQCT MetavBMD                                 4.1 (8.7;0.013) 

3 D3Rat49-D3Mit8 
(9-33) 

pQCT MetavBMD                                 3.6 (7.3;0.026) 

5 D5Mgh21-D5Mgh16 
(88-108) 

pQCT MetavBMD                                 3.1 (13.5;0.001) 

9 D9Mgh2-D9Rat4 
(67-82) 

3D CT EAfib                             4.1 (19;10-4)   

10 D10Mit10-D10Rat27 
(30-59) 

pQCT MetavBMD                                 3.2 (9.1;0.01) 

a
The approximate size of the QTL was defined as the region covered by a 1-LOD reduction for any of the bone traits 

b
Sex-specific QTLs (ΔLOD>2.4) , validated by likelihood ratio (LR) tests for QTL-by-sex interaction (p<0.05) 
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Table 4A. Summary of reciprocal cross-specific QTLs in males (Studies I-III). 
 

    LOD scores (LR, p-valueb) 
Chr QTL regiona  

(Position, cM) 
Method Phenotype Males 

Cross 1 
Males 

Cross 2 
      
14 D14Mit10-D14Rat22 

(72-84) 
3D CT CAfib  3.9 

(10.7;0.005) 
15 D15Rat109-D15Mit12 

(10-32) 
3PB Ult force 3.9 

(10.4;0.005) 
 

a
The approximate size of the QTL was defined as the region covered by a 1-LOD reduction for any of the bone traits 

b
Reciprocal cross specific QTLs (ΔLOD>2.4), validated by likelihood ratio (LR) tests for QTL-by-cross interaction 

(p<0.05) 
 
 
Table 4B. Summary of reciprocal cross-specific QTLs in females (Studies I-III) 
 
    LOD scores (LR, p-valueb) 
Chr QTL regiona 

(Position, cM) 
Method Phenotype Females 

Cross 1 
Females 
Cross 2 

      
1 D1Rat4-D1Rat176 

(10-27) 
pQCT MetavBMD  4.5  

(7.0;0.03) 
1 D1Mgh1-D1Wox20 

(66-93) 
pQCT MetaCSA  3.3  

(8.3;0.016) 
2 D2Mit24-D2Mgh5  

(45-57) 
2D DXA aBMD  4.7* 

(10.4;0.005) 
3 D3Mit10-D3Rat46 

(0-14) 
3D CT PAfib 4.8  

(9.7; 0.008) 
 

4 D4Mit9-D4Mit24 
(37-48) 

3D CT CortBV 4.9*  
(12.1; 0.002) 

 

4 D4Mit9-D4Mit24  
(36-48) 

3D CT TotBV 5.6*  
(7.9; 0.02) 

 

6 (D6Mgh11-D3Mit19 
(25-58) 

2D DXA BMC  4.8* 
(10.9;0.004) 

10 D10Mgh13-D10Rat2  
(88-100) 

pQCT CortPC  3.1 
(7.5;0.023) 

10 D10Mgh13-D10Rat2 
(86-100) 

pQCT CortEC  3.3 
(8.1; 0.017) 

18 D18Mit2-D18Mgh5 
(21-31) 

pQCT MetaCSA  3.0 
(11.1;0.004) 

a
The approximate size of the QTL was defined as the region covered by a 1-LOD reduction for any of the bone traits. 

b
Reciprocal cross specific QTLs (ΔLOD>2.4); validated by likelihood ratio (LR) tests for QTL-by-cross interaction 

(p<0.05).  
*
Significant reciprocal cross specific QTLs (ΔLOD>3.9); validated by likelihood ratio (LR) tests for QTL-by-cross 

interaction (p<0.05).  
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Fig. 10. Summary of all QTLs identified on Chr 1 linked to bone phenotypes measured by 
4 different methods and location of the overlapping QTL linked to fasting glucose [111] 
identified in GK x F344 F2 rats.  
*Indicate genome-wide significant QTLs (LOD>3.8).  
All other presented QTLs reached genome-wide suggestive linkage (LOD>2.4). 
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Study IV 

Effect of high-fat diet in a rat model for gene-diet interactions in 
obesity, type-2 diabetes and osteoporosis. 

Since possible associations have been reported between type-2 diabetes and 

osteoporosis, it is relevant to identify the genetic factors of complex diseases in 

conjunction with environmental and lifestyle factors in order to develop more 

effective approaches to prevent and treat the diseases. A high-fat diet is one such 

powerful factor. Changes in dietary behavior have lead to widely recognized 

increases in obesity-related medical problems in western societies. 

Therefore, the aim of this study, was to experimentally test the phenotypic 

responses of a high-fat diet on obesity-induced diabetes and osteoporosis in 

advanced intercross lines (AILs) between diabetic GK and non-diabetic F344 rats.  

G20 and G21 generation AIL males were used for the dietary intervention, with 60 

rats introduced to a high fat diet (HFD) for 12 weeks and compared to a normal 

low-fat diet (LFD) given to ten control rats during the same period.  

The final outcome on bone from the dietary intervention was evaluated by whole 

body BMD measurements and plasma carboxylated osteocalcin as a marker of 

bone turnover. Additionally, the response to the HFD was longitudinally 

monitored; body weight, fasting glucose, insulin and other metabolic markers. 

Compared to the LFD group, energy consumption, body-weight and adiposity in 

the HFD group were significantly higher after 12 weeks of HFD. Bone mineral 

density was lower in the HFD group, while no significant difference in osteocalcin 

levels was observed. Mixed-effects model analysis showed progressively elevated 

fasting insulin levels over time in response to HFD. The HFD rats showed higher 

levels of total cholesterol, while no effect on triglyceride and lower levels of 

fasting glucagon.  
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In summary, our findings demonstrate that increased energy intake due to the HFD 

treatment resulted in fasting hyperinsulinemia, glucose tolerance, and increased fat 

mass in the AIL rats. Despite this, BMD remained higher in the LFD control rats. 

Therefore, we propose that the AIL of GK and F344 rats is a model to test gene-

diet interactions of complex metabolic disorders such as obesity-induced type-2 

diabetes and osteoporosis.  
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DISCUSSION 

Osteoporosis is characterized by compromised bone strength leading to an 

increased risk of fracture, and influenced by multiple genes and environmental 

factors. Identification of the genes underlying bone structure and strength will 

provide important insight regarding the genetics and mechanisms of osteoporosis 

and fracture risk. In human studies, it has proven difficult to find statistical linkage 

with genome-wide significance. Typically only suggestive linkage has been found, 

indicating that rather than a few genes with major effects, there are many genes 

each having a subtle effect on the overall bone phenotype. Replication studies has 

also proven to be difficult because the families/pedigrees/sib pairs between 

genome scans have differences in ethnicity, environmental factors, gender, age, 

etc. In addition, most genetic studies have focused on BMD, which only explains a 

part of the osteoporotic fracture risk. 

Therefore, dissection of the genetic determinants of osteoporosis has been more 

effective in rat and mice models than in human populations due to improved 

control of environmental factors and minimised genetic heterogeneity. 

Other advantages of using an animal model is the possibility to study clinically 

relevant phenotypes reflecting the ability of bone to resist fracture. Since 

collection of these phenotypes requires destructive testing of the bone, this is only 

possible in animal models. Rat models are less commonly used in genetic studies 

of bone, but offer advantages over mice because of larger bone size, allowing 

more precise structural and biomechanical measurements.  

In this thesis, we characterized tibia for the majority of bone properties influencing 

bone strength and susceptibility to fracture in an F2 progeny of GK and F344 rats 

that concomitantly segregate type 2-like diabetes. All phenotypes were tested for 

genetic linkage and several chromosome regions linked to bone size, structure and 

strength were identified. Since the F2 progeny represented both males and females 
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from two reciprocal crosses with divergent mtDNA, we were also able to identify 

effects of both sex- and reciprocal cross on the genetic regulation of bone 

phenotypes. The observed interaction between nuclear QTLs for bone traits and 

reciprocal cross demonstrates a new and important aspect to be considered when 

interpreting the genetics of osteoporosis.  

Reciprocal cross specific QTLs 

Several QTLs were identified for bone phenotypes depending on the, most likely, 

mtDNA origin (haplotype) in both males and females and the subsequent 

likelihohood ratio tests confirmed a significant reciprocal cross interaction for 

twelve QTLs on chr 1, 2, 3, 4, 6, 10, 14, and 18. Interestingly, within these regions 

a number of nuclear encoded mitochondrial genes were found.  

Reciprocal-cross setup has earlier been used, to understand the effect of maternal 

factors on various traits [112-113]. Other factors that are involved in the maternal 

inheritance of mitochondria include effect of the sex chromosomes, genomic 

imprinting and the maternal environment. Together these multiple factors make it 

complicated to identify genetic variations in nuclear encoded genes that affect 

complex diseases such as osteoporosis, and to estimate the contribution of each 

maternally inherited factor. However, the more than 100 variant positions that 

have been identified in the mtDNA of GK compared to F344 [97], support the 

involvement of mtDNA as a major factor behind the observed reciprocal cross 

effect in our studies.  

Sex-specific QTLs 

The sex-separated QTL analyses identified five female-specific QTLs linked to 

pQCT phenotypes on chr 1, 2, 3, 5 and 10 and one male specific QTL on chr 9 

linked to endosteal area at fibula-site, measured by 3D CT. These results, lend 

further support to the notion that genes regulating bone phenotypes act in a sex-

specific manner [45-46, 114-115].  
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Four different methods for bone analyses 

By using four different methods i.e., DXA (bone mass), pQCT (trabecular and 

cortical bone), 3D CT (bone size) and biomechanical testing (bone strength) for 

bone analysis in the rats, we incorporated the majority of bone properties 

influencing bone strength and susceptibility to fracture.  

The QTL mapping for all measured phenotypes identified specific chromosomal 

regions linked to bone size, structure or strength, illustrating the importance of 

analyzing different determinants that affect bone strength in order to detect 

candidate genes or pathways for different aspects of bone regulation, from the 

macro- to the micro-structural level. In addition, overlapping genetic regions were 

detected on chr 1, 3, 4, 6, 8, 10 and 14, suggesting pleiotropy. The co-localized 

QTLs on chr 4 and chr 6 were consistently detected in either sex and showed more 

significant linkage in one reciprocal cross depending on the mtDNA origin.  To 

elucidate the presence of several QTLs in close proximity, compared to a single 

QTL affecting multiple phenotypes, additional studies are needed. Such studies 

could include strategies to increase the genetic resolution e.g. by increasing the 

sample size, increasing the number of intercross generations (generating advanced 

intercross lines) or breeding of small congenics. 

Most interesting region and homology to humans 

The most interesting region was identified on chr 1, with linkage to multiple bone 

strength related phenotypes in both males and females, and with predominately higher 

linkage in the cross with maternally inherited mtDNA from GK. Adding to the 

evidence that this is an important region for bone regulation is that this region 

overlaps previously identified QTLs linked to bone traits in other rat strains[77, 92] 

and includes the osteoporosis candidate genes transforming growth factor beta 1 

(TGFB1) [62]  and estrogen receptor alpha (ESR1) [53]that are mapped within this 

locus. The same region also showed linkage to fasting glucose [86], establishing this 

region as a candidate region for further studies to elucidate the possible genetic 

associations between bone-related phenotypes and traits affecting type-2 diabetes.  
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The GK and F344 rats  

Due to the contradictory results that have been reported regarding the effects of 

diabetes-related phenotypes on bone, it is highly interesting to further explore the 

genetic regulation of bone in the presence of diabetes. Based on the observed 

characteristics showing skeletal changes between the GK and F344 rat in 

conjunction with type-2 diabetes, these rats are well suited as a model for such 

investigations.  Overall, all measured bone phenotypes showed predominantely 

higher values in the diabetic GK rat compared to the non-diabetic F344 rat. 

Additionally, the GK alleles had an increasing effect on the genotypic mean values 

in the F2 for the majority of identified QTLs. These observations are in line with 

the reports showing that type-2 diabetes has anabolic effects on bone [12]. In 

addition, in order to develop more effective approaches to prevent and treat the 

diseases, it is relevant to delineate the genetic factors of these complex diseases in 

conjunction with environmental and lifestyle factors. To mimic the Western 

lifestyle associated with an overconsumption of dietary fat, both the F2-progeny 

and the AIL rats were fed modified fat enriched diets.  In paper IV the 

experimentally design was to test the phenotypic responses of the high-fat diet on 

obesity-induced diabetes and osteoporosis. The outcome of the study showed that 

modifiable lifestyle factors such as a high-fat diet can significantly alter metabolic 

responses contributing to bone metabolism and diabetes related phenotypes, within 

a short intervention time. These rat strains therefore represent a suitable model for 

testing gene-diet interactions mimicking consequences of typically Westernized 

lifestyle with overconsumption of dietary fat.  

Summary 

In summary, we identified several chromosome regions linked to osteoporosis-

related phenotypes including bone size, structure and strength in inbred GK and 

F344 F2 rats. Since the F2 progeny represented both males and females from two 

reciprocal crosses with divergent mtDNA, we were also able to identify effects of 

both sex- and reciprocal cross on the genetic regulation of bone phenotypes.  
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The most interesting region was identified on chromosome 1 with linkage to 

several bone phenotypes as well as fasting glucose. Therefore this region would be 

a strong candidate for a focused investigation to clarify possible shared 

mechanisms between genetic regulation of bone and diabetes related phenotypes 

and interaction with mitochondrial DNA.  Yet, the chromosomal regions linked to 

each phenotype are very large, and likely to harbor several distinct sub-loci, and 

development of congenic strains are needed to isolate and narrow the identified 

regions.  

In addition, we show that this animal model for co-segregating type-2 diabetes and 

bone phenotypes are well suited for studying the pathophysiology and the genetics 

for two increasingly common diseases. 
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CONCLUSIONS 

From the papers included in this thesis it can be concluded that: 

• By measuring the majority of bone properties influencing bone strength and 

susceptibility to fracture, several specific chromosomal regions for bone size, 

structure and strength were identified in an F2 rat progeny. These findings 

illustrate the importance of analyzing all determinants that affect bone strength to 

more accurately detect candidate genes for bone regulation. 

• Since the F2 progeny represented both males and females from two reciprocal 

crosses with divergent mtDNA, we were also able to identify effects of both sex- 

and reciprocal cross on the genetic regulation of bone strength related phenotypes.  

• The observed interaction between nuclear QTLs for bone traits and reciprocal 

cross could possibly be explained by mtDNA variation and demonstrates a new 

important aspect to be considered when interpreting the genetics of osteoporosis.  

• The 3D CT method provided high precision measurements and can be used as a 

new tool for determining bone size characteristics in animal models.  

• The most interesting region was identified on chr 1, with linkage to multiple 

bone strength related phenotypes in both males and females, and with 

predominately higher linkage in the cross with maternally inherited mtDNA from 

GK. The same region also showed linkage to fasting glucose, establishing this 

region as a strong candidate for a focused investigation to clarify possible shared 

genetic mechanisms between bone strength-related phenotypes and traits affecting 

type-2 diabetes and interaction with mitochondrial DNA. 

• The characteristics of the GK and F344 rat strains, make these rats well suited 

for genetic dissection of traits affecting bone strength and the identification of 

genes related to skeletal fracture through pathways shared with type-2 diabetes. In 
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addition these rats are suitable for testing gene-diet interactions for two  

increasingly common diseases.  
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FUTURE PERSPECTIVES 

The most interesting region was identified on chromosome 1 with linkage to 

several bone phenotypes as well as fasting glucose. Therefore this region would be 

a strong candidate for a focused investigation to clarify possible shared 

mechanisms between genetic regulation of bone and diabetes related phenotypes 

and interaction with mitochondrial DNA.  The strategy would be to isolate and 

narrow the identified region by using congenic strains and/or AILs of GK and 

F344 rats.  To confirm that the region on chromosome 1 could contain genes with 

mitochondrial interactions with importance for the pathogenesis of type-2 diabetes 

and osteoporosis, phenotyping including mitochondrial function, diabetic state and 

bone analysis in the congenics would be necessary. 

Additionally, to further delineate the factors underlying the complex genetic 

architecture of bone phenotypes would involve searching for epistatic effects 

between the identified genetic loci that might contribute to fracture risk. Imprinted 

QTL analysis to provide additional evidence for mitochondrial interaction with 

nuclear QTLs, in a larger sample size would also be necessary. 

The ultimate future goal would be to identify novel candidate genes implicated in 

both bone regulation and type-2 diabetes and eventually study the potential role of 

these genes in humans through population based association studies. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Osteoporos är en skelettsjukdom som karaktäriseras av reducerad benmassa vilket 

leder till en ökad risk för frakturer. Omkring hälften av alla kvinnor kommer 

någon gång efter 50 års ålder att drabbas av minst en osteoporosrelaterad fraktur. 

De viktigaste riskfaktorerna för fraktur är kön och ålder men även ärftliga faktorer 

och miljöfaktorer är av stor betydelse.  

För att diagnostisera och identifiera patienter som löper risk att drabbas av 

osteoporos mäter man benmassa Dessa kan till ca 70 % förklaras av genetiska 

faktorer. Ärftlighet har studerats i familjer med osteoporos men kunskapen om 

vilka gener som påverkar risken att utveckla osteoporos är idag ofullständig.  Att 

identifiera enskilda gener skulle bidra till ökad kunskap som kan användas för att 

utveckla nya och effektivare läkemedel mot osteoporos. 

I denna avhandling (studie I-III) identifieras genregioner kopplade till 

benvävnadens struktur, hållfasthet och benstorlek i en råttmodell. Det finns flera 

fördelar med att tillämpa en råttmodell vid identifiering av gener som har 

betydelse för osteoporos: väl utvecklade mätmetoder finns tillgängliga för råttor 

där man med god precision och upplösning kan studera frakturrelaterade 

benfenotyper i tre dimensioner, möjligheten att inavla stammar vilket leder till 

minskat antal genvarianter samt att miljön kan hållas kontrollerad. Vi har använt 

en modell som bygger på en korsning mellan den diabetiska råttan GK och den 

icke-diabetiska F344 råttan som korsats i två generationer. Resultatet blev en F2 

population bestående av 206 råttor som representerar båda könen samt har olika 

mitokondrie-DNA ursprung. GK råttan är en etablerad stam för genetiska studier 

om typ-2 diabetes men den har även använts för benstudier. Eftersom mycket 

pågående forskning rapporterar ökande bevis för en koppling mellan diabetes och 

benmetabolism är denna modell extra intressant.  
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Den genetiska analysen grundar sig på att man korsar en sjukdomsbenägen 

råttstam med en icke-sjukdomsbenägen råttstam. Avkomman kommer att ha en 

blandning av sjukdomsbenägna och icke-sjukdomsbenägna alleler (olika former av 

gener) och de kommer därför att visa en spridning i sjukdomsgrad. Varje råtta 

analyseras med DNA markörer (genotypdata) och karaktäriseras för 

sjukdomsspecifika egenskaper (fenotyper). Fenotyperna testas sedan för koppling 

till genotyper och genregioner kan identifieras genom kopplingsanalys. När en 

genregion har identifierats innehåller denna oftast flera hundra gener. För att se att 

genregionen verkligen innehåller kandidatgener med betydelse för osteoporos 

behöver man isolera genregionen genom avel i sk. kongena stammar.  

En kongen råttstam uppnås genom korsning i flera omgångar tills man fått ett 

genfragment från den ena stammen på en bakgrund av den andra. Är denna 

genregion av betydelse för sjukdomen kommer den kongena råttan att ha en 

avvikande sjukdomsbenägenhet än råttor som saknar detta genfragment. Genom 

att minska denna genregion med nya korsningar samt genom att studera den 

fenotypiska effekten av denna genregion kan man slutligen identifiera 

kandidatgener för en specifik sjukdom. Informationen ligger sedan till grund för 

fortsatta studier i människa där homologa regioner kan identifieras, tack vare att 

genomet hos råtta och människa är väl kartlagt, och testas för funktion och 

association till eventuell sjukdom hos manniska.   

I studie I-III karaktäriserades tibia (skenben) från F2 populationen med tre olika 

metoder; pQCT för trabekulär och kortikal benkvalitet, CT för benstorlek i olika 

dimensioner och benmineralinnehåll och biomekaniskt test för frakturbenägenhet. 

Alla erhållna frakturrelaterade fenotyper testades sedan för koppling till 192 

genetiska markörer jämnt fördelade över hela genomet. Ett flertal genregioner 

identifierades i båda könen kopplat till både benstruktur, storlek och styrka. Några 

genregioner hittades bara i honor medan vissa i endast hanar vilket tyder på en 

könsspecifik genetisk reglering. Resultatet visade också olika genetisk koppling 

59



60 

beroende på vilket mitokondrie-DNA ursprung råttorna hade, antingen från GK 

eller F344. Eftersom mitokondrie-DNA ärvs endast från mamman bestämdes detta 

utifrån vilken ”urmoder” råttorna hade två generationer tillbaka i 

korsningsschemat.  Den mest intressanta regionen identifierades på kromosom 1 

och visade koppling till både benstruktur, storlek och styrka samt överlappade 

även genregioner som påverkar fasteglukos.  Denna region skulle därför vara en 

stark kandidat för ytterligare karaktärisering med kongena stammar för att 

slutligen identifiera en eventuell gen/gener med betydelse för osteoporos med 

eventuell koppling till diabetes. Sammanfattningsvis visar våra resultat i studie I-

III att den genetiska regleringen av benfenotyper är komplex. Exempelvis styrs 

trabekulärt och kortikalt ben av olika gener samt uttrycks olika bland honor och 

hanar. Även mitokondrie-DNA ursprung verkar ha betydelse men flera studier i 

större populationer behövs för att konfirmera detta.  

I studie IV, visas även att en "advanced intercross line" (AIL) mellan GK och 

F344 råttor med fördel kan användas som en modell för att studera effekter av 

livsstilsfaktorer såsom fettrik diet på fenotyper relaterat till både ben- och 

energimetabolism. Denna modell som korsats i 20-21 generationer gör det möjligt 

att identifiera gener med högre upplösning än i F2 generationen och kan därför  

användas till att öka förståelsen kring de bakomliggande genetiska mekanismerna 

för diabetes och benmetabolism och deras samverkan.   
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APPENDIX A  

Table 1A. 2D DXA results of male GK, F344, GKxF344 F1 and F344xGK F1 rats. 
 Male GK F344 % Difference

(p-value) 
GK x F344 

F1 
F344 x GK 

F1 
% Difference 

(p-value) 
Number of rats 9 10  8 9  

Age (days) 231 229 NS 216 233 0.0003 

DXA Parameters      

BMC (g) 10.8 ± 1.0 9.3 ± 0.4 16 (0.0003) 12.7 ± 1.1 11.9 ± 0.9 6.7 (NS) 

BMD (g/cm2) 0.32 ± 0.007 0.31 ± 0.007 3.2 (0.01) 0.33 ± 0.02 0.33 ± 0.01 ∼0 (NS) 

Area (cm2)  33.6 ± 2.5 29.7 ± 1.3 13 (0.0005) 38.1 ± 2.2 36.3 ± 2.1 5.0 (NS) 

Tissue mass (g) 431 ± 31 424 ± 23 1.7 (NS) 512 ± 29 517 ± 35 -1.0 (NS) 

Lean mass (g) 352 ± 18 319 ± 14 10 (0.0003) 404 ± 18 384 ± 20 5.2 (0.05) 

Fat mass (%) 18.2 ± 4.9 24.6 ±3 .2 -6.4 (0.003) 21.1 ± 2.7 25.6 ± 2.7 -4.5 (0.004) 

Phenotypes are uncorrected and presented as mean ± sd.   

The difference between (GK –F344 and GKxF344F1-F344xGKxF1) are indicated, and nominal p-values determined by ANOVA are given.  

 
Table 1B. 2D DXA results of female GK, F344, GKxF344 F1 and F344xGK F1 rats. 
Female GK F344 % Difference

(p-value) 
GK x F344 

F1 
F344 x GK 

F1 
% Difference 

(p-value) 
Number of rats 10 10  10 10  

Age (days) 228 231 NS 212 236 (<10-4) 

DXA Parameters      

BMC (g) 8.3 ± 0.8 5.3 ± 0.5 55 (<10-4) 6.9 ± 0.32 6.5 ± 0.6 6.1 (0.04) 

BMD (g/cm2) 0.31 ± 0.01 0.29 ± 0.01 6.9 (<10-4) 0.30 ± 0.008 0.29 ± 0.01 3.4 (NS) 

Area (cm2)  26.3 ± 2.1 18.6 ± 1.32 41 (<10-4) 23.4 ± 0.8 22.2 ± 1.4 5.4 (0.03) 

Tissue mass (g) 304 ± 25 245 ± 15 24 (<10-4) 257 ± 11 270 ± 10 -4.8 (0.02) 

Lean mass (g) 250 ± 20 192 ± 12 30 (<10-4) 221 ± 4.6 220 ± 9.4 0.5 (NS) 

Fat mass (%) 17.9 ± 2.8 21.7 ± 3.6 -3.8 (0.02) 13.8 ± 2.8 18.2 ± 2.2 -4.4 (0.001) 

Phenotypes are uncorrected and presented as mean ± sd.   

The difference between (GK –F344 and GKxF344F1-F344xGKxF1) are indicated, and nominal p-values determined by ANOVA are given.  
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Table 2A. 3D CT results of male GK, F344, GKxF344 F1 and F344xGK F1 rats. 
Male GK F344 % Difference 

(p-value) 
GK x F344 

F1 
F344 x GK 

F1 
% Difference 

(p-value) 
Number of rats 9 10  8 9  

Age (days) 231 229 NS 216 233 0.0003 

Bone size (Femur)       

TotBV (mm3) 533 ± 42 519 ± 34 27 (NS) 620 ± 48 603 ± 65 2.8 (NS) 

CortBV (mm3) 193 ± 16 171 ± 14 13 (0.006) 207 ± 24 206 ± 26 0.5 (NS) 

CortBV/TotBV (%) 36 ± 0.5 33 ± 2.0 3.0 (<10-4) 33 ± 1.0 34 ± 1.0 -1.0 (NS) 

Length S (mm) 39.4 ± 0.9 40.1 ± 1.0 -1.7 (NS) 41.7 ± 0.7 41.3 ± 1.4 1.0 (NS) 

Length C (mm) 44.3 ± 0.7 46.0 ± 2.6 -3.7 (NS) 48.0 ± 1.4 47.3 ± 2.7 1.5 (NS) 

PAmid (mm2) 17.6 ± 1.9 13.7 ± 1.6 28 (0.0002) 16.6 ± 1.2 16.1 ± 2.0 3.1 (NS) 

EAmid  (mm2) 4.8 ± 0.8 3.4 ± 0.8 41 (0.0006) 4.3 ± 0.6 4.2 ± 1.3 2.4 (NS) 

CortCSA (mm2) 12.8 ± 1.3 10.3 ± 1.0 19 (0.0002) 12.3 ± 1.5 11.9 ± 1.3 3.4 (NS) 

TotvBMC (mg/cm3) 1330 ± 12 1316 ± 21 1.1 (NS) 1319 ± 18 1334 ± 14 -1.1 (NS) 

CortvBMC (mg/cm3) 1916 ± 8.0 1854 ± 27 3.3 (<10-4) 1872 ± 15 1877 ± 6.1 -0.3 (NS) 

Phenotypes are uncorrected and presented as mean ± sd.   

The difference between (GK –F344 and GKxF344F1-F344xGKxF1) are indicated, and nominal p-values determined by ANOVA are given.  
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Table 2B. 3D CT results of male GK, F344, GKxF344 F1 and F344xGK F1rats. 
Female GK F344 % Difference 

(p-value) 
GK x F344 

F1 
F344 x GK 

F1 
% Difference 

(p-value) 
Number of rats 10 10  10 10  

Age (days) 228 231 NS 212 236 (<10-4) 

Bone size (Femur)       

TotBV (mm3) 430 ± 18 337 ± 29 28 (<10-4) 400 ± 15 391 ± 22 2.3 (NS) 

CortBV (mm3) 151 ± 8.1 98 ± 6.0 54 (<10-4) 120 ± 4.4 120 ± 12 ∼0 (NS) 

CortBV/TotBV (%) 35 ± 1.0 29 ± 3.0 6.0 (<10-4) 30 ± 1.0 31 ± 1.0 -1.0 (NS) 

Length S (mm) 35.1 ± 0.6 33.5 ± 1.0 4.8 (0.0006) 35.2 ± 0.3 34.9 ± 0.7 0.9 (NS) 

Length C (mm) 43.2 ± 4.1 39.2 ± 1.8 10 (0.02) 41.9 ± 2.2 41.7 ± 2.0 0.4 (NS) 

PAmid (mm2) 13.9 ± 1.7 10.6 ± 1.2 31 (<10-4) 11.3 ± 1.3 12.3 ± 1.5 -8.1 (NS) 

EAmid  (mm2) 3.7 ± 0.4 2.5 ± 0.5 48 (<10-4) 2.6 ± 0.4 2.9 ± 0.6 -10 (NS) 

CortCSA (mm2) 10.2 ± 1.4 8.1 ± 1.0 26 (0.001) 8.7 ± 1.1 9.4 ± 1.1 -7.4 (NS) 

TotvBMC (mg/cm3) 1324 ± 16 1258 ± 32 5.2 (<10-4) 1266 ± 14 1281 ± 26 -1.2 (NS) 

CortvBMC (mg/cm3) 1858 ± 26 1802 ± 26 3.1 (0.0002) 1794 ± 24 1815 ± 26 -1.2 (NS) 

Phenotypes are uncorrected and presented as mean ± sd.   

The difference between (GK –F344 and GKxF344F1-F344xGKxF1) are indicated, and nominal p-values determined by ANOVA are given.  
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Table 3A. Bone size related QTLs from male F2 rats. 

Chr Positiona (cM) Phenotype LOD scoresb 

Male 

  Phenotype All 
N=108 

Cross 1 
N=66 

Cross 2 
N=42 

1 D1Rat232-D1Rat4 (3-11) CAfib 2.9 1.2 2.0 
1 D1Rat14-D1Rat20 (26-45) Length S 2.5 2.3 2.6 
1 D1Rat20-D1Wox16 (54-67) EAmid 2.6 3.4 0.7 
1 D1Rat136-D1Wox16 (32-67) CAmid 2.4 2.7 0.6 
1 D1Rat20-D1Mgh1 (41-74) PAfib 3.6 3.3 0.9 
2 D2Mit14-D2Arb24 (99-110) PAfib 0.8 3.6 1.2 
2 D2Mit12-D2Arb24 (89-110) CAfib 0.3 2.7 1.5 
3 D3Mit8-D3Mit7 (58-68) Length S 2.3 3.1 1.3 
3 D3Mit8-D3Mit7 (57-69) Length C 0.6 2.5 0.6 
5 D5Rat119 (0-12) CortBV/TotBV 0.9 3.0 0.4 
5 D5Mit10-D5Rat60 (51-68) CortBV/TotBV 1.1 0.07 2.9 
6 D6Mgh11-D3Mit19 (33-55) CAmid 3.0 1.5 2.2 
6 D6Mgh11-D3Mit19 (25-56) PAfib 2.7 2.3 1.3 
6 D6Mgh11- D3Mit19 (25-38) CortBV 1.7 1.0 3.5 
8 D8Mit2-D8Mgh4 (44-64) Length_S 2.6 1.3 2.0 
8 D8Mit5-D8Mit2 (33-55) PAmid 2.9 1.1 2.4 
8 D8Mit5-D8Mit2 (34-56) CAmid 3.3 1.2 3.2 
8 D8Mit5-D8Mgh4 (34-63) PAfib 2.9 1.3 3.4 
8 D8Mit3-D8Mgh4 (39-61) CAfib 2.8 1.4 2.8 
8 D8Mit2-D8Mgh4 (44-63) TotBV 3.0 0.9 2.7 
10 D10Mgh5-D10Mgh4 (74-83) EAmid 3.4 1.4 2.3 
10 D10Mgh5-D10Mgh4 (74-85) CAmid 2.5 1.9 0.6 
10 D10Mgh5-D10Mgh4 (76-85) PAfib 2.6 2.8 0.8 
10 D10Mgh5-D10Mgh4 (73-83) EAfib 2.6 2.6 1.5 
10 D10Mgh5-D10Mit11 (74-91) CortBV 2.7 1.8 1.2 
12 D12Rat15-D12Rat22 (36-53) TotBV 2.7 1.3 2.2 
14 D14Mit10-D14Rat22 (63-82) EAmid 2.5 1.3 1.0 
16 D16Mit5 (0-6) CortvBMC 2.4 0.8 2.2 
17 D17Rat12-D17Mit4 (43-80) CortvBMC 3.2 3.4 0.2 
17 D17Rat12-D17Mit4 (46-79) TotvBMC 2.8 3.6 0.2 
18 D18Mit17-D18Rat11 (29-40) Length C 1.9 0.07 3.2 
20 D20Rat55-D20Rat29 (40-45) EAmid 0.8 3.1 0.6 
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Table 3B. Bone size related QTLs from female F2 rats. 
Chr Positiona (cM) Phenotype LOD scoresb 

Female 
   All 

N=98 
Cross 1 
N=48 

Cross 2 
N=50 

1 D1Mgh2-D1Rat20 (26-51) Length S 2.5 1.7 1.5 

1 D1Rat7-D1Rat20 (17-49) CortBV 2.9 1.6 2.8 

1 D1Wox16-D1Mgh1 (65-81) CortBV/TotBV 2.7 2.7 0.8 

1 D1Mgh34-D1Wox20 (106-125) EAmid 2.8 0.6 3.0 

2 D2Mit14-D2Mit15 (100-125) Length S 3.1 1.5 1.7 

2 D10Rat23-D2Mgh22 (110-134) CortBV/TotBV 2.6 1.9 0.8 

3 D3Mit10-D3Rat46 (0-19) CAfib 2.4 2.9 1.1 

3 D3Rat189-D3Mit8 (27-41) CortBV 2.4 2.7 1.1 

3 D3Rat189-D3Mit8 (24-38) TotBV 2.0 2.9 0.5 

4 D4Rat12-D4Rat37 (29-58) CAmid 2.5 2.7 1.1 

7 D7Mit23-D7Mit7 (17-38) EAfib 2.8 1.8 1.2 

7 D7Rat106-D7Mit5 (44-63) Length C 2.4 1.3 1.0 

8 D8Mit9-D8Mit2 (22-51) EAmid 2.7 3.6 1.1 

10 D13Mit11-D10Rat2 (85-103) PAmid 2.7 1.5 3.7 

10 D10Mgh13-D10Rat2 (90-103) EAmid 2.4 0.8 3.1 

10 D13Mit11-D10Rat2 (82-103) PAfib 2.5 1.7 2.6 

14 D14Mit17-D14Mit10 (45-65) PAmid 2.8 2.9 0.8 

14 D14Mit17-D14Mit10 (40-67) EAmid 2.4 3.7 0.6 
a
The approximate size of the locus was defined as the region covered by a 1-LOD reduction for any of the bone traits. 

b
Genome-wide suggestive QTLs (LOD≥2.3) are reported. 

Cross 1 represents females with GKmtDNA and cross 2 represents females with F344mtDNA. 

TotBV = total bone volume; CortBV = cortical bone volume; CortBV/TotBV = cortical bone volume fraction; Length S = straight length; 

Length C = curved length; PAmid = periosteal area at midshaft; EAmid = endosteal area at midshaft; CAmid = cortical area at midshaft; PAfib 

= periosteal area at fibula-site; EAfib = endosteal area at fibula-site; CAfib = cortical area at fibula-site; Tot BMC = total bone mineral content; 

CortBMC = cortical bone mineral content    
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