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Abstract 

Most in vivo studies addressing the skeletal responses of mice to mechanical loading have targeted cortical 

bone. To investigate trabecular bone responses also we have developed a caudal vertebral axial compression 
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device (CVAD) that transmits mechanical loads to compress the fifth caudal vertebra via stainless steel pins 

inserted into the forth and sixth caudal vertebral bodies. Here we used the CVAD in C57BL/6 (B6) and 

C3H/Hej (C3H) female mice (15 weeks of age) to investigate whether the effect of regular bouts of 

mechanical stimulation on bone modeling and bone mass were dependent on dose and genotype. A 

combined micro-computed tomographic and dynamic histomorphometric analysis was carried out at the end 

of a 4-week loading regimen (3000 cycles, 10Hz, 3 x week) for load amplitudes of 0N, 2N, 4N and 8N. 

Significant increases in trabecular bone mass of 9% and 21% for loads of 4N and 8N, respectively, were 

observed in B6 mice. A significant increase of 10% in trabecular bone mass occurred for a load of 8N in the 

C3H strain. For other loads no significant increases were detected. Both mouse strains exhibited substantial 

increases in trabecular bone formation rates for all loads, B6: 111% (2N), 86% (4N), 164% (8N), C3H: 41% 

(2N), 38% (4N), 141% (8N). Significant decreases in osteoclast number of 146% and 93% for a load of 8N 

were detected in B6 and C3H mice, respectively. These findings demonstrate that the effect of loading on the 

structural and functional parameters of bone is dose- and genotype dependent. The caudal vertebral loading 

model established here is proposed for further studies addressing the molecular processes involved in the 

skeletal responses to mechanical stimuli.  
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Introduction 

Mechanical loading, is perhaps the most important environmental determinant of bone mass and functional 

integrity. It is well established that insufficient mechanical stimuli, as in the case of prolonged bed rest and 

hypogravity, lead to massive bone loss. Conversely it has also been demonstrated that mechanical overloading 

results in enhanced bone formation and a net gain in bone mass (Rubin and Lanyon 1985; Duncan and Turner 

1995; Biewener, Fazzalari et al. 1996; Evans 1998). These stimuli affect both cortical bone and trabecular 

bone. Trabecular bone, in particular, has been  shown to have a more enduring sensitivity to mechanical 

stimulation in human adults (Albright 1987; Frost 1987). Osteoporosis, the most prevalent degenerative 

disease in western societies, has been partly attributed to a reduction in muscle mass and function and 

consequently decreased mechanical usage of the skeleton (Marcus 1995). Hence, it is anticipated that an 

understanding of the processes involved in the skeletal response to mechanical forces could lead to the 

identification of molecular targets for the development of anti-osteoporotic therapies.  

The availability of in vivo models for load regulated bone adaptation is key to understanding the 

underlying biochemical mechanisms. To study cortical bone several studies have established in vivo mouse 

models which demonstrate significant increases in bone formation in response to dynamic load regimens 

applied to mice tibia and unlae (Akhter, Cullen et al. 1998; Robling and Turner 2002; Kuruvilla, Fox et al. 

2008). These models have been used to investigate the biochemical pathways associated with load-induced 

cortical bone adaptation using C57BL/6 and C3H/Hej inbred strains (Kesavan, Mohan et al. 2005; Xing, 

Baylink et al. 2005; Lau, Kapur et al. 2006). These strains are of particular interest as they exhibit a number of 

contrasting phenotypes specific to both cortical and trabecular bone, including the mechano-sensitivity of 

cortical bone (Kodama, Umemura et al. 2000; Turner, Hsieh et al. 2000; Robling and Turner 2002; Koller, 

Schriefer et al. 2003). Furthermore, breeding strategies have been employed together with quantitative trait 

loci (QTL) analysis in an effort to refine the search for the chromosomal regions responsible for the 

complementary phenotypes (Beamer, Shultz et al. 2001; Kesavan, Mohan et al. 2006). Compared to cortical 

bone, trabecular bone has been studied less extensively. One of the few models currently available to assess 

load induced changes in trabecular bone uses a mechanical device to apply an axial compressive force to the 

8th
 caudal vertebrae of a rat via K-wires inserted into the two, adjacent caudal vertebrae (Chambers, Evans et 

al. 1993; Guo, Eichler et al. 2002) . However, studies employing this model have been hampered by the 
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current inaccessibility to genetic manipulations, which are available mainly in mice. A mouse model which 

enabled the study of load regulated bone adaptation in mice would therefore be advantageous. Two studies 

have reported load induced trabecular bone adaptation in mice. De Souza et al (De Souza, Matsuura et al. 

2005) mechanically stimulated mice tibia using dynamic loads with magnitudes between 5 and 13 N and 

demonstrated a significant increase in trabecular bone volume density when pooling all the loaded groups 

together. Using a similar approach Fritton et al (Fritton, Myers et al. 2005) showed trabecular bone volume 

density and trabecular thickness to increase significantly by 15 % and 12 % when applying a single 6 week 

long loading regimen.   

Here we present an alternative in vivo model for the study of both cortical and trabecular bone 

adaptation in mice. Using an approach similar to the rat vertebra model we hypothesize that the response of 

murine cortical and trabecular bone to mechanical loading is both dose and genotype dependent. Although 

invasive, compared to the tibia loading model the proposed model has the advantage that much more 

trabecular bone can be analyzed. Preliminary calculations show that the C5 caudal vertebrae from female B6 

mice aged 19 weeks contains 50% more trabecular bone mass than tibiae from the same mice.  This will 

prove useful in future studies which investigate load regulated genes as the sensitivity of current gene 

detection technologies is limited by the amount of input material. Furthermore, owing to the size and shape 

of the C5 caudal vertebrae the proposed loading configuration will result in a much simplified 

micromechanical environment i.e. the presence of bending stresses and shear stresses will be minimized, 

which is not the case with long bones. This simplified modality of compression will enable us to more easily 

characterize the spatial relationship between load induced bone adaptation the associated micromechanical 

environment.  

The objectives of this study are twofold: 1) To demonstrate that the amount of load induced bone 

mass increases with increasing mechanical load in both cortical and trabecular compartments and 2) To 

compare the skeletal responsiveness to mechanical stimulation in both B6 and C3H mouse strains. 

 

Materials and methods 

Mechanical loading apparatus 
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To mechanically load murine vertebrae, a dual-axis closed-loop feedback device was used. This device has 

been developed to apply a precisely controlled cyclical, compressive load to the fifth caudal vertebrae (C5) of 

mice at a frequency of 10Hz via stainless steel pins surgically inserted into the fourth (C4) and sixth caudal 

(C6) vertebrae (Fig. 1). Surgical insertion of the stainless steel pins was performed using a special pinning 

device, compatible with X-ray fluoroscopy. The device makes use of a V-clamp to simultaneously secure and 

automatically locate the cranio-caudal axis of the mouse tail. The pins are loaded into channels integral to the 

V-clamp and are manually pushed through the centres of the vertebrae, perpendicular to the cranial-caudal 

axis. A digital mobile C-arm (OEC MiniView 6800, GE Medical Systems, Glattbrugg, Switzerland) was used to 

locate C4 and C6 for pinning. In a previous study (Webster, Morley et al. 2008) when attaching, in vitro, 

micro-strain gages (EA-06-015DJ-120, Vishay Micro-Measurements, Malvern, PA) to ventral and dorsal cortical 

surfaces of C5 vertebrae, the loading configuration described here was shown to induce reproducible axial 

strains: When mechanically loading four different B6 C5 caudal vertebrae (15 weeks of age), in vitro, at 2N, 

4N and 8N for 3000 cycles at a frequency of 10Hz the mean peak axial strains were found to be 239 ± 50μ�, 

434 ± 77μ� and 798 ± 114μ� respectively.  

 

Experimental design 

Female mice, 40 B6 and 40 C3H, 9 weeks of age (Harlan Ltd.) were housed in a husbandry unit in groups of 5 

and given 3 weeks to acclimatize to their new environment. At the end of the period of acclimatization all 

mice had stainless steel insect pins (0.5mm diameter, Fine Science Tools, Heidelberg, Germany) surgically 

inserted into their C4 and C6 vertebrae and given a further 3 weeks to recover before loading commenced at 

15 weeks of age. For loading, the mice were divided into 8 loading groups (n =10): B6
0N/ 2N/ 4N/ 8N

 and C3H
0N/ 2N/ 4N/ 

8N.
 B6

0N
 and C3H

0N
 formed the sham groups. Sham mice, similarly pinned, were mounted into the device and 

given the same amount of anaesthesia for a period of time equivalent to that of the loaded groups, however, 

no force was applied to their C5 caudal vertebrae. The remaining groups were submitted to an intensive 

loading regime whereby sinusoidally varying forces (10Hz) were applied to all C5’s with amplitudes 

corresponding to the group subscript. In each loading session the dynamic mechanical signals were applied 

for 3000 cycles and repeated 3 times a week for a duration of 4 weeks (At the end of the experiment the 

mice were 19 weeks of age). The parameters chosen for the loading protocol were based on data from other 
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studies. Load induced bone formation is a function of the total amount of energy which is transferred to 

bone. Numerous studies have shown the magnitude of bone forming activities to depend on frequency, 

number of cycles and peak force (Rubin, Sommerfeldt et al. 2001; Garman, Gaudette et al. 2007; Ozcivici, 

Garman et al. 2007). Using these data, together with data from in vitro tests performed on pinned tail 

segments, optimal parameter settings which did not result in structural failure of the loading configuration 

were determined. 

To vitally label newly formed bone 300 μl of the fluorochrome calcein (Sigma, 15mg/Kg) was 

administered intraperitonally 4 days and 1 day prior to sacrifice. The advantage of employing a short 3-day 

labeling interval is that it provides a more accurate assessment of the Mineralizing Perimeter as it minimizes 

the involvement of osteoclasts and therefore the removal of the calcein labels. This histology protocol has 

already been successfully applied in other studies measuring bone formation activities (Bajayo, Goshen et al. 

2005; Ofek, Karsak et al. 2006; Noh, Gabet et al. 2009). At 19 weeks of age, following 4 weeks of loading all 

mice were sacrificed using C0
2
 inhalation. Upon sacrifice of the mice the C5’s were harvested and 

immediately fixed in formalin for 48 hours, after which they were transferred to saline containing 70% 

ethanol. Throughout pin insertion and loading the mice were anesthetized using an oxygen-isoflurane mixture 

(Provet Medical AG, Lyssach, Switzerland). All animal procedures were approved by the local animal ethics 

committee (Kantonales Veterinäramt Zürich, Zürich, Switzerland) 

 

Quantification of bone adaptation 

Bone morphometry was assessed using micro-computed tomography (micro-CT) with 5 times frame averaging 

(6 μm voxel size, 50 kVp, 160μA, Scanco Medical AG, Brüttisellen, Switzerland) to obtain 3D, digital images of 

all C5 vertebrae. Using an algorithm developed earlier (Kohler, Stauber et al. 2007), cortical and trabecular 

compartments were isolated (Fig. 2A). To quantify the effect of mechanical loading full morphometric analysis 

was performed for trabecular and cortical volumes of interest. The trabecular volume of interest was defined 

by the upper (distal) and lower (proximal) 40 % of the trabecular compartment, whilst the cortical volume of 

interest was defined as the cortical structure predominantly aligned with the axis of loading (figure 2A). Using 

a direct 3D approach (Hilderbrand 1999) the morphomteric indices determined were: Trabecular bone volume 

density (Tb.BV/TV), trabecular bone volume (Tb.BV), trabecular tissue volume (Tb.TV), trabecular thickness 
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(Tb.Th), trabecular number (Tb.N), cortical bone volume density (Ct.BV/TV), cortical bone volume (Ct.BV), 

cortical tissue volume (Ct.TV), cortical thickness (Ct.Th) and marrow volume (Ct.MV), where marrow volume 

describes the volume enclosed by the cortical shell. It should be noted here that cortical bone volume density 

(Ct.BV/TV) is not a measure of cortical porosity but a measure of the amount of bone within the volume 

occupied by the cortical shell and the volume that it encloses. To investigate how load induced bone 

formation varied throughout the loaded vertebrae trabecular and cortical compartments were divided into 

overlapping sub-regions (Fig.2 B & C). Bone volume (BV) was determined for all regions. For trabecular bone 

the height of each sub-region was equivalent to 10% of the height of the total trabecular compartment. 

Cortical regions were then defined by sub-dividing the cortical shell to match trabecular regions 3-17.  

Histomorphometric indices for trabecular and cortical regions were quantified using histological 

techniques for trabecular, periosteal-cortical (Pe) and endosteal-cortical (En) surfaces. Both single labelled and 

doubled labelled surfaces were measured. The mineralising surface of bone per unit of bone surface 

(Tb.MS/BS, Ct.MS/BS
Pe/En

: a surrogate of osteoblast number) was calculated as the double labelled surface plus 

half of the single labelled surface all divided by the total bone surface. Mineral appositional rate (Tb.MAR, 

Ct.MAR
Pe/En

: a surrogate of osteoblast activity) was obtained by dividing the average distance between the 

double labels on the bone surfaces by the number of days between injections. In addition bone formation 

rates (Tb.BFR, Ct.BFR
Pe/En

), were determined by multiplying MS/BS and MAR. All indices were determined from 

3 single histological slices taken from the mid-sagittal plane of each double labelled vertebra, each 5 micron 

thick. Tartrate Resistant Acid Phosphatase (TRAP) staining was also performed on adjacent sections to 

measure the number of osteoclasts present per unit of trabecular perimeter (Tb.N.Oc/Pm). The nomenclature 

assigned to the histomorphometric indices comply with the standards outlined by ASBMR Histomorphometry 

Nomenclature Committee (Parfitt 1988). 

 

Statistical analysis 

To investigate the effect of mechanical loading on each mouse strain linear regression was used to 

characterize the relationship between applied load and the associated increase in bone volume for both 

trabecular and cortical volumes of interest. Furthermore, ANOVA was used to compare CT-measured 

morphometric parameters and dynamic histomorphometric parameters for each loading group. Where 
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significance was detected Fisher’s Least Significant Difference was used to determine the significance of the 

differences between individual loading groups. To compare the relative mechano-sensitivity of the two mouse 

strains, two-way ANOVA was used to compare their dose responses as measured by both micro-CT and 

histomorphometry. Owing to the difference in bone size between the two strains the micro-CT measured 

dose responses were first normalized using their respective 0N loading groups. Again where significance was 

detected Fisher’s Least Significant Difference was used to determine the significance of inter-strain differences 

for common loads. For all statistical analyses, the statistical package SPSS (Version 17, http://www.spss.com) 

was used. Results were considered statistically significant for adjusted P-values lower than 0.05. 

 

Results 

Trabecular bone adaptation: B6 mice 

Linear regression analysis (Fig.3A) showed that Tb.BV increased significantly with load for the B6 strain (R
2 
= 

0.97). This significant dose response was confirmed by Anova. When comparing the micro-CT data sets for all 

B6 loading groups highly significant differences in Tb.BV/TV, Tb.BV and Tb.Th (P < 0.05) were detected. Post-

hoc analysis revealed that significant increases in Tb.BV/TV and occur for loads of 4N and 8N when compared 

to the sham (Table 1). Furthermore, the increases reported for a load of 8N were significantly greater than the 

increases reported for 4N.  The increase in bone mass observed for a load of 8N corresponded to a significant 

increase of 24.4% in Tb.Th. No significant increases in Tb.N were observed. When analyzing the variation of 

trabecular bone volume throughout the different sub-regions for the all doses (Fig.3B) it can be seen that 

most of the anabolic activity occurs at distal and proximal sites whilst there is little or no response in 

trabeculae at central regions.  

A response to mechanical loading in B6 mice was confirmed by histology, the results of which are 

shown in Table 2. Anova detected significant differences for mineralizing perimeter (Tb.MS/BS), mineral 

apposition rate (Tb.MAR) and bone formation rate (Tb.BFR). Both Tb.MS/BS and Tb.BFR were found to 

increase significantly for all loading groups when compared to the sham. However, these increases do not 

occur in a dose dependent manner, i.e. the effects are statistically similar for all loads and do not increase 

with increasing load. Analyses of the TRAP measurements show Osteoclast number to decrease significantly 

for all loads, again in a non-linear fashion. 
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Trabecular bone adaptation: C3H mice 

When analyzing micro-CT data for C3H loading groups linear regression showed BV to increase non-

significantly with increasing load (R
2
 = 0.63, Fig.3A). Anova detected significant effects for a load of 8N only. 

Tb.BV/TV, Tb.BV and Tb.Th were all seen to increase by approximately 10% when compared to the sham 

(Table 1). Variation in load induced trabecular bone mass with sub-region was shown to be similar to that for 

B6 mice although much less pronounced (data not shown). Despite the lack of load induced bone mass as 

reported by micro-CT, analysis of the histomorphometric indices shows significant increases in BFR for 2N, 4N 

and 8N loading groups, albeit in a non-linear fashion. Significant reductions in osteoclast number were also 

observed for all C3H loading groups (Table 2). 

 

Trabecular bone adaptation: Inter-strain comparison 

 Inter-strain comparison of micro-CT based morphometry shows that percentage increases in Tb.BV/TV and 

Tb.BV, are significantly higher for the B6 strain when loaded at 4N and 8N (Table 1). Percentage increases in 

Tb.Th are significantly higher for the B6 strain for a load of 8N only. The percentage increases reported for 

histological parameters shows cellular activity to be higher in the B6 strain (significant for loads of 2N and 4N 

only, Table 2). When considering the osteoclast number, decreases are shown to be significantly greater in the 

C3H strain for a load of 4N and significantly greater in the B6 strain for a load of 2N (Table 2). 

 

Cortical bone: B6 mice 

Linear regression analysis showed Ct.BV to increase significantly with increasing load for B6 mice (R
2 
= 0.96, 

Fig.3C). When comparing all B6 loading groups ANOVA detected significant differences for Ct.BV/TV, Ct.BV, 

Ct.TV and Ct.Th. Post-hoc analysis reveals that for Ct.BV, Ct.TV and Ct.Th there were significant increases for 

a load of 8N only when compared to the sham (Table 1). Regional analysis of the cortical shell demonstrates a 

relatively homogeneous response to mechanical loading across all regions when compared to trabecular 

analysis (Fig. 3D)  

Histology shows mineralizing surfaces to increase with increasing load at periosteal cortical sites in B6 

mice (Table 2) however these increases were shown not to be significant. Owing to the absence of double 
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calcein labels at periosteal-cortical sites in the B6
0N

 group percentage increases in Ct.MAR
Pe

 and Ct.BFR
Pe 

could 

not be calculated.
 

At endosteal cortical sites histomorphometric indices were shown not to increase 

progressively with increasing load (Table 2). A significant increase was detected in mineralizing surface and 

mineral apposition rate for a load of 8N. Increases in bone formation rate were significant for loads of 2N and 

8N when compared to the B6 sham.  

 

Cortical bone: C3H mice 

Linear regression analysis for C3H mice showed Ct.BV not to increase with increased loading (Fig.3C)
. 

Furthermore, Anova found no significant differences for any parameter, as measured by micro-CT (Table 1). 

Regional analysis supported the lack of activity, showing little or no variation in cortical bone formation for 

any region for any loading group (regional data not shown). Analysis of the histomorphometric indices shows 

MS/BS, MAR and BFR to increase progressively at periosteal-cortical sites with increasing load (Table 2). 

However, significance is detected only for a load of 8N. At endosteal-cortical sites similar progressive increases 

are not evident. Increases in Ct.MAR
En

 are found to be significant for all loads, whilst increases in Ct.MS/BS
En

 

and Ct.BFR
En

 are significant for loads of 2N and 8N. 

 

Cortical bone adaptation: Inter-strain comparison 

Inter-strain comparison of micro-CT data for cortical bone shows that increases in Ct.BV/TV, Ct.BV and Ct.Th 

are significantly greater in B6 mice for a load of 8N (Table 1). With respect to histomorpometry all percentage 

increases are greater in B6 mice, however significance is only detected for Ct.BFR
En

 for a load of 4N (Table 2).  

 

Discussion 

In this study we have shown mechanical loading to stimulate bone formation in both trabecular and cortical 

compartments of B6 female caudal vertebrae. The significant, linearly increasing trend of trabecular bone 

volume with dose (R
2
 = 0.97) combined with the statisically significant differences in bone mass detected for 

0N, 4N and 8N loading groups demonstrates that load induced trabecular bone adaptation is dose 

dependent. Trabecular dynamic histomorphometry was shown not to reflect the dose response detected by 

micro-CT, nevertheless significantly elevated values of mineralizing surface and bone formation rates for all 
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loads shows that a response mechanism has been activated. Given that histology represents the cellular 

activity associated with the last three days of the study these data suggest that the levels and temporal 

patterns of cellular activity responsible for the increases in bone mass must in some way vary with dose 

throughout the entire duration of loading. Load induced cortical bone adaptation was also shown to be dose 

dependent in B6 cortical bone. Whilst statistical comparisons of micro-CT data for the individual loading 

groups revealed significant increases in cortical bone mass for a load of 8N only, regression analysis showed 

bone volume to increase linearly with dose (R
2
 = 0.96).  

To our knowledge this is the first time a dose response has been demonstrated in loaded, murine 

trabecular bone. Two other studies using a murine tibia loading model (De Souza, Matsuura et al. 2005; 

Fritton, Myers et al. 2005) have shown cancellous bone to respond to mechanical stimuli, however the 

reported effects were not as pronounced. Souza et al (De Souza, Matsuura et al. 2005) was unable to show a 

significant anabolic effect between loading groups when loading 8 week old B6 mice, however a 37% 

increase in trabecular BV/TV was achieved, only, when combining the data from all loading groups. 

Furthermore, in the same study, application of the loading regimes to 12 and 20 week old mice resulted in a 

decrease in trabecular bone mass. In another study Fritton et al (Fritton, Myers et al. 2005)  reported similar 

15 % increases in tibial trabecular BV/TV for two groups of male B6 mice (10 weeks of age). These mice were 

loaded for 2 weeks and 6 weeks using the same mechanical signal. As a reminder the increases seen in 

trabecular BV/TV in the loading study presented in this paper were 6.5% and 21.2% for load amplitudes of 

4N and 8N respectively.  

Models requiring surgical intervention have often been criticized for the potential for RAP (regional 

acceleratory phenomenon) whereby injury to the bone accelerates bone remodeling in neighboring bones. To 

address this issue a pilot study was performed prior to this study to characterize the effect of surgical 

intervention on the morphology of the C5 caudal vertebrae throughout the course of the proposed loading 

study (data not shown). Using micro-computer tomography no significant differences in C5 morphology were 

found to exist between surgical and non surgical groups sacrificed just before and just after the intended 

period of loading. Furthermore, there were no significant differences between groups of sham mice sacrificed 

prior to loading and after the period of loading, demonstrating that the mice used had reached skeletal 

maturity at vertebral sites. This data is consistent with a study performed by Boyd et al (Buie, Moore et al. 
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2008), who showed the architectural development  in the vertebrae of B6 mice to stabilize after 13 weeks of 

age. 

The comparative lack of load-stimulated trabecular bone mass observed in the C3H strain, as shown 

by micro-CT, shows that the response of trabecular and cortical bone to mechanical loading is genotype 

dependent. Percentage increases in trabecular bone mass are significantly greater for the B6 strain than those 

reported for the C3H strain for loads of 4N and 8N whilst a significantly greater amount of cortical bone mass 

was stimulated in B6 mice for a load 8N only.  

In terms of the histological data presented, responses are similar between B6 and C3H mice. However, 

considering that histology is a marker of bone forming activity during the last three days of loading and that 

micro-CT provides the complete history of all dynamic bone forming activity the discrepancy between micro-

CT and histology allude to a delayed response in the C3H strain. The dependence on genotype can be directly 

attributed to one of two genetically determined factors: 1) Structural differences. It is feasible that for 

equivalent axial loads the microstrains induced in C3H vertebrae are lower than those induced in B6 

vertebrae, hence there is a reduced mechanical stimulus or  2) Mechno-sensitity. The response of B6 mice per 

unit of mechnical strain is higher than that for C3H mice. Existing literature points towards the latter, Kesevan 

et al (Kesavan, Mohan et al. 2005) demonstrated that B6 mice were more receptive to mechanical loading 

compared to C3H mice when loading their tibias using a 4 point bending modality even though higher 

mechanical strains were induced in C3H mice. B6 cortical thickness was shown to increase by 28% compared 

to <10 % in C3H mice, when loaded for 6 days/week over a period of 2 weeks (Peak force: 9N, frequency: 

2Hz). A similar effect was shown by Robling et al (Robling and Turner 2002) when loading B6 and C3H ulna. 

Cortical bone in C3H mice was shown to have a higher osteogenic threshold (2392 μ�) compared to that for 

B6 (1769 μ�), furthermore once the osteogeneic threshold was exceeded cortical bone formation per unit 

increase in mechanical strain was significantly less for C3H mice. Other studies supporting the view that B6 

mice are more mechanosensitive than their C3H counterpart include: (Akhter, Cullen et al. 1998) and 

(Kuruvilla, Fox et al. 2008) 

The model presented here has several limitations. Firstly, even though the mice have reached skeletal 

maturity they are still relatively young, thus the data presented here may not be representative of the 

response in aged mice. Secondly a potential injury response was not investigated. Whilst a pilot study found 
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surgical intervention to have no effect on the morphology of C5 vertebrae, it is possible that fatigue induced 

damage in C4 and C6 caudal vertebrae could. There were no external signs of fatigue related damage, 

nevertheless in future experiments both C4 and C6 caudal vertebrae should be analyzed for damage, this 

would involve scanning the pinned vertebrae using micro-CT and searching for micro damage. Thirdly, owing 

to the cross sectional nature of the study and the protocol chosen for histomorphometry, the histological data 

lacks specificity. Whilst trabecular content is similar between mice, its spatial organization is highly variable. 

This variability will also be reflected in the loading of individual trabeculae. It is therefore feasible that 3 

longitudinal sections from the mid-sagittal plane have not captured the principle regions of bone modelling. 

To better identify the exact spatial and temporal patterns of bone modelling future studies should make use 

of in vivo imaging technologies (Boyd, Davison et al. 2006; F. M. Lambers, G. Kuhn et al. 2009), a technology 

which is particularly suited to the imaging of caudal vertebrae given their accessible anatomical location.  

 Although invasive, compared to the tibia loading model the proposed model has the advantage that 

much more trabecular bone can be analyzed. This will prove useful in future studies which investigate load 

regulated genes as the sensitivity of current gene detection technologies is limited by the amount of input 

material. Furthermore, owing to the size and shape of the C5 caudal vertebrae the proposed loading 

configuration will result in a much simplified micromechanical environment i.e. the presence of bending 

stresses and shear stresses will be minimized, which is not the case with long bones. This simplified modality 

of compression will enable us to more easily characterize the spatial relationship between load induced bone 

adaptation the associated micromechanical environment. 

 

Conclusion 

In performing this study we have demonstrated that we can surgically insert stainless steel pins into the C4 

and C6 vertebrae of both B6 and C3H mice, we have also shown that we can accurately apply dynamic 

mechanical loads to their C5 vertebrae for a sustained period of time, whilst inducing a significant dose 

response in the cortical and trabecular bone of B6 mice. We have also shown that load induced bone 

adaptation is genotype dependent. The availability of this approach provides an alternative to the tibia loading 

model thus affording opportunities to explore site specific mechano-sensitivity in both cortical and trabecular 

bone. Moreover, the dose dependent nature of load induced bone formation will allow us to gain further 
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insight into the underlying mechanical parameters and molecular process governing bone formation when 

combined with in vivo imaging technologies, finite element analysis and suitable methods of biochemical 

analysis. 
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Tables & Figure legends: 

 

FIG. 1: (A) Fluoroscopic image of a mouse, graphically edited to show the location and form of the stainless 

steel pins once they have been surgically inserted. The mechanical signal is applied to the distal pin whilst the 

proximal pin is clamped. (B) One loading axis of the Caudal Vertebra Axial Compression Device (CVAD). 

 

FIG. 2: (A) Digital image of a whole B6 vertebra (C5) showing cortical and trabecular components. (B) B6 

trabecular bone subdivided into 19 overlapping regions (1
Tb

–19
Tb

). (C) B6 cortical shell subdivided into 15 

overlapping regions (1
Ct

–15
Ct
) which match those defining the trabecular regions 3

 Tb
 -17

 Tb
. 

 

FIG. 3: (A) The average values of absolute Tb.BV for each loading group plotted against load. (B) Mean 

regional absolute increases in trabecular bone mass (�Tb.BV ) in B6 mice for applied loads of 2N, 4N and 8N. 

(C) The average values of absolute Ct.BV for each  loading group plotted against load.(D) Mean regional 

absolute increases in cortical bone mass (�Ct.BV) in B6 mice for applied loads of 2N, 4N and 8N. 
* 

Trend 

reported by linear regression analysis is significant (P < 0.05).  

 

 

 

 

 

 



TABLE 1. MEAN ABSOLUTE VALUES FOR  MORPHOLOGICAL PARAMETERS SPECIFIC TO TRABECULAR AND CORTICAL VOLUMES OF INTEREST FOR B6 AND C3H 
LOADING GROUPS 

  Trabecular bone  Cortical bone 

Group  
Tb.BV/TV(%

) 
Tb.BV

 
(mm

3
) Tb.TV

 
(mm

3
) Tb.Th (μm) 

Tb.N   (mm
-

1
) 

 
Ct.BV/TV (%) Ct.BV

 
(mm

3
) Ct.TV  (mm

3
) Ct.Th (mm) 

Ct.MV    
(mm

3
) 

            

B6
0N

  39.3 ± 3.1       1.21 ± 0.1       3.08 ± 0.2       76.9 ± 7.6 
 
      4.6 ± 0.2        

 
36.6 ± 2.3        2.01 ± 0.2        5.49 ± 0.4        0.13 ± 0.0        3.48 ± 0.3        

            

B6
2N

  
39.1 ± 3.68      
(-0.707 %) 

1.26 ± 0.1       
(4.29 %) 

3.24 ± 0.1       
(4.99 %) 

78.7 ± 7.1       
(2.39 %) 

4.35 ± 0.3       
(-5.47 %) 

 35.8 ± 2.3        
(-2.23 %) 

2.04 ± 0.1        
(1.27 %) 

5.69 ± 0.2        
(3.52 %) 

0.129 ± 0.0       
(-0.684 %) 

3.65 ± 0.2        
(4.82 %) 

            

B6
4N

  41.9 ± 1.5
 a,b,*

   
(6.49 %) 

1.32 ± 0.1
 a,* 

     

(8.7 %) 

3.14 ± 0.1       
(2.02 %) 

80.1 ± 3.1       
(4.21 %) 

4.79 ± 0.2       
(4.15 %) 

 37.3 ± 1.5        
(1.84 %) 

2.1 ± 0.1         
(4.23 %) 

5.62 ± 0.3        
(2.36 %) 

0.132 ± 0.0       
(1.51 %) 

3.53 ± 0.2        
(1.28 %) 

     

B6
8N

  47.7 ± 1.9 
a,b,c,*

   
(21.2 %) 

1.49 ± 0.1 
a,b,c,* 

               
(22.9 %) 

3.12 ± 0.2       
(1.33 %) 

95.6 ± 4.5 
a,b,c,*  

               
(24.4 %) 

4.87 ± 0.4       
(5.82 %) 

 38.3 ± 0.7
 b,* 

      

(4.78 %) 

2.23 ± 0.2 
a,b,*

    
(11 %) 

5.82 ± 0.4 
a
       

(5.94 %) 

0.137 ± 0.0 
a,b,*

    

(5.44 %) 

3.59 ± 0.3        
(3.02 %) 

             

C3H
0N

  27 ± 1.2        0.643 ± 0.0      2.38 ± 0.1       93.8 ± 5.3       2.81 ± 0.2        50.5 ± 1.2        2.99 ± 0.2        5.91 ± 0.3        0.186 ± 0.0       2.92 ± 0.1        

             

C3H
2N

  
27 ± 2.1        

(0.0226 %) 
0.637 ± 0.1      
(-0.959 %) 

2.35 ± 0.1       
(-1.07 %) 

96.5 ± 4.5       
(2.82 %) 

2.75 ± 0.2       
(-2.22 %) 

 
51.2 ± 1.6        
(1.35 %) 

3.08 ± 0.2        
(3.14 %) 

6.01 ± 0.2        
(1.78 %) 

0.187 ± 0.0       
(0.605 %) 

2.93 ± 0.1        
(0.382 %) 

             

C3H
4N

  
26.4 ± 1.6       
(-2.31 %) 

0.641 ± 0.1      
(-0.32 %) 

2.43 ± 0.2       
(2.01 %) 

93.5 ± 3.8       
(-0.365 %) 

2.8 ± 0.2        
(-0.43 %) 

 
50.2 ± 2.0        
(-0.59 %) 

3.03 ± 0.3        
(1.42 %) 

6.03 ± 0.5        
(1.99 %) 

0.186 ± 0.0       
(-0.145 %) 

3 ± 0.2          
(2.56 %) 

             

C3H
8N

  29.9 ± 2.1 
a,b,c

    

(10.7 %) 

0.707 ± 0.1
a,b,c 

   
(9.96 %) 

2.37 ± 0.2       
(-0.485 %) 

103 ± 9.0 
a,b,c

     

(10.2 %) 

2.84 ± 0.3       
(0.952 %) 

 
50.1 ± 2.7        
(-0.778 %) 

2.98 ± 0.2        
(-0.286 %) 

5.94 ± 0.2        
(0.536 %) 

0.182 ± 0.0       
(-1.9 %) 

2.96 ± 0.2        
(1.38 %) 

             

Italics indicate the percentage increase relative to the sham of the same mouse strain 
 a 
Significantly greater than 0N loading group of same mouse strain (P < 0.05). 

 b 
Significantly greater than 2N loading group of same mouse strain (P < 0.05). 

 c 
Significantly greater than 4N loading group of same mouse strain (P < 0.05). 

 * 
Significant percentage increase relative to corresponding C3H group (P < 0.05). 

TABLE 2. HISTOLOGICAL PARAMETERS SPECIFIC TO TRABECULAR AND CORTICAL COMPONENTS FOR B6 AND C3H LOADING GROUPS 
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  Trabecular Bone  Periosteum  Endosteum 

Group  
Tb.MS/BS    
(mm/mm) 

Tb.MAR      
(μm/day) 

Tb.BFR       
(μm /day) 

Tb.N.Oc/Pm   
(mm

-1
) 

 
Ct.MS/BS

Pe
   

(mm/mm) 
Ct.MAR

Pe
     

(μm/day) 
Ct.BFR

Pe
      

(μm/day) 
 

Ct.MS/BS
En

   
(mm/mm) 

Ct.MAR
En

    
(μm/day) 

Ct.BFR
En

     
(μm/day) 

             

B6
0N

  15.1 ± 6.4 1.53 ± 0.9 0.26 ±  0.2  2.23 ± 0.9   0.33 ± 0.4 0.0 ± 0.0 0.0 ± 0.0  25.9 ± 7.9  1.37 ± 0.7  0.36 ± 0.2  

              

B6
2N

  26.5 ± 7.7 
a,* 

    

(75.7 %)  

2.08 ± 0.4 
a,*

     

(36.2 %)  

0.55 ± 0.2 
a
     

(111 %)
 
 

0.66 ± 0.6 
a,*

     

(-70.6 %)  
 

1.22 ± 1.8      
(266 %) 

0.23 ± 0.5      
( NA ) 

0.0062 ± 0.0    
( NA ) 

 
31.3 ± 5.1      
(20.7 %) 

1.77 ± 0.3      
(29.2 %) 

0.55 ± 0.1 
a
     

(51.8 %) 

              

B6
4N

  24.8 ± 6.9 
a,*

    

(64.6 %)  

1.98 ± 0.4       
(29.6 %) 

0.48 ± 0.1 
a
     

(85.7 %)  

1.46 ± 0.9 
a,*

     

(-34.7 %) 
 

3.42 ± 3.5      
(924.8 %) 

0.88 ± 1.1 
 a 

     

( NA ) 

0.057 ± 0.1     
( NA ) 

 
30.5 ± 7.2      
(17.5 %) 

1.57 ± 0.3      
(14.5 %) 

0.48 ± 0.1 
*
     

(31.5 %) 

             

B6
8N

  28.9 ± 7.1 
a
     

(91.7 %)  

2.39 ± 0.4 
a
     

(56.4 %) 

0.69 ± 0.2
 a,b  

    

( 164 %)  

1.08 ± 0.3
 a 

      

(-51.7 %)  
 

5.74 ± 12.5     
(1622 %) 

0.58 ± 0.9      
( NA ) 

0.073 ± 0.2     
( NA ) 

 45.3 ± 3.0 
a,b,c

   

( 74.7 %) 

1.97 ± 0.5 
a
     

( 43.8 %)  

0.90 ± 0.3 
a,b,c

   

( 146 %)  

              

C3H
0N

  31.4 ± 5.6  1.23 ± 0.1 0.39 ±  0.1 4.38 ± 1.9  8.96 ± 5.6  1.25 ± 0.6  0.13 ± 0.1  31.6 ± 9.0 1.31 ± 0.2  0.41± 0.1 

             

C3H
2N

  40.9 ± 10.1 
a
    

(30 %) 

1.34 ± 0.1       
(9.19 %) 

0.54 ± 0.1 
a
     

(40.8 %)  

1.78 ± 0.9 
a
      

(-59.4 %) 
 

10.3 ± 4.9      
(15.3 %) 

1.31 ± 0.6      
(5.18 %) 

0.15 ± 0.1      
( 16.9 %) 

 41.7 ± 11.2  
a
    

( 32 %) 

1.58 ± 0.2 
a
     

(21.2 %)  

0.66 ± 0.2 
a
     

(61.7 %)  

             

C3H
4N

  
37.8 ± 10.1     
( 20.2 %) 

1.41 ± 0.1 
a
      

( 15.1 %)  

0.53 ± 0.1 
a
     

( 37.8 %) 

1.16 ± 0.5
 a
      

( -73.4 %)  
 

15.1 ± 6.5      
( 68.7 %) 

1.45 ± 0.4      
( 16.3 %) 

0.206 ± 0.1     
( 63.6 %) 

 
35.4 ± 11.7     

( 12 %) 
1.5 ± 0.2 

a
      

( 14.3 %)  

0.54 ± 0.2      
( 30.5 %) 

             

C3H
8N

  53.1 ± 7.5 
a,b,c

   

( 68.7 %)  

1.73 ± 0.2 
a,b,c

    

( 41.1 %)  

0.93 ±  0.2 
a,b,c

   

( 141 %)  

0.97 ± 0.5  
a 
     

( -77.8 %)  
 

34.2 ± 11.8 
a,b,c

                 ( 

282 %) 

2.06 ±  0.4 
a,b

    

( 64.6 %)  

0.68 ± 0.2 
a,b

    

( 437 %) 
 45.3 ± 7.9 

 a
     

( 43.5 %)  

1.75 ±  0.2 
a,c

    

( 33.6 %) 

0.79 ± 0.2 
a,c

    

( 93.4 %)  

                          

 
Italics indicate the percentage increase relative to Sham of same mouse strain 
a
 Significantly greater than 0N loading group of same mouse strain (P < 0.05). 

b
 Significantly greater than 2N loading group of same mouse strain (P < 0.05). 

c
 Significantly greater than 4N loading group of same mouse strain (P < 0.05). 

*
 Significant difference when comparing percentage increases between mouse strains of same loading group (P < 0.05). 
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