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Abstract 

Loading of the rat ulna is an ideal model to examine stress fracture healing. The aim of this 

study was to undertake a detailed examination of the histology, histomorphometry and gene 

expression of the healing and remodelling process initiated by fatigue-loading of the rat ulna. 

Ulnae were harvested 1, 2, 4, 6, 8 and 10 weeks following creation of a stress fracture. 

Fracture healing involved direct remodelling that progressed along the fracture line as well as 

woven bone proliferation at the site of the fracture. Histomorphometry demonstrated rapid 

progression of basic multicellular units from 1-4 weeks with significant slowing down of 

healing by 10 weeks after loading. Quantitative PCR was performed at 4 hours, 24 hours, 4 

days, 7 days and 14 days after loading. Gene expression was compared to an unloaded control 

group. At 4 hours after fracture there was a marked, 220-fold increase (P<0.0001) in 

expression of IL-6. There were also prominent peak increases in mRNA expression for OPG, 

COX-2, and VEGF (all P<0.0001). At 24 hours there was a peak increase in mRNA 

expression for IL-11 (73-fold increase, P<0.0001). At 4 days there was a significant increase 

in mRNA expression for Bcl-2, COX-1, IGF-1, OPN, and SDF-1. At 7 days there was 

significantly increased mRNA expression of RANKL and OPN. Prominent, up-regulation of 

COX-2, VEGF, OPG, SDF-1, BMP-2 and SOST prior to peak expression of RANK-L 

indicates the importance of these factors in mediating directed remodelling of the fracture 

line. Dramatic, early up-regulation of IL-6 and IL-11 demonstrate their central role in 

initiating signalling events for remodelling and stress fracture healing. 

 

Key Words: stress fracture; bone remodelling; microdamage; gene expression; cytokines 
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Introduction 

 

Stress or fatigue fractures are incomplete, non-displaced fractures that occur following 

repetitive loading, rather than a single traumatic event [1, 2]. They are common injuries in 

human and animal athletes and affect children, adolescents and adults at all levels of training 

[3-6]. Stress fractures can occur in osteoporotic bone when loading within normal physiologic 

ranges is imposed on bone with inadequate mechanical properties [1, 7]. Although there is 

now considerable information available on the epidemiology and incidence of stress fractures, 

there is almost no objective information on the repair processes involved in the healing of 

clinical stress fractures. As many fractures occur in otherwise healthy patients, and most 

fractures are managed conservatively, biopsy material is very rarely obtained [8]. Fracture 

healing has been classically described as proceeding via direct repair or via callus formation 

and subsequent endochondral ossification.  

Highly stable and compressed fractures can heal by gap healing or direct remodelling across 

the fracture line without callus formation [9, 10]. As stress fractures are incomplete, it is 

likely that they heal by primary bone healing with remodelling across the fracture line but the 

lack of rigid compression and some continued use of the affected limb in most patients may 

determine the pattern of healing involved. Stress fracture management involves a combination 

of exercise modification, immobilisation and/or surgical intervention. Many fractures are slow 

to resolve, some can progress to complete fractures and refractory healing, similar to non-

unions, have been reported [11-14]. A better understanding of the repair processes involved is 

vital to enable more rational approaches to stress fracture management and improved 

outcomes following treatment.  
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Repetitive loading of the rat ulna has become a popular approach to investigate bone fatigue 

injury and remodelling [15-18]. This model has been used to create experimental fatigue 

fractures and these fractures are associated with woven bone formation and loss of mechanical 

properties [19, 20]. Undecalcified histology has demonstrated resorption spaces associated 

with fractures following fatigue loading [15, 21]. We have optimised the use of this model to 

develop a repeatable, non-invasive and clinically relevant model of stress fracture in the rat 

that provides an invaluable opportunity to investigate stress fracture healing. Our aim was to 

investigate the cellular processes occurring during stress fracture healing by using histology 

and histomorphometry to quantify bone formation, resorption and remodelling over a 10-

week period after loading.  

Gene expression data have been reported in rat models of complete fracture and 

intramembranous bone formation [22, 23]. Tissue and vascular damage, release of growth 

factors from the extracellular matrix, upregulation of many cytokines and migration of 

inflammatory and endothelial cells are involved in the healing of complete fractures [9, 24]. 

Wohl et al (2009) examined gene expression for a number of factors associated with bone 

formation and angiogenesis during woven bone formation associated with stress fracture in 

the rat ulna. However, the cellular signalling events associated with the remodelling response 

to stress fracture healing have not previously been examined. We hypothesise that the 

mechanism of healing will involve different molecular pathways to that of complete fracture 

healing. Therefore, quantitative gene expression studies will provide unique information on 

the cascade of signalling events occurring during stress fracture healing. In addition, if fatigue 

fractures created in the rat ulna are repaired by directed remodelling, rather than endochondral 

ossification, this model will provide a valuable approach to examine the temporal relationship 

between the initiation of bone resorption and expression of mediators of bone remodelling. 

There is convincing evidence that remodelling “targets” microdamage caused by fatigue 
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loading of bone [1, 15, 25]. Osteocyte apoptosis, direct osteocyte damage or interruption of 

canalicular connections between cells by microcracks have been reported as possible stimuli 

for local remodeling responses to fatigue loading and microdamage [26-30]. This remodelling 

process is critical to bone’s ability to adapt to its environment. Inappropriate remodelling and 

bone resorption are central to a number of important clinical conditions including 

osteoporosis, stress fractures and osteoarthritis, which are characterised by impaired structure 

[1, 7, 31].  

We aimed to measure the temporal pattern of expression of a panel of genes known to affect 

bone cell function to determine their importance and timing during directed, or targeted, 

healing of an in vivo model of fatigue fracture. If stress fractures are repaired by direct 

remodelling, defined as remodelling that occurs independently of endochondral ossification 

and callus formation, then the signalling molecules required to originate the basic 

multicellular units (BMUs) should be consistent with those classically associated with 

chemotaxis and osteoclastogenesis. 

We hypothesise that stress fractures produced in the rat ulna will heal by direct remodelling 

along the stress fracture line, and that initiation of a stress fracture elicits a cytokine cascade 

that involves upregulation of IL-6, IL-11 and RANKL in a hierarchical manner, and 

downregulation of osteoprotegerin, resulting in the initiation of direct bone resorption of the 

stress fracture.  

Materials and methods 

Experimental animals 

A total of 98 Female Wistar rats weighing 270 to 360 grams and aged 5 months were used 

(University of Queensland Biological Resources Unit). Rats were housed in pairs and allowed 

ad libitum feeding and unrestricted cage activity before and after loading sessions. All 
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experiments were carried out under guidelines and approval from The University of 

Queensland animal ethics committee. A single injection of an opioid analgesic 

(Buprenorphine 0.05 mg/Kg subcutaneously) was used following loading sessions. No 

evidence of lameness or behavioural changes was seen following loading. Euthanasia was 

performed using CO2 asphyxiation.  

Loading model 

Loading sessions were conducted by placing the flexed carpus and elbow in cups and 

applying axial cyclic loading on the ulnae of rats using methods similar to those described 

elsewhere [15, 20]. Halothane and Oxygen general anaesthesia was used. Loading was 

performed in a custom designed loading device which has previously been described in detail 

[32]. To determine displacement in the limb during loading, the loading device was attached 

to a linear vertical displacement transducer (LVDT) connected to a MacLab (AD Instruments, 

Colorado Springs, USA) and monitored using Chart v5.4 (AD Instruments, Colorado Springs, 

USA). An oscilloscope connected to the load controller was used to confirm the load 

magnitude and loading as a Haversine wave. Loading was applied as cyclic compressive 

loading at 17 to 24 N load and 2 Hz cycle frequency. The load range was selected based on 

previous reports in the literature using similar sized rats, and commenced at 17 N. In all rats 

the displacement value decreased over the first 1000 to 2000 cycles, and then stabilised, until 

a rapid increase in displacement leading up to fatigue failure. Loading was manually stopped 

at the point when a 10% increase in displacement was reached, compared to the lowest 

measured displacement rather than the initial displacement. The total number of cycles to 

fatigue ranged from 4000 to 12000 cycles.  



 8 

Histomorphometry and Histology 

Because complete fractures in rats take 6-8 weeks to heal [9] we examined histology samples 

from 1 to 10 weeks after loading to investigate the timing and nature of stress fracture 

healing. We used decalcified histology to provide greater detail of cellular activity within the 

BMU along the healing stress fracture, and to allow precise serial location of the region for 

histomorphometric analysis. Undecalcified histology enables measurement of flourochrome 

labels and bone formation indices, but does not allow for differentiation of resorption and 

formation activity within the BMU during healing along the fracture line. Decalcified sections 

allowed detailed analysis of the resorption activity within the BMUs, and as well as indirect 

assessment of bone formation during healing. The right ulna was loaded in 50 rats. Rats were 

euthanised at 2, 4, 6, or 10 weeks after loading (n = 15). Subsequently, groups were included 

at 1 and 8 weeks (n = 5) to verify the initiation of resorption, woven bone formation, and 

continuity of remodelling.  

A 10-15mm section of the right ulna containing the fracture was removed from the bone and 

fixed in cold 10% neutral buffered formalin for 2 days and stored in 70% ethanol until 

processed. Bones were decalcified for 7 weeks in 14% EDTA (pH 7.2) before being 

embedded in paraffin using standard protocols. Multiple 5µm thick transverse sections were 

obtained along the full length of the fracture line. Toluidine Blue and Saffranin-O staining 

were performed. Examination of multiple serial sections along the entire length of the fracture 

was undertaken for qualitative assessment of fracture healing.  

TRAP staining was performed on 3 sections per bone to confirm the presence of osteoclasts in 

sections. The staining solution (pH 5.0) consisted of 0.1 M Tris- HCl, 17.5 mg/mL napthol 

AS-BI phosphoric acid (Sigma), 128 mg/mL hexasotized pararosaniline (Sigma) reacted with 

128 mg/mL of sodium nitrite and 1 mg/mL of sodium tartrate. The sections were incubated 

with the stain in a 37ºC oven for 60 minutes and were counterstained with Mayer’s 
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Hematoxylin and mounted in Cytoseal permanent mounting media. TRAP positive cells were 

not counted because the sections used for special staining were not obtained from a standard 

location within the ulnar diaphysis, but simply used for qualitative verification of cell 

morphology.   

Histomorphometry was performed on one Toluidine Blue-stained section from each bone at a 

standard level along the fracture. This section was the point where the fracture line was half 

way between the medial cortical margin and the medullary cavity of the bone in transverse 

section. Histomorphometry measurements were obtained using a digitising pad (Wacom Intuo 

2, Vancouver, WA) and KSS software (KSS Stereology, Salt Lake City, UT). The area of a 

BMU was defined as the total area that had been resorbed. Within this BMU, the area filled 

with new bone formation was defined as healed area. This healed area was identified by a 

distinct cement line around a previously resorbed area of bone. The area that had been 

resorbed, but not yet filled by new bone formation, was defined as porosity. Measurements 

obtained were cortical area (Ct.Ar, mm2), woven bone area (Wo.B.Ar, mm2), length of 

fracture (SFx.Le, µm), total length of BMU along the fracture line (BMU.Le, µm), percentage 

of fracture length occupied by BMU (BMU.Le/SFx.Le.%), length of healed fracture line 

(SFx.He.Le µm), length of fracture line occupied by porosity (SSFx.Po.Le µm) percentage of 

fracture line healed (SFx.He.Le/SFx.Le.%), percentage of fracture line occupied by porosity 

(SFx.Po.Le/SFx.Le.%), total area of BMUs associated with the fracture line (BMU.Ar, µm2), 

total perimeter of the BMUs (BMU.Pm, µm), area of porosity within the BMUs (SFx.Po.Ar, 

µm2), area of healed new bone within the BMUs (SFx.He.Ar, µm2) and area of cartilage 

within the woven bone (Ca.Ar, µm2). 
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Gene expression 

To investigate the temporal pattern of signalling events related to the early initiation of bone 

remodelling, we examined gene expression over the first 2 weeks after loading.  

Quantitative real-time PCR (qPCR) was performed on the left and right ulnae from 40 rats in 

which a stress fracture was created in the right ulna. Rats were euthanised 4 hours, 24 hours, 4 

days, 7 days and 14 days after loading (n=8/group). A control group (n=8) did not undergo 

loading and real time-PCR was performed on only the right ulna in this unloaded control ULC 

group. The proximal and distal physis and articulation were removed from the left and right 

ulnae and the remaining diaphysis of each bone was dissected free of all soft tissue, except for 

periosteum, and snap frozen in liquid nitrogen. Ulnae were stored at -80 degrees for 1-4 

weeks prior to processing.  

 

For total RNA extraction, individual ulnae were ground to a fine powder in liquid nitrogen in 

a mortar and pestle. The bone powder was added to 1 ml of Trizol® (Invitrogen), 

homogenised using a pipette tip and then centrifuged at 12000g for 10 minutes to remove 

insoluble and mineralised material. Total RNA was then isolated using the manufacturer’s 

instructions and the RNA pellet was resuspended in 8 µl of DEPC-water. The total RNA yield 

from the ulna diaphysis was approximately 0.5 µg. For each sample, the entire quantity of 

RNA was treated with DNAseI (Invitrogen) to remove any residual DNA and then converted 

to cDNA using Superscript II (Invitrogen) with oligo (dT) primers. The samples were not 

pooled and real-time-PCR’s were performed for each bone in duplicate with a total volume of 

20µl using pre-made TaqMan assays (Applied Biosystems, Foster City, CA)(Table 1) in an 

ABI PRISM 7500 Detection system. Gene expression data were expressed relative to 

GAPDH internal control using the relationship 2-∆CT.  
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The quantity of mRNA isolated from each bone allowed for RT-PCR analysis of 20 different 

genes. Genes were selected to examine signalling associated with regulation of bone 

resorption (RANK, RANKL, OPG, TNFα, IL-1α, IL-6, IL-11), bone formation (BMP-2, 

Runx-2, IGF-1, SOST), cartilage formation and endochondral ossification (Collagen type 2 

and 10, noted as collagen-2 and collagen-10, respectively), apoptosis (BAX, Bcl-2), 

angiogenesis (VEGF) chemotaxis (SDF-1), or with multiple potential functions in bone 

biology (COX-1, COX-2, OPN).  

 

Statistical analysis 

Histomorphometry 

All variables had a normal distribution using a Kolmogorov-Smirnov test. Differences 

between timepoints for each variable were determined using a one-way ANOVA and post hoc 

Fisher’s protected least significant difference (LSD) analysis.  

Gene expression 

Fold changes between the right (loaded) ulnae group and the opposite left ulnae internal 

control group were determined for each timepoint and paired t-tests were performed to 

determine the significance of differences in the means if the change between loaded and 

unloaded was greater than twofold. As there was the potential for systemic effects to cause 

increases in gene expression in the contralateral, unloaded, ulnae, data from either the left or 

right ulnae timepoint groups were compared to the unloaded control group. All variables were 

checked for normal distribution using a Kolmogorov-Smirnov test. Normally distributed 

variables in the right limb groups were VEGF, BAX, OPG, OPN, TNFα, RANK, RANKL 

and COX-2. Normally distributed variables in the left limb groups were BAX, Bcl-2, RANK, 

SOST, SDF-1, IGF-1, VEGF and Runx-2. These variables were analysed using separate one-

way ANOVAs. The differences between left or right timepoint groups and the control group 
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were determined using post hoc Fisher’s protected (LSD) to compare means between groups. 

Variables that were not normally distributed for the right limb groups were Bcl-2, COX-1, IL-

1, IL-11, BMP-2, Collagen-2, Collagen-10, IGF-1, IL-6, Runx-2, SDF-1 and SOST. For the 

left limb groups variables that were not normally distributed were COX-1, COX-2, IL-1, IL-

11, BMP-2, collagen-2, collagen-10, IL-6, TNFα, OPG, OPN and RANKL. These variables 

were analysed using the non-parametric Mann-Whitney test to compare left or right timepoint 

groups against the unloaded control group. For all tests, significance was determined at P < 

0.05.  

Results 

All rats showed normal behaviour and moved freely with minimal signs of lameness after 

loading. They all ate and drank normally following loading with no change in food or water 

intake.  

Fatigue fracture configuration 

 
All 98 loaded rat ulnae developed stress fractures. Fracture configuration and woven bone 

response were ascertained by direct visual examination of the bone and by histological 

examination of serial sections. Fatigue fractures occurred in the distal half of the diaphysis 

and extended 3-7 mm within the cortical bone. All fractures were a “U” shape on the medial 

(compression) surface of the bone. On the transverse sections most fractures originated as a 

semi-circular “exit point” on the cortex becoming wider and straighter as they extended 

obliquely towards the medullary cavity.  

Histology  

Woven bone (WoB) was seen on all the bones that incurred a stress fracture (Figure 1). This 

extended along the diaphysis for 2-3 mm proximal and distal to the region of the fracture. 

Woven bone extended around the entire perimeter of the ulna but was much thicker on the 
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medial surface and at the level of the fracture, forming a prominent, focal “callus” centred at 

the exit point of the fracture. This callus could be detected grossly by visual examination and 

palpation as well as by histological examination. By 1 week, there was already marked 

irregular WoB production. Small islands of cartilage were evident within the WoB at the exit 

point of the fracture at 2 weeks after fracture. At 4 weeks there was marked remodelling of 

the WoB with bone structure becoming more organised with a less irregular surface. Islands 

of cartilage were no longer evident within the woven bone. At 6, 8 and 10 weeks the woven 

bone became progressively more consolidated and organised and there was less remodelling 

and porosity at each timepoint.  

Healing of the fracture line occurred by direct remodelling that originated at the periosteal 

surface and progressed directly along the fracture plane towards the medullary cavity. The 

remodelling activity was most exuberant at the exit point of the fracture. Occasionally 

resorption cavities were also seen emerging from the medullary cavity to extend towards the 

fracture line at sites distant to the exit point. Basic multicellular units (BMUs) could be 

followed through serial sections extending along the fracture line towards the centre of the 

bone (Figure 1). Resorption spaces that appeared to be at a distance from the fracture line in 

one section could be seen to be associated with the fracture line when followed over serial 

sections.  

Active resorption cavities were first evident at 2 weeks and these originated along the 

periosteal margin of the fracture plane, especially at the fracture exit, and extending a short 

way along the fracture line. Numerous osteoclasts lined the crenated leading-edge of the 

BMUs and osteoblasts formed new lamellar bone along the trailing margin of the BMUs 

(Figure 1A). At 4 weeks, multiple BMUs had progressed further along the plane of the 

fracture and new lamellar bone formation had further filled the resorption spaces (Figure 1B). 

By 6 weeks after loading, the portion of the fracture closest to the exit point was almost 
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completely healed (Figure 1C). However, remodelling was not completed, or often not 

commenced, in the deep region of the fracture, closest to the medullary cavity. Activation of 

new resorption cavities was dramatically reduced after the 2 week time point and the 

resorption activity appeared to have slowed or stopped by the 6 week timepoint. At 8 and 10 

weeks there was more complete fracture healing (Figure 1D) but there was still minimal 

evidence of remodelling or healing along the portions of the fracture line closest to the 

medullary cavity in most bones. No fibrous tissue, cartilage or woven bone was seen along 

the fracture line at any timepoint. Regions of new bone formation were examined using 

polarized light and sections stained with Toluidine blue. These confirmed the organisation of 

new bone along the stress fracture as lamellar bone (data not shown).  

TRAP staining 

TRAP staining confirmed the presence of large, multinucleated osteoclasts filling the crenated 

leading edge of BMUs. Osteoclasts were most abundant at 2 weeks after fracture. A thin line 

of TRAP staining was seen along the region of the cement line outlining the lamellar bone-

filled region that had previously been occupied by a BMU. TRAP staining was also evident 

along the periosteal margin of the woven bone at 2 and 4 weeks and this was most prominent 

in the region overlying the fracture (Figure 2).  

Histomorphometry 

Histomorphometry results are summarised in (Table 2 and Figure 3). There were no 

significant differences between groups for cortical bone area (Ct.B.Ar) or total fracture length 

(SFx.Le) at the transverse section selected for measurement. Woven bone area (Wo.B.Ar) 

increased from 7 days to 2 weeks and was then reduced again by 4 weeks after loading but 

these changes were not significant. Wo.B.Ar remained at a similar size for all remaining 

groups (Table 2). The area and perimeter of BMUs reflected the amount of resorption that had 



 15 

occurred to that timepoint. Both these BMU measurements increased rapidly from 2 to 6 

weeks after loading with significant differences between these groups. There was minimal 

additional increase in total size of BMUs after 6 weeks. The area of healed bone within the 

BMUs (SFx.He.Ar) increased significantly from 2 to 6 weeks but did not have further 

significant increases between the 6, 8 and 10 week groups (Figure 3). The length of healed 

fracture continued to increase with each timepoint and was significantly greater at 10 weeks 

than at 6 weeks. Porosity along the fracture line mainly consisted of resorption space at 2 

weeks. This porosity progressively changed to become areas of bone formation by 6 weeks 

after loading. Porosity area (SFx.Po.Ar) and porosity length (SFx.Po.Le) along the fracture 

line were greatest at 4 weeks with significant differences between the 4 week group and every 

other group. An average of 29% of the fracture had still not undergone resorption or 

formation at the 10-week timepoint (Figure 1D, Figure 3).  

Gene expression 

Fold changes in relative gene expression between loaded and unloaded limbs are summarised 

in Table 3. In addition, graphs demonstrating quantitative mRNA gene expression relative to 

GAPDH over 14 days following loading are shown for 10 genes with significant changes in 

expression in loaded limbs (Figure 4). All genes examined demonstrated significantly 

increased expression in the right loaded limbs compared to the unloaded control group (ULC) 

group except for IL-1, Bcl-2, BAX, SOST and RANK.  At four hours after fracture there was 

a marked, 220-fold increase (P<0.0001) in expression of IL-6 in the right, loaded ulnae 

compared to the ULC (Figure 4). There were also prominent peak increases in mRNA 

expression in the right, loaded ulnae compared to the ULC group for OPG, COX-2, and 

VEGF (all P<0.0001) (Figure 4). At 24 hours there was a peak increase in mRNA expression 

for IL-11 (73-fold increase, P<0.0001) (Figure 4).  At 4 days there was peak expression of 

COX-1, OPN, IGF-1, SDF-1, BMP-2, Runx-2 and TNFα which were all significantly 
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increased in right, loaded ulnae compared to ULC group (Figure 4).  At 7 days there was a 

significantly increased peak in mRNA expression of RANKL, Collagen-2 in the right, loaded 

ulnae compared to the ULC group (Figure 4). At 14 days after loading Collagen-10 was 

significantly increased. Over half of the genes were significantly upregulated in the right 

ulnae at more than one timepoint. These were IL-6, COX-2, OPG, OPN, IL-11, BMP-2, 

COX-1, RANKL and Collagen-2.  

All unloaded bones and most loaded bones at early timepoints did not express Collagen-2. For 

those with detectable expression it was very low. All bones in the loaded groups at 7 and 14 

days had some expression of Collagen-2 with a significant increase in the average expression 

in the loaded ulnae at 7 and 14 days compared to the unloaded control group (Table 3). The 

ratio of expression of RANKL to OPG was significantly decreased in the right loaded ulnae 

compared to the ULC group at 4 hours. The ratio was then significantly increased at 7 days 

and 14 days (Figure 4). 

In the loaded animals, the expression of COX-1, IGF-1, SOST, SDF-1 and TNFα was also 

significantly increased in the contralateral (unloaded) left ulna compared to the ULC group at 

4 days after fracture. COX-1 and SOST expression was significantly increased in the left ulna 

at 7 days after stress fracture (Table 4).  

 

Discussion 

This study supports our hypothesis that stress fractures in the rat ulna heal by primary 

remodelling. It also establishes that remodelling proceeds directly along the fracture line after 

originating at the periosteal surface. The detailed histological examination clearly 

demonstrates osteoclasts entering the crack and resorbing bone along the fracture line, 

followed by osteoblastic lamellar bone formation within the resorption cavity. This pattern of 
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stress fracture healing in the rat ulna differs somewhat from classically described direct or 

primary bone healing, where BMUs emerge from vascular spaces and cross the fracture line 

[9, 33]. However even in larger mammals, rigidly compressed fractures will contain gaps 

along the fracture line. These gaps will fill in with new bone originating from the periosteum 

or endosteum [10, 34] in a similar manner to that seen in this model.  

It is interesting that the fatigue fracture is very slow to heal and that there are still areas of 

fracture present even at 10 weeks after loading. The failure of the deeper regions of the 

fracture to heal in this model is consistent with prolonged fracture healing seen in many 

clinical stress fractures and may explain why stress fractures commonly recur [13]. 

Remodelling activity was much more active at 2 weeks than at the later time points with very 

few osteoclasts or new resorption cavities evident after the 4 week timepoint. The initiation 

and vigorous healing of the fracture at its cortical exit point is likely to be due to greater 

exposure to the periosteum and the associated recruitment of vascular and progenitor cells of 

fracture healing. Because remodelling proceeds at a given rate, signalling from the fracture 

line may diminish over time, leading to decreased healing of the fracture line distant to the 

periosteal origin of BMUs.  

Gene expression data correlated well with the histological evidence that most of the active 

healing occurred in the first 2-4 weeks after fracture. The gene expression results 

demonstrated prominent upregulation of signalling factors especially within the first 7 days of 

healing while most increases in gene expression had returned to control levels by 14 days 

after fracture.  Primary fracture healing that occurs with rigid immobility is a much slower 

process than fracture healing that proceeds via callus formation. The rigid stability created by 

rapid formation of woven bone may also reduce the stimulus for fracture healing.  
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Receptor activator of nuclear factor kappa B ligand(RANKL) is produced by stromal cells 

and osteoblasts and is the primary ligand responsible for osteoclast differentiation and 

activation. Osteoprotegerin (OPG), also secreted by osteoblasts and their precursors, acts as a 

decoy receptor for RANKL and causes inhibition of osteoclastogenesis [35]. The ratio of 

RANKL/OPG correlates with levels of remodelling and increased RANKL/OPG ratios have 

been demonstrated in bone sustaining fragility fractures [31, 36]. In the current study, mRNA 

expression of OPG peaked at 4 hours after loading before slowly declining to normal levels 

by 14 days. This early increase in expression coincides with a significantly decreased 

RANKL/OPG ratio at 4 and 24 hours and the early, anabolic period of rapid and dramatic 

woven bone formation in response to the fatigue fracture. In contrast, RANKL mRNA 

expression did not increase until 4 days following fracture and peaked at 7 days, just 

preceding the onset of remodelling along the fracture line. The ratio of RANKL to OPG 

expression continued to follow the histological appearance of remodelling with the 

RANKL/OPG ratio significantly increased at 7 and 14 days after fracture when remodelling 

was becoming most active.  

The expression of COX-2 was significantly increased at 4 hours after loading and it remained 

up-regulated until 4 days after fracture. There was a biphasic increase in expression with 

distinct peaks occurring at the 4 hour and 4 day timepoints. The Cyclooxygenase (COX) 1 

and 2 enzymes are the rate limiting step in the conversion of arachidonic acid to prostanoids  

[37]. COX-2 is an inducible enzyme and through its production of prostaglandins (PG), 

especially PGE2, COX-2 plays a central role in both bone formation and bone resorption [37, 

38]. Early and sustained upregulation of COX-2 in the current study is consistent with 

overlapping roles in fracture healing. It is likely that COX-2 is contributing to early bone 

formation as well as the later remodelling response with its role determined by the changing 

mechanical, cellular and molecular microenvironment.  
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The regulation of COX-1 in bone biology has not been widely examined [37]. Although its 

level of expression was lower than that of COX-2, COX-1 expression was moderately 

increased with a significant, 4.7-fold increase in expression 4 days after fracture. COX-1 is 

induced by TGFs in osteoblastic MC3T3-E1 cells [39] and the increase of COX-1 in the 

current study may reflect an abundance of growth factors and high level of cellular activity in 

response to fracture.  

The most dramatic increases in mRNA gene expression were seen with IL-6 and IL-11. IL-6 

and IL-11 are cytokines with multiple functions including immune regulation, inflammation, 

haematopoiesis and oncogenesis. They share the gp130 signal transduction unit along with 

other members of the IL-6 family of cytokines [40]. IL-6 and IL-11 are co-regulated pro-

resorptive cytokines and have been shown to activate osteoclast activity in RANKL 

dependant and independent pathways in vitro [40-44]. IL-6 showed a 220-fold increase in 

expression at only 4 hours after fracture. The dramatic peak expression of a pro-resorptive 

cytokine in this early, primarily anabolic period of healing is very interesting and points to a 

broader role of IL-6 in fracture healing and bone remodelling. The magnitude of the IL-6 peak 

in expression coinciding with the initiation of woven bone formation suggests that IL-6 may 

be involved in signalling for this new bone. There is in vivo evidence that IL-6 regulates bone 

formation during fracture healing. For example, localised addition of PTH fragments, IL-6 

and the soluble IL-6R to a complete tibial fracture in the rat markedly improved mechanical 

strength of the fracture compared to control fractures [45].  

Expression of IL-11 also increased by 78-fold at 24 hours and 38-fold at 4 days after fracture 

compared to unloaded controls. IL-11 can also mediate bone formation, when acting in 

combination with BMP-2 [46]. IL-11 and BMP-2 acted synergistically in vivo to accelerate 

ectopic bone formation in rats and in repair of segmental bone defects in rabbits [47, 48]. 
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Moreover, transgenic mice over-expressing human IL-11 exhibited increased bone formation, 

without affecting bone resorption or osteoclastogenesis [49]. The role of IL-11 in 

osteoblastogenesis is possibly mediated by enhancing the effect of BMP-2 and inhibiting bone 

marrow adipogenesis [49]. Although expression of BMP-2 in the current study peaked at 4 

days after loading, expression was already more than doubled by the 4 and 24-hour timepoints 

consistent with a possible synergistic effect with IL-11 to promote bone formation. It is 

possible that some of the increase in expression for IL-6, IL-11, COX-2 and VEGF is in 

response to mechanical strain [38, 50-54]. Ulna loading creates high strains under both 

tension and compression and the very early expression of these genes could reflect the 

prolonged cyclic loading that occurs before a fatigue fracture develops. These patterns of gene 

expression need to be examined in a simple loading model without fatigue to distinguish these 

functions. 

The expression of COX-1, IGF-1, SOST, SDF-1 and TNFα was significantly increased in the 

unloaded left ulnae compared to the ULC group at 4 days after fracture and SOST and COX-1 

expression was significantly increased in the left ulna at 7 days after fracture. These results 

are intriguing and suggest that systemic factors are exerting effects at sites distant to the 

fractured limb. An increase in remodelling and bone turnover in the bone adjacent to a 

fracture was described by Frost [55] as the regional acceleratory phenomenon (RAP) and has 

been demonstrated in numerous subsequent studies [56-58]. However, a systemic increase in 

bone turnover is not well recognised. A significant increase in mineral apposition rate and 

bone formation rate was found in both tibia and a lumbar vertebrae 7 days following the 

creation of a burr hole defect in only one tibia in a rat model [58]. This provides evidence of a 

systemic acceleratory phenomenon (SAP) as well as a RAP. More recently, Sample et al 

(2008) clearly demonstrated periosteal modelling in the ulna and humerus in the opposite, 

unloaded forelimb following a single bout of ulna loading. This was associated with 
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alterations in bone neuropeptide concentrations suggesting neuronal mediation of this 

systemic response. Increased levels of circulating cytokines, growth factors or hormones are 

other factors that could be responsible for mediating increased gene expression in bone cells 

in the opposite limb [59]. Although it is not possible to determine what these factors might be 

from the current study, increases in gene expression in the limb opposite to the loaded ulna 

provide further compelling evidence that active fracture healing or remodelling can stimulate 

systemic signalling for bone turnover that might lead to a SAP.  

VEGF is a potent stimulator of angiogenesis and is an important mediator of bone 

development and regeneration [60]. There was a significant increase in VEGF mRNA 

expression at 4 hours after loading and expression returned to control levels for the remaining 

timepoints. In contrast, a peak VEGF expression was seen at 7 days in a rat model of 

complete fracture healing [23]. Early upregulation of VEGF at 4 hours in the current study is 

consistent with a previously reported rapid increase in periosteal vascularisation in the first 1-

3 days after fracture [61, 62] and an increase in blood flow to the bone at 5 days after loading 

[17] in the rat ulna model. Wohl et al [63] also demonstrated an increase in expression of 

VEGF at 24 hours, as well as increases at 4 and 7 days after loading. The increased duration 

in expression of VEGF compared to the current study may be due to differences in the level 

of damage induced during loading, and consequent vigour of the woven bone response. As 

well as stimulation of angiogenesis, necessary for delivery of progenitor cells, VEGF may 

directly stimulate bone formation by signalling for growth factor production in endothelial 

cells adjacent to osteoblasts and osteoblast precursors [64]. In addition, VEGF mediated 

angiogenesis may contribute to early activation of remodelling, as endothelial cell-derived 

cytokines and growth factors contribute to osteoclast recruitment, delivery and migration into 

sites of remodelling [60]. This is supported by the significant increase in expression of 

Stromal cell-derived factor-1 (SDF-1) at 4 days after fracture. SDF-1 is a haemopoietic cell 
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chemokine produced by vascular endothelial cells, that has important roles in chemotaxis, 

early development and survival of osteoclasts [65, 66].  

Osteopontin (OPN) is an abundant non-collagenous protein of the extra-cellular matrix of 

bone and through its interaction with the integrin family of cell adhesion molecules, OPN 

regulates many cellular actions associated with angiogenesis and mineralisation [67]. OPN is 

also important in the processes of osteoclast motility and bone resorption [68]. In this study 

OPN showed 2 peaks in expression with significant increases seen at 4 hours and again at 4 

and 7 days after fracture. This pattern of expression highlights the multiple functions of OPN 

in bone remodelling and tissue mineralisation.  

There is considerable evidence that osteocyte apoptosis stimulates “targeted remodelling” of 

microdamage [29, 69] however in the pro-apoptotic factor BAX and the anti-apoptotic factor 

Bcl-2 did not show increased expression at any timepoint. Positive immunoreactivity has been 

demonstrated for BAX in osteocytes adjacent to the fracture, and Bcl-2 in cells distant to the 

fracture seen in this model [29] but the number of osteocytes involved may not be enough to 

change the gene expression when the whole bone is analysed.  

The results from this study display distinct changes in expression of cytokines and growth 

factors at different stages of fatigue fracture remodelling and demonstrate a clear temporal 

cascade of signalling events occurring over the first 14 days of healing. The pattern of 

signalling correlates well with the histological appearance of fracture healing with expression 

of genes associated with vascularisation, bone formation, osteoclastogenesis and chemotaxis 

preceding the corresponding cellular activity. The very early period after loading at 4 and 24 

hours was characterised by prominent upregulation of IL-6, IL-11, COX-2, OPN and VEGF. 

These factors are potential mediators of both formation and resorption of bone and are thus 



 23 

likely to be involved in initiating a coordinated remodelling and repair response to the 

fracture.  
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Figure Legends 

Figure 1. Transverse sections (5µm) of ulna showing the typical appearance of the stress 

fracture (arrow head), woven bone (WoB) and remodelling with basic multicellular units 

(BMU, black arrows) progressing along the fracture from the periosteal margin of the cortex. 

A. At 2 weeks after loading there is active resorption with a large BMU progressing along the 

fracture line. There are cuboidal-appearing osteoblasts and a small amount of new bone in the 

trailing edge of the BMU. B. At 4 weeks remodelling has progressed further along the 

fracture line. There is still active resorption at the front of the BMU and there is an increased 

amount of new bone. C. At 6 weeks there is much less active resorption and the BMU is 

almost completely filled with new bone. D. At 10 weeks there is almost complete healing 

along the fracture line although there are still small regions of fracture at this level that have 

not been remodelled (triangular arrow). 

Figure 2. (A) TRAP staining 2 weeks after loading. Note the multinucleated osteoclasts (red 

staining) at the leading edge of the BMUs (arrows) that are progressing along the fracture line 

(arrow heads). (B) TRAP staining 4 weeks after loading. There are still osteoclasts (red 

staining) within the BMU (black arrows). New bone formation can now be observed filling 

the remodelling unit along the fracture line, with TRAP visible at the cement line (arrow 

heads) (C) TRAP staining 6 weeks after loading. The BMU has largely completed filling of 

the remodelling unit with TRAP observed at the cement line. Bar = 50 um. 

Figure 3. Histomorphometry results. A. Graph showing percent (%) of fracture length 

occupied by resorption (Resorption length % = SFx.Po.Le/SFx.Le %), healed new bone 

(Healed length % = SFx.He.Le/SFx.Le %) and BMU (BMU length % = BMU.Le/SFx.Le %). 

B. Graph showing area (µm2) of resorption within the BMUs (Resorption area = SFx.Po.Ar), 
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area of healed new bone within the BMUs (Healed area = SFx.He.Ar) and total area of BMUs 

(BMU area = BMU.Ar). See table 2 for significant values. 

Figure 4. Change in gene expression for (A) IL-6, (B) IL-11, (C) COX-1, (D) COX-2, (E) 

IGF-1, (F) VEGF, (G) SDF-1, (H) RANKL, (I) OPG; and, (J) ratio of RANKL/OPG in the 

right loaded (Right) and the opposite left unloaded (Left) ulnae at 4 hours (4h), 24 hours 

(24h), 4 days (4d), 7 days (7d) and 14 days (14d) after loading. Significant increases in 

expression for right or left ulnae compared to the separate un-loaded control group (ULC) are 

designated as a P< 0.05; b P≤0.01; c P≤ 0.001; d P≤ 0.0001. mRNA expression is relative to 

GAPDH. 
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