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ABSTRACT 
 
 

Injuries of the hands and wrist are prevalent in many occupations requiring repetitive 

tasks and may be further aggravated by advancing age; these injuries are termed work related 

musculoskeletal disorders (WMSDs). Prior studies using an innovative operant rat model of 

reaching and grasping as a model of WMSDs demonstrated exposure dependent changes in 

forelimb bones of young adult rats performing repetitive tasks ≤ 3 months. No one has yet to 

examine if aging enhances forelimb bone degradative changes occurring with WMSDs, or if 

forelimb bones adapt or degrade further in response to moderate versus high demand repetitive 

tasks performed for prolonged time periods (up to 24 months).    

Bone remodeling is a normal biological process that allows bones to adjust to strains. 

Unfortunately, both aging and inflammation can deregulate the balance between bone resorption 

and formation. Aging mammals display increased baseline inflammatory-cytokine levels, both 

systemically and at the tissue level. Several inflammatory cytokines have been shown to 

stimulate osteoclastogenesis leading to bone resorption and reduced bone formation. We have 

reported increased production of inflammatory cytokines in serum and musculotendinous tissues 

of aged animals performing a repetitive reaching and grasping tasks for up to 12 weeks, 

warranting further examination of whether aged rats performing these tasks have increased bone 

resorptive changes, compared to young adult rats. We hypothesized that aging would enhance 

bone degradative changes in our model as a consequence of increased bone inflammatory 

responses to a moderate demand repetitive task. Therefore, our first aim was to examine forearm 

grip strength, trabecular and cortical bone quality, and inflammatory cytokine levels in radii of 

mature (14-18 mo of age) and young adult (2.5-6.5 mo of age) female Sprague Dawley rats after 

performance of a high repetition low force (HRLF) task for 12 weeks, compared to each other and 

age-matched controls. We found that mature rats performing a moderate demand repetitive task 

for 12 weeks had decreased bone formation and quality, particularly cortical bone quality, 

compared to young adult rats performing the same task, with increased inflammatory and 

decreased anti-inflammatory responses, and perhaps lower grip strength, as likely contributors. 

An adaptive bone response was observed in young adult animals performing a moderate level 
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task of high repetition low force for 12 weeks. In contrast, a previous study showed bone 

degradative changes in young adult rats performing a high demand task of high repetition high 

force task for 12 weeks.  

Osteocytes are the mechanosensing cells of bones, and disruption or changes to their 

environment can lead to apoptosis or molecular changes. In models of forced bone loading to 

bone fatigue, osteocyte apoptosis increases sclerostin levels and osteoclast recruitment. 

Increased sclerostin also leads to increased RANKL production. In contrast, low level loading for 

a short period reduces sclerostin levels and encourages bone formation. We hypothesized that 

long-term muscle loading at high repetition low force loads would induce further bone adaptation, 

but that long-term high repetition high force muscle loading would result in detrimental bone loss, 

as well as alterations in these two bone remodeling proteins, RANKL and sclerostin. 

Therefore, our second aim was to determine if prolonged performance of a moderate 

demand upper extremity reaching and grasping task by young adult rats would continue to 

enhance forelimb bone formation and quality. We hypothesized that continued performance of a 

high repetition low force (HRLF) task for 24 weeks would lead to increased bone formation. We 

also hypothesized that RANKL and sclerostin, two proteins that have not been investigated in our 

rat model of WMSDs, would be reduced in rats performing a HRLF task for 24 weeks, as the 

bones reach adaptation. We found that 24 week HRLF rats showed several indices of bone 

formation and adaptation to the task; as well as reduced sclerostin immunoexpression, compared 

to controls, a reduction that likely contributed to the enhanced bone formation. 

To expand on this investigation, in our third aim, we investigated the impact of 

performance of a high repetition high force (HRHF) task for 18 weeks on young adult rat forelimb 

bones, and on sclerostin and RANKL levels. We observed detrimental trabecular bone 

remodeling in the radius, including decreased trabeculae bone volume, number and thickness, 

increased trabecular separation and anisotropy, and a transition to rod-shaped trabeculae in 18-

week HRHF task animals, compared to food restricted control rats. In the 18-week HRHF rats, 

osteoclast numbers increased and osteoblast numbers decreased, concomitant with increased 

osteocyte apoptosis and empty lacunae, compared to control rats. Also, mRNA and protein levels 
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of RANKL increased and sclerostin decreased  in the 18-week HRHF rats, compared to to control 

rats. Thus, prolonged performance of a high demand task of high repetition high force induced 

detrimental trabecular bone changes. The increased RANKL likely contributed to these changes, 

and although sclerostin level decreased, a change that should contribute to enhanced osteoblast 

activity, bone formation was not rescued. 

In conclusion, prolonged performance of a HRLF task by young adult rats leads to 

reduced sclerostin levels and increased bone formation and bone quality. Aged rats performing 

the same HRLF task showed increased bone degradative changes that might increase fracture 

risk. In contrast, prolonged performance of a HRHF task by young adult rats leads to increased 

bone resorption and degradation, changes associated with RANKL expression. Sclerostin levels 

were reduced by the HRHF task, but failed to rescue bone formation.  
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

Work-Related Musculoskeletal Disorders (WMSDs) 

Work-related musculoskeletal disorders (WMSDs) are also known as repetitive strain 

injuries, repetitive motion injuries, overuse injuries, and are the most reported type of 

occupational illnesses [1]. More than 388,060 WMSDs were reported in 2012 by state, local 

governments and private industries. WMSDs are disorders of the muscles, nerves, tendons, 

ligaments, joints, cartilage, or spinal disks in several body regions including the neck, back, lower 

extremities, shoulder, elbow, wrist and hands in response to identified risk factors in the 

workplace [1]. Forceful and/or repetitive motions are the leading cause of these disorders. 

Ergonomic injuries involving upper extremities account for 34% of all WMSDs, require an average 

11 days away from work and are estimated to cost over $61 billion annually [1]. Despite 

widespread awareness, this type of injury remains prevalent in the workplace, partly due to a lack 

of clarity regarding the inducing risk factors or an inability to avoid contributing risk factors.  

Risk factors for these types of injuries include prolonged performance of jobs that require 

high repetition, high force, awkward positioning of the hand or wrist, vibrations and cold 

temperatures. Prolonged exposure to each of these risk factors can lead to a cumulative overload 

of tissues, which is an accumulation of small injuries that adds up to more than the tissues can 

repair. There may also be a sustained inflammatory response as a consequence of repeated 

tissue injury with subsequent cytotoxicity or proliferative induction on immune cells and 

fibroblasts. A tissue tolerance model was postulated by Barr and Barbe [2] (Figure 1.1), whereby 

a cyclical tissue injury and inflammatory response is induced by performance of repetitive and 

forceful tasks in an exposure-dependent manner (with exposure defined as duration, level of 

repetition or force).  If the loads are low enough, than baseline tissue tolerance is maintained and 

the tissues repair and adapt to the load. However, if loads exceed tissue tolerance levels or the 

ability of the tissues to repair, then pathological tissue reorganization and degeneration may 

result (Fig 1.1). 
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Figure 1.1 – Model of hypothesized long-term effects of repeated tissue inflammation on tissue 
tolerance.  Used with permission from the authors, Barr, A.E et al. 2003 [2]. 
 
 

Pro-inflammatory cytokines are involved in many pathological and physiological 

conditions. Figure 1.2 below describes the role and mechanism of systemic distribution of 

cytokines in widespread sustained WMSDs. Identification of cytokines that can be used as 

biomarkers indicating tissue pathologies is a major current area of interest in our laboratory.  

Once identified, they can be used as diagnostic tools allowing medical practitioners to rapidly 

prescribe the proper treatment protocol to prevent further damages. Chemical, cellular, structural 

changes, including an increase of inflammatory cytokines within tissues can trigger permanent 

modifications to bone and cartilage, for example, increasing risk for osteoarthritis, osteoporosis, 

cartilage degeneration and fractures [3, 4]. However, the long-term effects of WMSDs or overuse 

injuries have yet to be fully evaluated on forelimb bones.  
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Figure 1.2. Systemic distribution of cytokines during sustained inflammation leading to 
widespread WMSD. Performance of a repetitive task unilaterally leads to local inflammation that 
gets resolved upon stimulus cessation allowing for healing. Persistent sustained stimulus allows 
for cytokines entering the circulation leading to a systemic widespread response leading to a 
generalized up regulation of pro-inflammatory cytokines. Adapted from Barr et al, 2003 [5]. 
 

Aging influences the risk of WMSD-related bone changes 

 
Aging is known to increase the risk of WMSDs. Publications have reported that people 

aged over 40 have 50% more chances of developing WMSDs [6] than their younger peers and an 

increased risk of developing neck, shoulder, arm and hand disorders [7, 8].  A 5% increase in the 

WMSD incidence rate was reported in 2010 among workers aged 45 to 54 [1]. Workers over 65 

years of age required a longer amount of time to recuperate from WMSDs with a median of 16 

missed work days compared to the national median average of 11 days. Bone density and quality 

losses increase significantly with aging. Turner observed that as bone ages, there is a diminution 

of toughening mechanisms  within bone (resilience of bone to endure bending, tension and 

impact) [9] and also an accumulation of microdamage involved in this increased fragility [10]. 
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Cracks propagate easier through old bone tissue, remodeling slows down and the bone becomes 

more brittle. Crack propagation is probably caused by changes in collagen quality due to non-

enzymatic cross-linkages [9]. Turner also reported that the mechanical loading threshold force 

needed to induce bone formation in rats was increased with aging [11], which partially explains 

the decrease in bone formation observed in the elderly. As the workforce ages, it becomes 

imperative to understand the impact of repetitive-loading induced WMSDs and its sustained 

inflammation on bones due to the possible risk of increasing osteopenia/osteoporosis and related 

bone fractures, which are already financial burdens that are predicted to increase [12]. 

Recent publications from our lab using a rat model of WMSDs have shown that aging 

enhances a pro-inflammatory serum cytokine response induced by HRLF task performance 

[13, 14]. Our aged rats also had increased cytokines in spinal cord neurons when compared to 

their younger peers performing the same task [15, 16]. This is not surprising since other animal 

studies have also shown that with advancing age that there is a deregulation of the immune 

system leading to chronic, low grade inflammation that is now known as “inflamm-aging” 

[13, 17, 18]. “Inflamm-aging” is now considered as one underlying cause of the aging process. 

Franceschi et al showed that this inflamm-aging is detectable in aging mammals even in the 

absence of tissue damage, diagnosed injuries or diseases and is involved in many age-related 

conditions [18].  Exercise with moderate loading has been shown to increase bone metabolism 

markers within the serum of elderly men, but does not reduce the levels of low-grade aging-

related increases in interleukin 1 beta (IL-1β), a principal stimulator of bone resorption [19]. As 

mammals age, their sex hormones also change, affecting the delicate balance of many biological 

events within the body. Bone density loss significantly increases with normal aging, especially for 

post-menopausal women due to reduced estrogen levels [20-22]. 

Gender influences the risk of WMSD bone changes 

 
Along with aging predisposition, gender affects susceptibility to WMSDs. For example, 

carpal tunnel syndrome (CTS), a form of WMSDs, is more common in females than males at a 

ratio of 7:3 [23]. Women display an increased risk of developing WMSD when performing the 
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same task as men [6]. This could be due to the “vulnerability hypothesis”, where exposure to the 

same risk factors induces a greater effect on women than men as a result of hormonal  and 

physiological differences [6]. A 3-year prospective study of musculoskeletal symptoms or 

disorders in computer operators showed that female gender increases the risk of developing 

musculoskeletal symptoms [8]. These changes may be because bone metabolism is under 

hormonal control.  Sex steroids are known to influence the skeleton during bone growth and 

remodeling. Estrogen is a regulator of both osteoblast-mediated bone formation and osteoclast-

mediated bone resorption. Multiple bone studies of ovariectomized (OVX) rodents, used as a 

model of menopausal aging women, have demonstrated the effect of hormonal changes on bone 

quality, density and morphology [24-32]. Furthermore, similar studies have shown how low-

repetition jumping loading is beneficial to bones by restoring production of osteocalcin and bone 

mass density (BMD) to levels seen in non-OVX rats [33, 34]. Emerton reported that estrogen 

reduction by OVX leads to increased apoptosis in osteocytes [35], cells necessary for dampening 

osteoclastic activity. Osteocyte apoptosis has been linked to increased osteoclastic activity and 

osteoporosis [36-38]. Lastly, prevention of apoptosis in OVX mice by pharmacological inhibition 

prevents bone resorption [35].  

Decreases in estrogen levels has been shown to increase levels of interleukin-6 (IL-6) 

and tumor necrosis factor alpha (TNF-α), because, for one, estrogen deficiency activates T cells 

production of cytokines. IL-6 and TNF-α, can also stimulate osteoclastogenesis through the 

receptor activator of nuclear factor kappa-B ligand (RANKL) pathway [39]. A decrease in estrogen 

can trigger inflammation that can worsen the existing conditions and pre-dispose age-related 

diseases like osteopenia and osteoporosis. The reduction in bone “toughening” is also amplified 

in estrogen-deficient females [9].  
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BONE BIOLOGY 

 
 Before covering the previous literature and publications pertaining to the impact of 

loading and inflammation on bones, a quick review of bone biology, pathways and cellular 

composition is in order.   

The Wnt Pathway in Bone 

The Wnt pathway is one of the most important signaling pathways in skeletal biology, 

based on the negative effects on bone phenotype that a mutation in the low-density lipoprotein 

receptor-related protein 5 (LPR-5) produces, a receptor of this pathway [40]. The Wnt pathway is 

absolutely required for loading-induced bone formation [41]. Its inactivation in mesenchymal 

progenitor cells prevents osteoblast differentiation [42] and directs mesenchymal cells 

differentiation towards the adipocyte or chondrocyte lineage [40]. Reviews by Baron 2007 and 

Bonewald 2008 explain that binding of a ligand of the Wnt family of proteins to a coreceptor 

complex composed of a frizzled (Fz - a G protein-coupled receptor complex) and the low-density 

lipoprotein receptor-related protein 5/6 (LPR5/6) [43] recruits a variety of proteins to the C-

terminal of the now activated receptors. Disheveled (Dvl) is then recruited and modified [41]. The 

modification to Dvl depends on the nature of the Wnt protein bound, dictating the activation of one 

of the pathways:  canonical, noncanonical or Ca2+. In the case of bone formation, activation of 

the Wnt canonical pathway would activate bone formation. This involves stabilization and 

increase of β-Catenin within the cell cytoplasm, by preventing the activation of kinase 3B (GSK-

3B), a change that would normally phosphorylate β-catenin, tagging it for ubiquitination and 

subsequent degradation. Inactivation of GSK-3B allows for accumulation of β-catenin, leading to 

its nuclear translocation and association with bone-involved transcription factors, e.g. Tcf/Lef. 

This regulates Wnt targeted genes involved in osteoblast proliferation, stimulation of Runx2 gene 

expression, reduces osteoblast apoptosis and increases mineralization activities by alkaline 

phosphatase (ALP). Wnt signaling is regulated by decoy Fz receptors which segregate Wnt 

proteins, by dickkopt (Dkk), and also by competitive proteins like osteocyte-produced sclerostin 

which prevents binding of Wnt proteins to the LRP5/6 receptors [43]. Mechanical loading reduces 

sclerostin protein levels [44, 45], allowing binding of Wnt protein and activation of the Wnt 
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canonical pathway, leading to bone formation. Wnt signaling affects bone formation by osteoblast 

differentiation and activation, and also interferes with osteoclast differentiation [42] as Wnt/B-

catenin signaling suppresses osteoclast differentiation by regulating osteoblast expression of 

osteoprotegerin (OPG) [40]. OPG is a competitive inhibitor of osteoclastogenesis, and is 

explained later in this dissertation.  

 

Impact of Repeated Loading on Cartilage and Bone Cells 

Bone remodeling and cartilage maintenance is a normal, homeostatic process mediated 

by chondrocytes, bone-forming osteoblasts, bone-resorbing osteoclasts and mechano-sensing 

osteocytes.  Bone remodeling is triggered by mechanical loading (muscular and/or cyclical), 

growth, injuries such as microcracks or fractures, and various local or systemic cytokines, 

chemokines and hormones. During active remodeling, bone matrix is resorbed and replaced 

where needed to respond to the loading demands on the bone.  Many studies have demonstrated 

an anabolic effect of loading on bones in case studies or animal models [46-58] . Other studies 

show that depending on the intensity, frequency and form of loading, bone loading can also result 

in long-term damage, excessive resorption and detrimental changes to the cartilage and bone 

[10, 59-66].  Excessive pressure on the articular joints can induce subchondral bone changes, 

tissue damage, increased inflammation with phagocytic cell infiltration, increased blood vessel 

invasion, and eventually cartilage calcification [3, 4, 67]. Chondrocytes proliferate within the 

articular cartilage maintaining the cartilaginous matrix made principally of collagen type II and 

proteoglycans, and are the only maintenance cell within the cartilaginous matrix. In contrast, bone 

tissue maintenance and repairs involves multiple cell types. During bone remodeling, a delicate 

balance between osteoblast and osteoclast function, orchestrated by osteocyte signaling, dictates 

the outcome of loading on bone. 
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Cells involved in Bone and Cartilage Remodeling 

 
 
Figure 1.3. Bone cells involved in remodeling. Illustration adapted from Ross and Pawlina; 
Histology Atlas. 5th Edition. [68] 
 

Chondroblasts and Chondrocytes in Joint Articular Cartilage 

Chondrocytes originate from mesenchymal cells and are the cells responsible for 

cartilage synthesis and its maintenance. Transcription factor (sex determining region Y (SRY) –

box 9 (SOX9) allows for mesenchymal cells to become osteochondroprogenitor (osteoblasts and 

chondrocytes’ precursor). Chondrocytes start as chondroblasts producing type II collagen, 

aggrecan, proteoglycans and glycosaminoglycans making the cartilaginous matrix found at the 

extremities of many long bones, cushioning the articulations at the joint. Chondroblasts that 

become embedded in individual lacunae within the cartilaginous matrix then become 

chondrocytes. Chondrocytes maintain the cartilage matrix throughout life. Cell population of 

chondrocytes reduces with age. Hypertrophic chondrocytes are an important source of receptor 

RANKL for osteoclast differentiation [69-71]. During growth, chondrocytes are present within the 

epiphyseal plate, becoming hypertrophic and releasing factors necessary for osteoblasts, 

osteoclasts and endothelial cells invasion and proliferation to lengthen the bone. Joint loading, 

inflammation and stress fractures that extend within the cartilage can lead to severe structural 

and cellular damage in the cartilage [72]. Osteoarthritic (OA) patients with damaged cartilage 

joints commonly demonstrate subchondral sclerosis probably triggered by biochemicals released 
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by apoptotic joint cells. Although, cartilage changes were not the focus of this dissertation, future 

studies in our lab could expand into this area of research.  

Bone Lining Cells - Effector Cells on Stand-by  

 Bone lining cells are flat cells that line non-remodeling endosteal bone surfaces. They are 

oval-shaped mononucleated cells. They display gap junctions with other bone lining cells and can 

send cell processes down into bone surface canaliculi.  They originate from the same lineage as 

osteoblasts, described further below. They are believed to be a source of already determined and 

committed osteogenic cells, also known as dormant osteoblasts. Bowman and Miller showed that 

bone lining cells could be stimulated by estradiol injections to proliferate in male quail to 

differentiated osteoblasts that can produce bone matrix  [73].  

Osteoblasts Reallocate Bone During Remodeling as Needed 

Osteoblasts are derived from Runx2 expressing progenitor cells of the 

osteochondroprogenitor lineage which originate from mesenchymal cells, as described for 

chondrocytes. Osteoblasts are cuboidal mononucleated cells normally found at the bone surface, 

and are the producers of the bone matrix. Osteoblasts lay new osteoid made of collagen type I 

fibrils along with calcium phosphate that will eventually mineralize to hydroxyapatite crystals 

under the enzymatic activity of alkaline phosphatase (ALP). Markers of osteoblasts are 

osteocalcin, bone sialoprotein (non-collagenous protein involved in apatite crystal formation), 

osteopontin (also known as bone sialoprotein-1), collagen type 1, macrophage colony-stimulating 

factor and ALP. Osteoblasts are also an important source of RANKL that stimulates activation 

and differentiation of osteoclasts [69].  

Osteocytes – The Mechanotransducers of Bone 

 Osteocytes are the most abundant cell type in bones estimated to correspond to 90% of 

all bone cells. Osteoblasts become osteocytes after being embedded within the bone matrix that 

they laid. They have a stellate shape and are normally evenly distributed within the calcified bone 

matrix [74-76]. The osteocyte cell membrane is surrounded by interstitial fluid and extracellular 

matrix, in which microtubules are embedded to transmit extracellular matrix mechanical changes 
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to the osteocyte actin filaments [77]. Osteocytes are connected to each other via canaliculi within 

the matrix through which they extend their processes, and are also connected by gap junctions at 

their dendritic tips. They are believed to be the bone sensing cells involved in 

mechanotransduction, and thus are key regulators of bone remodeling. The exact mechanisms 

by which they do this is still up for debate, although recent studies have indicated that they do so 

by releasing biochemical factors and signaling molecules, such as bone morphogenetic proteins 

(BMPs), Wnt proteins, prostaglandin E2 (PGE2) and nitric oxide (NO) [78]. They also release 

sclerostin, a potent inhibitor of bone formation which blocks the Wnt pathway (sclerostin will be 

described in detail later in this chapter), directly affecting osteoblast and osteoclast differentiation 

and activity [79, 80]. Osteocytes express osteoblast stimulating factor-1 (OSF-1), after local 

damage in the form of microcracks occur, or after mechanical or muscular loading [81]. It was 

recently observed that in the absence of viable osteocytes, intra- and endocortical mineralization 

is impaired [38].  Osteocyte-produced sclerostin is of great interest in our overuse injury model, 

as it has been shown to down regulate after mechanical loading and up regulate with disuse or 

cell stress [45, 82] .  Osteocyte apoptosis increases in vivo after microdamage following loading-

induced fatigue [63, 66]. Microdamage compromises the osteocyte environment, disrupting the 

fluid flow consequently reducing nutrients and oxygen supply to the embedded cells and creating 

oxidative stress [36].  

Osteocytes are also an important source of RANKL [72], as well as the receptor activator 

of nuclear factor k B (RANK) inhibitor osteoprotegerin (OPG) [80]. Osteocyte death has been 

shown to increase RANKL protein levels and osteoclastic bone resorption [83] but surprisingly, 

the neighboring healthy osteocytes are the cells producing increased amount of RANKL [72]. 

Recent publications suggest that osteocytes play an important role in controlling bone resorption 

from going aberrant [38, 84-86]. On the other hand, new evidence has recently hinted that 

osteocytes send inhibitory signals to osteoclasts preventing bone loss during normal loading [87]. 

A study in 2007 by Tatsumi et al. showed that osteocytes are essential to bone resorption [38]. In 

an unloading mouse model, in which ~80% of the osteocytes were experimentally ablated, bone 

resorption and bone loss was fully prevented compared to control mice subjected to the same 
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treatment, in which the osteocyte population was intact [38]. This same study surprisingly showed 

that bone formation does not require the presence of living osteocytes. The  experiments also 

demonstrated that osteocyte elimination increased osteoclast activity [38] under normal 

conditions. Osteocytes are necessary to maintain healthy bones. These transgenic mice might 

have been resistant to unloading-induced bone loss but showed fragile bone with increased 

porosity, microfractures, osteoblast incompetency and trabecular bone loss with deterioration 

[38].  This effect of osteocyte apoptosis on osteoclast activity, induced by either too high or too 

low loading forces, is an essential step for osteoclast recruitment [88]. It is still unclear if this 

effect was due to osteoclastogenic cytokines, products of osteocytes or apoptotic cellular 

remnants that are chemotactic for phagocytic action [83] . TNF-α was shown to contribute to 

osteocyte apoptosis [77, 89], thus TNF-α can influence levels of RANKL. Since this study will 

focus on the loading sensitive osteocytes and the impact of repeated loading of bone on 

sclerostin and RANKL bone modulation, a thorough description of these proteins with additional 

published data comes later in the chapter.  

 

Figure 1.4. Model depicting the mechanisms by which osteocytes are believed to influence bone 
resorption/formation. pOC:osteoclast precursor. pOB: osteoblast precursor. Adapted from Xiong 
et al. 2012. [72] 
 

Osteoclasts – Reallocate Bone as Needed During Remodeling 

Osteoclasts are the bone resorption cells that originate from the fusion of monocyte-

macrophage cells. They are large (approximately 40μm in size) multi-nucleated cells with a 
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ruffled bottom in contact with the bone matrix. They secrete hydrochloric acid, cathepsin K 

(protease for collagen type 1), TRAP (tartrate resistant acid phosphatase), matrix 

metalloproteinases 9 and 13 (MMP-9, MMP-13 endopeptidases), which once activated dissolve 

the bone matrix creating a resorption pit underneath the cell. Osteoclasts are identified using 

various histochemical and immunohistochemical techniques such as TRAP staining, anti-ED1, 

anti-CD68 (an antibody that detects CD68 a 90kDa lysosomal membrane–bound glycoprotein 

found on osteoclasts, activated macrophages and their progenitor cells) [90, 91]. Osteoclasts are 

regulated by parathyroid hormone (PTH), calcitonin (from the thyroid gland) and cytokines like IL-

1β, IL-6 and TNF-α [69, 71, 92] .  Activation is mediated by binding of osteoblast or osteocytes 

produced osteopontin (OPN) or RANKL. TGF-β enhances osteoclast differentiation in vitro which 

is also released from  the matrix during bone resorption [93] creating a positive feedback loop. 

The effect of RANKL variation and loading on osteoclasts is further explained later in this chapter. 

BARR & BARBE ANIMAL MODEL OF VOLUNTARY LOADING FOR THE STUDY OF WORK 

RELATED MUSCULOSKELETAL DISORDERS (WMSDS) AND OVERUSE INJURIES 

 
In vivo experiments are essential when it comes to studying mechanisms involving the 

effect of inflammation on tissues and cells. Conflicting results can be obtained based on 

comparisons of in vivo and in vitro experimental designs. Cytokine interactions encompassing 

multi-interactive effects involved in cross-talk and feedback are lacking from many in vitro 

experiments.  Many studies have looked into the effects of mechanical, cyclical loading or 

surgically-induced caused injury on bones and other tissues using various animal models.  

 Drs. Barr and Barbe have developed a voluntary repetitive strain injury rat model using 

female Sprague-Dawley rats trained to perform a lever pulling task for a food reward.  As most 

work-related injuries normally occur following voluntary repetitive movements and actions, it is 

important to cause and trigger the injury in a similar manner to observe similar effects and 

consequences. Forced mechanically loaded animals do not have the option to voluntary reduce 

the effort, force and frequency of the motions leading to loading and discomfort. Using an animal 

model also eliminates the population variation observed in some bone mass density studies  due 
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to ethnicity, age, sex, hormonal status, diet and life style [94, 95]. Rats in this operant model are 

trained to perform a reaching and grasping task mimicking the posture, repetitive nature and 

exposure of many upper extremity work occupations [96]. Using this model, the frequency 

(repetition) and force can be adjusted to investigate the impact of various demand levels on 

tissues. Force level and repetition rate were established based on epidemiological evidences for 

risk exposure in humans [2, 97-99]. The maximum pulling force (MPF) of the rat is determined as 

naïve, and used to establish the level needed for the pulling force. Table 1.1 shows the different 

task parameters. The animal is cued and encouraged to reach at a target reach rate, although 

since this is a voluntary task, rats tend to overreach.  All rats, except for NC rats, are food-

restricted for a short period (no more than 7 days) to 85-95% of their naïve weight to initiate 

interest in the food pellets. After that first week, rats are given extra rat chow, weighed weekly, 

and their food adjusted weekly to maintain 95% body weight of age-matched controls, until 

euthanasia. Rats are randomly assigned to a group and go through an initial training period to 

learn the task for 10 min/day, 5 days/week, for 4–6 weeks. Training and task performance will be 

described in details in following chapters. Briefly, rats are trained to perform the reaching and 

handle-pulling tasks at the appropriate reach rate and force requirements for a particular task, as 

previously described [15, 100], and  learn to perform  the task during this training period, reaching 

the target reach rate and force requirements for their respective group in their final week of 

training. Rats are normally trained at the parameters that they will be expected to perform, unless 

task reduction effects are to be studied. Low force (LF) task performance is normally acquired 

within 2 weeks, but the high force training normally requires 4 to 6 weeks. The access portal is 

located at the rats’ shoulder height and allows for the size of the rats forelimb to reach within the 

opening to the lever outside the chamber with audio-prompting. The portal constrains their 

posture making the grasp isometric in type, but not pure, since it is an operant task and rats are 

free to alter their forearm and forepaw position to achieve a successful pull.  To be considered a 

successful pull, which rewards the rat, the pull needs to meet the force criterion within the 5 

seconds tolerance window and hold the pull for 50 milliseconds.  A successful pull on the 

calibrated lever dispenses a pellet to the animal into a trough located adjacent to the lever. 
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Successful and attempted number of pulls and applied force are recorded along with the 

preferred limb used during the 2 hours of work, split in 4 sessions of 30 minutes a day (a session 

every 1.5 hour), 3 times a week for a pre-determined period of time.  

 

Table 1.1. Repetitive task groups’ parameters 
Group Target reach rate 

(reaches/min) 
Actual reach rate 

Target Force 
(% of MPF) 

HRHF (High Rep High Force) 4 
9-10 

60±5 (1.02 N) 
 

HRLF (High Rep Low Force) 4 
5-6 

<15±5 (0.23 N) 
 

Maximum pulling force (MPF), determined at naïve. N: Newtons. [101] 
 
Effects of voluntary muscular loading and WMSD on tissues in the Barr and Barbe animal model 

Table 1.2 provides an overview of previous findings from our laboratory in regards to 

bone tissue, but other tissue and systemic changes have been observed.   Rats performing this 

reaching, grasping and pulling task have shown peripheral and local tissue changes 

accompanied by  dose-dependent increases in inflammatory serum and tissue cytokines in 

tendons, muscles, bones and median nerves [2, 5, 15, 16, 30, 31, 67, 96-98, 100, 102-123]. 

HRHF task performance for 12 weeks had detrimental effects on tendons and cartilage 

[67, 108, 112, 114, 122]. Twelve weeks of HRHF task performance caused pathological cellular 

and structural changes in the articular cartilage of the wrist joint, observed as reduced 

proteoglycan content in the articular cartilage, increased macrophage number, and increased 

inflammatory cytokines (IL1-alpha, TNF-α ) in the distal forelimb and apoptotic chondrocytes. 

Ibuprofen treatment during week 5 to 12 of task performance prevented these detrimental effects 

on the joint [67]. Flexor digitorum and supraspinatus tendons were also showing pathological 

changes after HRHF task performance for 12 weeks, combined to motor decline observed as a 

decline  in task performance and grip strength [112]. HRLF task performance worsened tendon 

inflammation in mature rats [114].Fedorczyk et al in 2010 demonstrated that HRHF task 

performance for 12 weeks affect tendons in a dose-dependent manner, increasing tissue 

cytokines (IL-1β and macrophage numbers [108].  
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Primary tissue damage is known to triggers a cellular release of cytokines, which are key 

mediators of inflammation, cell proliferation, cell migration and regeneration [102]. Damaged cells 

release cytokines (e.g: IL-1s, IL-6 and TNF-α) that mediate proliferation of other inflammatory 

cells like macrophages. Using the Barr & Barbe rat model, we reported that performance of a high 

force task induced an increased inflammatory response that peaked in  weeks 3 to 6, correlating 

with macrophages increases in muscles, tendons and connective tissues [97]. Macrophages are 

known has the principal lead actor in production of pro-inflammatory cytokines and “inflamm-

aging” [13]. Sustained exposure to various inflammatory factors can affect bone homeostasis and 

remodeling by interfering with osteoblast proliferation and differentiation but also by increasing 

osteoclasts differentiation and preventing their apoptosis. The witnessed cytokine increases were 

not only local but systemic as observed in blood serum and tissues not directly involved with 

performing the repetitive task. [96]. As mentioned previously, increased bone levels of IL-1s and 

TNF-α have been linked to increased osteoclast numbers and activity, resulting in increased bone 

resorption. Markers of bone turnover were increased in the serum of animals performing a 

repetitive task, indicative of active bone remodelling [67, 98, 110, 111, 117, 123, 124].  

Micro-computed tomographic (microCT) analysis of forearm bones indicated that 

performance of HRLF for 12 weeks by young adult rats, leads to an initial adaptation observed as 

beneficial bone remodeling (increased bone volume and improved microarchitecture) at the 

metaphyseal and diaphyseal areas of the radius. The high repetition task has a reach rate of 15 

seconds between cues. This is in accordance with the studies from Ted Gross’s lab that an 

insertion of 10 seconds delays between bout of loading led to  significant bone formation even at 

low-magnitude in turkey ulnae and mice tibiae [53]. This is also in accordance with Turner et al. 

observations of skeletal adaptation due to mechanotransduction [125].  

Mechanical loading of cells prevented the stimulating effect of IL-1β on 

osteoclastogenesis [126]. Resting to reduce inflammation and allow for tissue repairs is normally 

the course prescribed to patients with WMSDs or runners with shin splint pains, but based on 

studies showing that unloading and disuse can increase bone resorption and recruitment of 

phagocytic inflammatory cells to damaged sites, while not stimulating bone formation, this course 
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of action could potentially aggravate the effect of inflammation on bones [127]. Maintaining 

activity combined with a regiment preventing inflammation by prophylactic drug treatment 

(Ibuprofen or anti-TNF-α) has proven effective in our animal model  [16, 67, 111], even preventing 

net bone loss induced by high force task performance [123]. 
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Table 1.2. -  Review of bone-related findings from the Barr-Barbe Models (2003-2012) 
 
Ref. Task Paradigm Tissues 

Examined 
Findings 
 

[99] High rep negligible 
force (HRNF) 3 -12 
wks. Target of 4 
reach/min; <5 % of 
maximum pulling 
force (MPF) 

Forelimb bones 
(radius, ulna, 
humerus, 
scapula) 

Increases in osteoclasts and progenitors in wks 3-6 weeks. Changes observed mostly in 
distal bones, rather than proximal, and at the musculotendinous and ligamentous junction. 
Woven bone formation. Periosteal osteolysis.  

[5] HRNF 3-12 wks Forelimb bones, 
muscle, tendon, 
nerve.  

IL-1α increase in wks 6-8. Increase in macrophages and osteoclast progenitor cells in 
proximal and distal forelimb bones and surrounding tissues by weeks 5-6 bi-laterally. 
 

[107] Low rep negligible 
force (LRNF) and 
high rep negligible 
force (HRNF) 
6-8 wks 

Forelimb bones Serum TNF-α, MIP2, MIP3, IL-1β increased and IL-1α increased in a dose-dependent 
manner. HRNF > LRNF. Distal bones had increases in TNF-α IL-1α, and IL-1β, IL-10. 
Macrophage cell number increase in tissues correlated with serum cytokines increase.  

[117] LRNF 8-12wks Bones. Task performance increased in macrophage number and TNF-α in bone.  
 

[110] High rep high force 
(HRHF) 3-12w 

Forelimb bones 
and cartilage 

Periostin and periostin-like-factor (PLF) are proteins only expressed in adults upon tissue 
injury, overload and repair conditions. Indicator of pathology or trauma. Radial epiphyseal 
plate height reduction at weeks 8 and 12 and ulnar epiphyseal plate height reduction at 
week 12 of HRHF. Task-induced PLF increase in epiphyseal plate and distal trabecular 
forelimb bones  in weeks 3, 6 and 12. PLF and periostin increased in periosteum by 3, 6 
and 8 weeks. Serum osteocalcin was increased at week 6, while Trap5b was increased in 
week 12 of  HRHF. Reduction in cortical thickness of the radius and ulna was noted after 
8 and 12 weeks of HRHF.  

[128] Moderate rep high 
force (MRHF) 12w 

Bones  IL1α, IL-1β, TNF-α, IL-10 increased in distal bones with 12 weeks of MRHF. Osteoclasts 
and precursors increase in distal bones.   

[111] HRHF 6W + anti-
TNF-α  (2W) 
 

Forelimb bones.  Increases in serum TNFa, IL-1α and MIP2 after 6 wks of HRHF. No change in IL-10, 
MIP3a, IL-1β, IFN-γ, CINC2a, MCPI or RANTES. No detection of IL-2, IL-4, IL-6 or 
GMCSF. TNF-α was increased in bones at 6wks of HRH. Anti-TNF-α  treatment prevented 
task-induced increases in TNF-a, IL-1a, MIP2  and did not affect levels of osteocalcin. 
anti-TNF-α  reduced PLF in forelimb periosteal bone of HRHF rats.  
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Table 1.2. - Continued 

 
Ref. Task Paradigm Tissues Ref. 

[67] HRHF 12W + 8 
wks of ibuprofen 
(Ibu) treatment 

Forelimb bones  Cox-2 + and osteoclast precursor were increased in wrist joint and bone  after 12 wks of 
HRHF task. IL-1α and TNF- α  were increased in distal bone tissues. Ibuprofen treatment 
prevented these increases.  
Cells positive for TUNEL+ in joint.. Serum collagen type I and type II degradation markers 
were increased in HRHF but not in Ibu treated animals.  

[123] HRHF 12W + 8 
wks of Ibu 
treatment 

Bones IL-1β  and TNF-α increased in HRHF bone tissue,  prevented by prophylactic treatment 
with ibuprofen. Bone  resorption in radial and ulnar trabeculae of HRHF was shown by 
reduction in bone volume/tissue volume (BV/TV), trabecular number and increase in 
trabecular separation, all of which were prevented by ibuprofen. BMD was decrease in the 
radial metaphyseal trabeculae with HRHF, which was also prevented by ibuprofen 
treatment. HRHF and HRHF+Ibu had signs of bone adaptation to effort seen as ↑ in 
trabecular thickness of distal radial metaphyseal trabeculae vs. control.  
Serum biomarkers show increased bone resorption with HRHF that was prevented by 
ibuprofen. No impact was noted on osteocalcin levels after 12 wks in both treated or non-
treated rats, compared to controls. 

[101] LRLF, HRLF, 
LFHF and HRHF 
12 weeks 

Forelimb bones 
and cartilage 

There is an interaction between force and repetition. HRHF increases the risk of 
musculoskeletal disorder and leads to bone and cartilage degradation. Moderate level 
task leads to adaptation. Force has more impact than repetition.  

[129] HRHF to (low 
repetition low 
force) LRLF 

Forelimb bones Ergonomic task reduction can be beneficial to bones, as a transition from HRHF to LRLF 
after 4 weeks of task performance, prevented osteopenia.  
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Impact of involuntary mechanical loading on bones 

Involuntary, mechanical and/or cyclical loading animal models abound and are essential 

for understanding how loading forces and repetitive motions affect multiple tissues like tendons, 

ligaments, muscles, nerves, joints and bones [44, 45, 53, 54, 57, 58, 125, 127, 130-137]. In this 

review, focus will be given to animal models of loading used to evaluate osteogenic effects.  

Bones have the ability to increase their physical girth and shape, therefore improving their 

resistance, flexibility and strength as needed. The loading direction, force and location determine 

the area and size of the remodeling site within the bone. Some loading pattern and direction can 

specifically affect the diaphysis or epiphysis. Excessive loading can lead to increased  bone 

fragility [138] by introducing microdamage and cracks that can be cumulative [11, 57]. A rat model 

of cyclic loading, in which only the ulna is selectively loaded, clearly demonstrates that strain-

adaptive bone formation is related to the frequency and force of the initial bout of loading, 

indicating that loading on bones should be progressive, with rest in between loading, to allow for 

adaptation reducing the risk of excessive resorption due to microdamage formation [53, 138]. 

Loading-induced bone formation and remodeling was dose-dependent and lamellar bone 

formation observed on the periosteal surface in the forelimb of a mechanical loading rat model 

[54, 139]. But the type of loading, not only force and frequency, influenced the outcome.  

 
Studies have shown that loading in the form of twisting, sudden impact as a result of falls 

or sudden mechanical compression can lead to formation of microdamage that accumulates over 

time. Microdamage is defined as matrix failure detectable by microscopy or microCT [9, 140]. An 

association between loss of stiffness and bone microdamage accumulation has been reported 

[10]. In a study of cyclic forelimb bone loading (consisting of 10,000 cycles at 2 Hertz with 2500 

microstrain 8 days prior to euthanasia) in mature dogs, microcracks were associated with 

increase in bone resorption and the target for remodeling [129, 141]. Increase in porosity (due to 

increased and excessive bone resorption) can  decrease the stiffness and strength of the bone 

exponentially [142]. Porosity can now be easily quantified using microCT. Bone remodeling 

consists of multiple stages that need to happen in a sequential and timely manner. An increase in 

porosity can originate with the first stage of bone remodeling: resorption. As microdamage 
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appears within the bone matrix, osteocytes release molecular signals requesting bone repair. 

Osteoclastic cells are recruited to remove the damaged bone matrix, which is shortly replaced by 

new osteoid deposited by osteoblasts. Sustained damage-causing loading during the now 

initiated remodeling cycle, can stimulate another round of local remodeling by recruiting more 

osteoclasts, increasing the bone loss and fragility. Increased fragility allows for more 

microdamage to occur with continued loading, triggering a vicious cycle of excessive bone 

resorption [125, 143]. With insufficient bone formation following accelerated resorption, 

remodeling can lead to bone loss and an increased risk of fractures later on in life [10]. Figure 1.5 

shows the apparatus and position used to mechanically load the ulna by the labs of Charles H. 

Turner and Peter Muir. This apparatus model has been used by many other labs evaluating 

mechanotransduction on bone remodeling in vivo. [57, 58, 63, 66, 125, 132, 139, 144] 

  

Figure 1.5. Schematic diagram of the ulnar loading system. This 
system has been used  by C.H. Turner and P. Muir’s laboratory in 
mechanical loading experiments 
[57, 58, 63, 66, 125, 132, 139, 144]. 
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The key roles of osteocytes in bone mechanotransduction is still not fully understood. 

Disruption of their network results in increased apoptosis and bone resorption due to increase 

RANKL. Muir’s lab reported in 2004 that cyclic loading induces fatigue in bone, triggering a 

functional adaptive response in a male rat model, using the loading method shown in Figure 1.5 

[58]. Fatigue fractures can develop and result from accumulation of linear microcracks due to 

repetitive loading of compact bones [66]. Fatigue loading resulted in decreased structural 

properties. More importantly, this fatigue damages osteocytes with rupture of their dendritic 

processes [58, 63, 66]. Osteocyte syncytium changes occur in the vicinity of microcracks, 

inducing osteocyte loss in a 100 um radius [66].  Canalicular disruption was observed and the 

degree of this disruption influenced the osteocyte metabolic response therefore influencing 

remodeling [66]. A 14 days rest post-loading showed restoration of the structural damages and 

partial repair of microcracks. Bone remodeling was more efficient at repairing microcracks than 

diffused damage in areas of high osteocyte syncytium disruption [66].  

Studies in thoroughbred race horses, a model of an extreme athlete exposed to high 

cyclic strains in limb bones, have evidence of microfracture in calcified cartilage regions 

combined with increased resorption spaces in the subchondral area that colocalized with deep 

microcracks. Microdamage that extends beyond the calcified matrix into the joint cartilage, 

encourages endochondral ossification repairs and might lead to initial joint surface adaptation but 

eventually degeneration and osteoarthritis with continued loading [3]. Upon loading, bone blood 

flow and the interstitial fluid flow are altered and are believed to be the main mode of sensing for 

osteocytes. Multiple studies have implicated that osteocyte death, in high bone strain sites upon 

loading, is responsible for recruiting osteoclasts to the damaged matrix for the initiation of 

remodeling [63, 145-147]. Using a creative method of procion red tracer and intravascular gold 

microspheres within the ulna of his loading rat model, Muir demonstrated that bone remodeling at 

5 or 14 days post-loading was influenced and localized to the area of decreased 

lacunocanalicular interstitial fluid flow [63]. Stress fractures and matrix damage interfere with 

normal fluid flow. In this study, low fluid flow remained in place long enough for osteoclasts to be 

recruited to the sites in need of repairs, initiating remodeling [63]. It has been suggested that 
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unloading of bones reduces bone-blood flow and interstitial fluid flow circulation, inducing 

osteocyte hypoxia, and therefore bone resorption [135]. Taken together, these prior studies 

indicate that intense high force loading can lead to matrix damage, osteocytic network disruption 

and increased bone resorption, with sometimes insufficient bone formation to complete the 

remodeling.  

Repetitive loading with high force cumulates in microcracking if the cyclic loading of the 

repetitive task is not interrupted allowing for balanced bone adaptation and repairs. Even more 

significant is that sustained inflammation leads to decreased bone mass by inducing apoptosis in 

osteocyte (hence recruiting osteoclasts) and reducing production of nitric oxide (NO), an essential 

mediator of anabolic action in bone upon loading [77, 148, 149]. An in vitro experiment showed 

that inflammatory cytokines IL-1β and TNF-α affected the stiffness of the osteocytes by reducing 

their F-actin content, making them “sensing-defective”, eventually leading to apoptosis [77].  

MEDIATORS OF BONE REMODELING 

Proteins of Interest 

Cytokines 

Cytokines are cell-signaling molecules. Over 200 cytokines have been identified. Cytokines 

are involved in many important biological processes such as differentiation, migration, 

proliferation, tissue repair and fibrosis. Cytokine release is part of all inflammatory, immune 

responses but also tissue repair and cell recruitment.   They are non-antibody proteins, peptides 

and glycoproteins released by one cell type to stimulate or trigger a cellular mechanism or 

response in the same or other cell types, thereby acting as chemical mediators. Cytokines are 

released upon changes or stimulations within the cell’s environment, antigen binding to a specific 

receptor or cell necrosis. Programmed cell death (apoptosis) does not normally elicit an 

inflammatory cytokine response [150], but often recruits phagocytic cells resulting in an 

inflammatory response. Cytokines affect cells in an autocrine, paracrine or endocrine manner. 

Autocrine means that the cytokine acts on the cells that produced it. Paracrine effect requires the 

release of the cytokine within the interstitial space to affect other cells in the vicinity. Cytokines 
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with an endocrine effect need to enter the circulation and travel through blood vessels to reach 

cells at a distance.  Increased levels of cytokines can also contribute to bone changes. Pro-

inflammatory cytokines are known to stimulate osteoclastogenesis and activity, and impair 

osteoblast differentiation [39, 126, 151-153], while other cytokines are required for enhanced 

bone remodeling and repair [153-155]. 

Bone-Related Cytokines 

 RANKL 

Receptor activator of nuclear factor kappa-B ligand (RANKL; also known as CD254 and 

osteoprotegerin ligand, OPGL) is a cytokine part of the family of TNF.  RANKL is located on and 

produced by osteoblasts, osteocytes, immune T cells and dendritic cells [36, 37, 72, 156]. RANKL 

has functions beyond bone remodeling, although in bone, RANKL binds to the receptor activator 

of nuclear factor kappa B (RANK) receptor found on osteoclast precursor cells of the macrophage 

lineage, which leads to the production of c-Fos, a transcription factor necessary for their 

differentiation  to osteoclasts. RANKL signals osteoclast activation and prevents apoptosis [69] . 

Over-production of RANKL is associated with osteoporosis, rheumatoid arthritis and psoriatic 

arthritis. RANKL is described in greater details later in this chapter  as a  “loading-induced bone 

remodeling factor” . 

 OPG 

Osteoprotegerin (OPG, also known as osteoclastogenesis inhibitory factor) is in the cytokine 

receptor part of the TNF family, and is expressed by osteoblasts, osteocytes, and bone marrow 

and stromal cells. It protects the skeleton from excessive bone resorption by preventing 

osteoclastogenesis via the segregation of RANKL [69]. OPG is involved in inflammation, cell 

survival and differentiation. Analyzing the ratio of RANKL/OPG is a good indicator of the rate of 

resorption in patients [157].  Calcium levels and voltage-dependent calcium channels also 

influence OPG levels.  
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Inflammatory Cytokines 

Inflammatory cytokines are involved specifically in immunity and inflammatory processes.  

Activated macrophages normally release the first wave of pro-inflammatory cytokines, such as 

interleukin-1 (IL-1) and TNF, following tissue insult [158].  Chemokines are a category of 

inflammatory cytokines involved specifically in the recruitment of immune cells, thereby acting as 

chemo-attractants. Chemokines guide immune cells to the site of injury or infection. Many 

inflammatory cytokines have effects that are redundant and pleiotropic, as shown in Table 1.3. 

Figure 1.6 explains the vicious cycle of acute inflammation, in which consistent and sustained 

injury stimuli lead to chronic inflammation, which can further aggravate an injury.  

Inflammation was shown to be present in the serum and tissues of both animal models of 

overuse and in patients diagnosed with an overuse injury like CTS [5, 100, 105-

107, 111, 112, 128, 159, 160].  Pertaining to this dissertation, inflammatory responses have been 

shown to be present in patients and animals with overuse injuries, such as WMSDs. Carp et al. 

examined patients with upper extremity WMSDs and, but also in our voluntary rat model of 

overuse injury. His research pinpointed to four up-regulated inflammatory cytokines with WMSD: 

IL-1β, IL-1α, TNF-α and IL-6 [106, 160]. Patients diagnosed with rheumatoid arthritis and with 

chronic joint inflammation also show elevated levels of TNF-α and other inflammatory cytokines 

that likely contribute to cartilage erosion, periarticular osteopenia, and osteoporosis [106].  
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Figure 1.6.  Sequence of events in acute inflammation following a mechanical injury stimulus. Such 
events can lead to damage surrounding tissues and stimulate the mobilization of neutrophils and 
macrophages due to collagen fragments and fibronectin residues-induced chemotaxis. Injured cells 
release inflammatory mediators that cause vasodilation and leukocyte infiltration. Used with 
permission from the authors [5]. 
 

 Interleukin-1 alpha (IL-1α)  

IL-1α binds to Type I and II Receptors (IL-1RI and IL-1RII).  IL-1α can originate from epithelial 

cells, endothelial cells, macrophages, neutrophils, as well as from injured muscles, tendon and 

nerve cells [2, 15, 104] IL-1α can up-regulate the production of  TNF-α, described below. IL-1α is 

mostly intracellular and rarely found within the circulatory system. IL1- α can also induce 

cyclooxygenase (enzyme converting arachidonic acid to PGE2 precursors) production leading to 

PGE2 release (a potent inducer of bone formation but also resorption based on duration of 

exposure) [102, 161]. Interleukin-1 receptor antagonist (IL-1ra) acts as an anti-inflammatory 

cytokine by being a receptor antagonist to IL-1α and IL-1β and preventing IL-1 signaling.  



 26 

 Interleukin-1 beta (IL-1β)  

IL-1β binds to the same receptors as IL-1α.  IL-1β is a key pro-inflammatory cytokine. It 

initiates cascades of secondary inflammatory cytokine expression.  It is originally produced as a 

pro-protein and it is proteolytically cleaved by caspase 1 and thiol preotease within the cytosol to 

become a mature IL-1 β of 17.5 kDa.  Mature IL-1β is then secreted from the cell and travels 

through the bloodstream to reach remote tissue targets. IL-1β interacts with receptors expressed 

on multiple different cells and produce both local and systemic inflammation. IL-1β increases 

leukocyte adherence capillary permeability, cell apoptosis and blood platelet activation [154]. IL-

1β is known as a potent stimulator of bone resorption and cartilage destruction [162, 163], but 

also as a beneficial temporal inflammatory cytokine by stimulating bone formation during bone 

fracture healing [152, 164].  At low dose, during endochondral ossification and fracture repair in 

humans [153], IL-1β up-regulates sialoprotein, osteocalcin and bone morphogenetic protein 2 

(BMP-2) in bone marrow mesenchymal stromal cultured human cells (BM-MSC) [165]. This effect 

could be due to the ability of  IL-1β to increase blood platelet activation and thus the release of 

platelet-derived growth factor (PDGF), known to promote osteogenesis [154].  It was previously 

reported that IL-1β had an inhibitory effect on osteogenic differentiation of mesenchymal stem 

cells (MSC) by delaying and reducing matrix synthesis and mineralization in mice [152] and that it 

negatively affects proliferation and inhibits differentiation of bone derived MSCs [153].  In vitro 

experiments show that IL-1β increases RANKL (a stimulator of osteoclast differentiation) and 

decreases OPG [126]. Rats treated with IL-1β had increased bone resorption and reduced bone 

formation [166].  Note though that serum level of IL-1β does not normally increase with normal 

exercise [19, 167]. 

 Interleukin-6 (IL-6) 

IL-6 is a multi-functional inflammatory mediator affecting immune cells and macrophages. It 

is often referred to as pleiotropic since it is capable of multiple effects depending on expressing 

cell type and context. It is secreted by T cells, muscle cells and osteoblasts and can stimulate 

osteoclast differentiation. IL-6 has one receptor: IL6R (also known as CD126). IL-6 increases 

after physical activities in serum as well as in muscle tissues, and is associated with muscle 
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contractions without a systemic effect [168]. Levels of tissue IL-6 increase with the intensity, 

duration and demand of the exercise [106]. IL-6 is tightly regulated and is in blood serum in the 

event of infection, disease trauma, tissue or cellular injuries or distress, and aging. IL-6 is usually 

present at higher levels in the serum of aging mammals when compared to younger subjects [14], 

even in the absence of illness or injury.  IL-6 can also act as an anti-inflammatory cytokine by 

inhibiting the effects of TNF-α and IL-1, and by stimulating the production of IL-10 [64].  

 Interleukin-10 (IL-10) 

lL-10 is a potent anti-inflammatory cytokine,  which inhibits expression of pro-inflammatory 

cytokines, like TNF-α. IL-10 ligates to receptor interleukin-10 receptor 1 and 2 (IL-10R1 and IL-

10R2). Immune cells produce this interleukin to attenuate immune reactions.  IL-6 and PGE2 

increase the production of IL-10 in vivo. IL-10 serum concentrations increase significantly only 

after high-intensity exercise or after cellular injury [61, 64] . IL-10 serum concentrations vary 

depending on the activity’s intensity and duration [19]. 

 Tumor necrosis factor alpha (TNF-α)  

TNF-α is a key cytokine that regulates inflammation and is considered to be the most potent 

inflammatory mediator [151, 169]. TNF-α  is produced mainly by activated macrophages, it can 

also be expressed by mast cells, endothelial cells, fibroblasts, glial and neuronal cells 

[104, 107, 111, 128]. It is involved in the acute phase response [106] as it can induce fever. TNF-

α is overproduced in patients with rheumatoid arthritis [89, 151, 170, 171]. TNF-α has been 

shown to increase apoptosis in multiple cells, promote acute inflammation upon tissue injury and 

is now known to increase sclerostin levels in bone [80]. IL-1β and TNF-α can up-regulate each 

other. TNF-α is involved in the proliferation and activation of phagocytic cells but also in 

osteogenesis. The effect of TNF-α on bone cells is contradictory. Most agree that TNF-α 

production leads to osteoclastic bone resorption. A study using our rat model showed that 

preventing the increase of TNF-α with an anti-inflammatory drug treatment, increased the level of 

serum osteocalcin, a marker of bone formation, in animals performing the task. An in vitro 

experiment has shown that TNF-α could increase the proliferation and differentiation of 
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osteoblasts by increasing levels of periostin-like-factor, a protein secreted upon tissue damage 

[111], while another showed that osteogenic differentiation from MSC is adversely altered by 

TNF-α [152].  Other publications demonstrated that TNF exposure leads to systemic bone loss in 

vivo [151, 152, 169]. Administration of TNF-α onto calvarial bones led to a decrease of osteoblast 

runt-related transcription factor 2 (Runx2, indispensable for osteoblast differentiation), and of 

protein levels and mRNA expression of osteoblast markers [151]. Other studies have shown that 

TNF promotes the degradation of Runx2 necessary for osteoblast differentiation through 

proteasomal degradation with E3 ubiquitin ligases, Smurf1 and Smurf2 [151, 169]. TNF-α does 

not increase in muscle or serum post-exercise unless tissue trauma occurs [19, 163, 168]. TNF-α 

binds to  

receptor TNFRI and TNFRII. 

  

Table 1.3. - Redundant and pleiotropic effects of IL-1, TNF-α and IL-6 
Effect IL-1 TNF-α IL-6 

Pyrogenic + + + 

Increased vascular permeability + + + 

Increased adhesion molecules on vascular endothelium  + + - 

Fibroblast proliferation + + + 

Osteoblast proliferation ± ± ± 

Osteoclast proliferation + + + 

Platelet Production + + + 

Chemokine induction (e.g. IL-8) + + + 

Induction of IL-1α and IL-1β - + + 

Induction of IL-6 + + - 

Induction of TNF-α + - + 

Adapted and modified from Kuby Immunology 2007. +; indicates a positive effect, -; indicates a 
negative effect,  ± indicate a positive or negative regulation, depending of the stage, duration and 
concentration of cytokine production. [158] 
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Loading-induced bone remodeling factors 

Sclerostin 

 Sclerostin is encoded by the gene SOST and is a secreted glycoprotein with an inhibitory 

effect on bone formation. It acts in a paracrine and potentially autocrine manner [79]. It binds to 

the lipoprotein receptor-related protein LRP5/6 receptors and inhibits the canonical Wnt signaling 

pathway. Parathyroid hormone has been shown to inhibit sclerostin production [79].  Calcitonin 

increases sclerostin production showing a potential negative feedback system to slow down bone 

formation [83].  Mechanical and ambulatory loading reduces sclerostin levels [38, 45, 79, 85],  

while unloading leads to its increase [45, 172].  A mathematical computed stimulation 

demonstrated that the osteocyte response to loading remains predictable under normal 

conditions, but variations can be observed if osteocytes are lost or their signaling disrupted by 

microdamage [142]. A reduction of osteocytes could predict a proportional reduction of sclerostin 

production, although osteocyte apoptosis actually increases sclerostin levels [82]. Sclerostin 

antibody treatment prevented unloading-induced bone loss in a mouse model, even increasing 

bone mass and markers of bone formation [172]. Studies using a transgenic mouse 

demonstrated that reduction of sclerostin is essential for loading-induced bone formation [79]. 

Loss of SOST function in human leads to increased bone mass disorder known as Van Buchem’s 

disease [43]. Mutant mice with targeted deletion to reduce expression of sclerostin had 

progressive bone mass increase while their over-expressing counterpart had reduced bone mass.  

Pharmacologic inhibition of sclerostin with antibodies in animal models led to bone formation in 

osteopenic animals and was a promising candidate for the treatment of osteoporosis, until platelet 

and coagulation issues arose in a rat model, although not in monkeys [173]. Anti-sclerostin 

neutralizing antibodies (Romosozumab ®) are now in use in clinical trials and as clinical therapy 

for osteoporosis [174, 175] and in disuse-induced bone loss studies [172]. Sclerostin has been 

shown to interfere with mineralization of osteoids by inhibiting activation of the Wnt3a pathway, 

which is require to induce alkaline phosphatase action in osteoblasts [176]. This initially believed 

osteocyte exclusive protein has now been observed in other cell types (chondrocytes, osteoblasts 

and osteoclasts) [65, 177] and in non-bone tissues (heart, lung, kidney, liver and pancreas) [178]. 
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Sclerostin is capable of influencing levels of other important bone remodeling proteins such as 

BMPs, matrix metalloproteinases (MMPs) and RANKL.  

It was recently reported that sclerostin is expressed in articular chondrocytes of 

osteoarthritic knees, preventing cartilage degradation and inhibiting catabolic MMPs [65]. These 

findings suggest that sclerostin has a preventive role in cartilage, a role not observed in bones as 

sclerostin still promoted in subchondral bone sclerosis in these same samples [65].  Sclerostin is 

also believed to stimulate osteoclast activity in a RANKL-dependent pathway, therefore having a 

dual detrimental bone effect (via both the Wnt and the RANKL pathways) [80]. Sclerostin has also 

been reported as present in the media of aged (18-22 months) mice osteoclast cultures and is 

believed to interfere with mineralization [177].  

 

RANKL and RANK 

 
 RANKL is part of the TNF ligand family, and therefore classified as a cytokine. 

Osteoclasts display the cell-surface receptor activator of nuclear factor kappa-B (RANK) and 

achieve activation by cell-cell interaction with cells exhibiting RANKL at their surface like 

osteocytes, osteoblast, hypertrophic chondrocytes  and other immune cells [87]. RANKL is also 

secreted within the bone matrix and serum by osteocytes [72, 84, 87, 157]. RANKL is necessary 

in the differentiation of osteoclasts from their precursor state, to increase their activity and for 

survival by preventing apoptosis [157, 179]. RANKL levels can fluctuate upon change in loading 

and matrix damage [36, 180-182]. Synovial tissue cells are also an important source of RANKL 

expressed on fibroblasts in the joints of patients suffering of rheumatoid arthritis [183]. This 

source of RANKL can provoke subchondral bone resorption following cartilage over-loading and 

overuse [3]. It is now known that the cellular origin of the RANKL determines its function. For 

example, osteoblast and hypertrophic chondrocytes-derived RANKL is linked to 

osteoclastogenesis during modeling due to growth, whereas osteocyte-derived RANKL is 

associated with recruiting and bone maintenance remodeling [37]. 
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Mechanical loading impact on osteocytes, sclerostin and RANKL 

The function of osteocytes has been controversial for years. Recently a few studies 

confirmed their involvement in the mechanotransduction that dictates bone remodeling and 

production of anabolic factors, such as NO, PGE2, cyclooxygenase-2 (COX-2) [83], and catabolic 

factors, such as RANKL and sclerostin. In recent years, many unloading and mechanical loading 

studies have been conducted to examine the impact of loading versus unloading on osteocytes, 

sclerostin and RANKL levels. No one, to our knowledge, has investigated the impact of long-term 

muscular loading on bones, inflammation, sclerostin and RANKL protein levels nor the impact of 

these changes on bones in a voluntary animal model of loading of chronic repetitive loading and 

overuse injury. A study by Wijenayaka showed that RANKL increases proportionally with 

sclerostin [80]. Thus, it is logical to examine both sclerostin and RANKL in our operant animal 

model and determine if these proteins analysis correlate with uCT and histomorphometric results. 

Figure 1.7 depicts the effect of loading on osteocytes, sclerostin, and RANKL expression. Under 

normal loading condition, osteocytic production of RANKL and sclerostin maintain osteoblasts 

and osteoclasts in a homeostasis state. Under disruptive or unloaded conditions, increased 

expression of sclerostin leads to a decrease in osteoblast function, while an increase in RANKL 

promotes osteoclastic differentiation and activity. 
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Figure 1.7.  Model of osteocyte functions.  A) During normal physiological loading and in B) under 
unloading or disruptive conditions. Adapted from Morishi et al, 2012.[83]  Copyright: This is an 
open-access article distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited. Moriishi, T., Fukuyama, R. et al. Osteocyte network; a 
negative regulatory system for bone mass augmented by the induction of RANKL in osteoblasts 
and SOST in osteocytes at unloading. PLoS ONE. 2012. 

 
 
Tables 1.4 and 1.5 below describe recent findings involving sclerostin or the effect of 

loading on osteocytes and RANKL levels respectively. As sclerostin is an inhibitor of Wnt involved 

in loading-induced bone formation [44, 45], a reduction should lead to increased bone formation. 

Gentle loading reduces sclerostin, while inflammation and osteocyte apoptosis can increase both 

sclerostin and RANKL levels. Assuming that our animal model leads to cumulative microdamage 

and increased osteocyte apoptosis, fluctuations in RANKL and sclerostin should be observed. For 

these reasons, it makes sense for us to investigate both sclerostin and RANKL levels in our 

animal model of overuse injuries.  

http://www-ncbi-nlm-nih-gov.libproxy.temple.edu/pmc/about/copyright.html
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Table 1.4. - SOST/Sclerostin in bone and cartilage  
Reference Experimental unit Findings 

 
[184] Cell culture (Obs)  

Mice lacking SOST 
Sclerostin competes with BMP (by binding of protein or receptor) decreasing BMP signaling 
and mineralization in osteoblasts. Mice lacking the gene for sclerostin are resistant to bone 
loss showing signs of osteopetrosis and overexpression of SOST leads to osteopenia, reduced 
Obs/BS and BV/TV. 

[45] In vivo loading and 
unloading mice and rats 

Unloading by tail suspension increases Sost and sclerostin expression while ulnar mechanical 
loading reduce both mRNA and protein expression.  

[176] MLO-Y4 (ots like cells) 
and MLO-A5 (post-obs 
to pre-ots cells) 

BMP2-4 or 6 treatment of osteocyte (MLO-Y4) cells has no effect on sclerostin levels but did 
elicite a strong increase in MLO-A5 cells. BMP treatment has the inverse effect of loading on 
sclerostin levels in young osteocytes. 

[82] Ots culture Drug-induced apoptosis increases levels of sclerostin. 
[185] SOST transgenic mice Intermittent PTH treatment inhibits sclerostin expression at the transcription level and leads to 

bone formation. 
[80] Cell cultures Sclerostin treatment of late osteoblast (Obs) pre-osteocytes (Ots) cells ↑ RANKL and ↓ 

osteoprotegerin, ↑ osteoclastic activity by 7 fold. Sclerostin does not increase apoptosis. 
Sclerostin has catabolic action through RANKL. 

[65] In vivo sheeps and 
mice 

SOST is expressed by articular chondrocytes and increased by IL-1β but not TNF-α. It seems 
to prevent OA cartilage degradation, inhibiting also MMPs but promoting subchondral bone 
sclerosis. Sclerostin is also expressed in calcified cartilage chondrocytes.  

[142] Mathematical modeling Osteocyte numbers, along with their network and matrix environment quality determines and 
affects  levels of sclerostin levels. 

[37] Review RANKL and sclerostin increase during unloading due to reduced fluid-flow shear stress. 
Sclerostin also upregulates RANKL production by osteocytes. 

[79] In vivo mice Mechanical cyclical loading reduces Sost and stimulates bone formation. Overexpression of 
SOST or sclerostin impairs the loading effect on bone formation and prevents Wnt activation. 

[172] In vivo mice Sclerostin antibody treatment prevents skeletal deterioration during unloading. 
[186] In vivo mice 

And cell cultures 
TGF-beta pathway signaling is required for bone formation and sclerostin expression. Blocking 
of the receptor TGFβIIR prevents the load-induced reduction of sclerostin and bone formation. 
Loading in vivo represses TGF-βsignaling in osteocytes preventing expression of sclerostin 
mRNA while treatment of osteosarcoma cells with TGF-β increases sclerostin. 

[187] Cell culture Sclerostin has a bone catabolic action via induction of osteocytic osteolysis by regulating bone 
mineral content and supporting osteoclastogenesis in a RANKL-dependent manner. 

[177] Cell culture Osteoclasts harvested from aged mice express sclerostin, also reducing osteoclast-mediated 
stimulation of mineralization 
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Table 1.4 - Continued   

Reference Experimental unit Findings 
 

[174] Human trial Multi-dose injections of sclerostin antibody romosozumab in healthy men and postmenopausal 
women lead to increase in serum PINP (pro-collagen type 1), sCTX (secreted collagen type 1 
C-telopeptide fragment) and lumbar spinal BMD. 

[178] Human tissues Sclerostin is produced by lung, heart, kidney, pancreas cells, and is not specific to osteocytes. 
 
 

  

Table 1.5. - Review of literature of mechanotransductive osteocytes in bone remodeling  
 

Reference Exp. units Findings 
 

[49] In vivo mice Aging reduces osteocytes (Ots) mechanosensitivity.  
[38] Trangene mouse – 

Inducible ots ablation 
Ablation of Ots leads to osteoporosis due to mechanotransduction impairment. Ots -/- mice were 
resistant to unloading-induced bone loss. Ots are required for unloading-induced bone loss but 
not for inducing bone formation recovery at reloading. 

[77] MLO-Y4 cells TNF-α  and IL-1β reduce F-actin content in osteocytes leading to reduced stiffness during elastic 
moduli test using magnetic beads attached to cells. In vitro IL-1β treatment of osteocytes 
stimulates apoptosis.  

[148] Cell culture Mechanical loading increases production of Wnt by osteocytes and canonical Wnt signaling 
pathway in paracrine way.  

[35] In vivo mice Estrogen depletion leads to osteocyte apoptosis in OVX mice resulting in increased bone 
resorption. Prevention of osteocyte apoptosis prevents the osteoclastic resorption increase 
normally observed following OVX.  

[185] Constitutively active 
PTH1R  mice 

PTH1R constitutive signaling in osteocytes increases bone mass, turnover and reduces SOST 
expression 

[36] Ots/Ocs precursor in 
culture 

Soluble factors released by apoptotic Ots increase the recruitment of osteoclast precursors and 
promotes differentiation, also increasing their size by 233%. RANKL mRNA and protein 
expression are also upregulated.  

[188] Cell culture human and 
mice 

Pulsating fluid flow loading of Ots induces BMP-7 increase of both mRNA and protein expression 
but not of BMP-2. Mechanical loading of joints upregulates BMP2-4 production by chondrocytes.  

[179] Rat loading model Ots production of osteoclastic factors and apoptosis activate bone resorption in fatigue-loaded 
bones 

[83] Transgenic mice  Ots network is required for unloading-induced upregulation of RANKL in Obs and of SOST by 
Ots.  
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Table 1.5 - Continued   

Reference Experimental unit Findings 
 

[78] Review Bone cells release NO upon mechanical stimulation (fluid shear stress or vibration). Activated 
Ots produce BMPs, Wnts, PGE2 and NO affecting Obs and Ocs. IL-1β and TNF-αinhibits NO 
release.  

[189] In vivo mice -/- for 
connexin-43 in ots 

Loss of connection between Ots diminishes cell survival. Results in increased endocortical 
resorption but also increased periosteal bone formation with an overall decrease in osteocalcin. 
RANKL were similar, compared to WT, but OPG levels were reduced in Ots knockout for 
connexin-43. 

[85] Review The RANKL increase following Ots apoptosis due to matrix microdamage, originate from livable 
healthy osteocytes in the vicinity of the damage. The rupture of communication between 
neighboring Ots seems to provoke a parallel reaction similar to what is observed in brain 
ischemic injury. 

[157] Rat loading model Ots apoptosis is required for osteoclastogenic signals after loading-induced bone damage. 
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BONE QUALITY AND ITS EXAMINATION 

Micro-computed tomography 

Histological sections were solely used from the 1960s to the mid 1990s to study bone 

structure, leading to the development of histomorphometric techniques to evaluate and 

characterize bone architecture, allowing for correlation of trabecular morphology with mechanical 

properties [190].  Micro-computed tomography (MicroCT) has now become the “gold standard” for 

the evaluation of bone morphology and microarchitecture [191], especially in the study of 

trabecular bone structure [190]. It has been reported that three dimensional (3D) microCT is a 

more precise and accurate way of distinguishing bone changes than the standard traditional 

histomorphometry which is essentially 2 dimensional (2D) since the bones have been sectioned 

(Figure 1.8). The improved resolution with 3D imaging allows for the detection of bone parameter 

changes that may be missed using histomorphometric methods [192]. 3D assessment is now 

deemed as necessary for the quantification of trabecular and cortical bone degeneration [193]. 

High resolution 3D scans of bones also allow for the evaluation of the role of trabecular 

microarchitecture on the mechanical properties of a bone, without making any assumption of the 

underlying structure as being plate-like or rod-like, permitting a more accurate estimate of bone 

strength [194].  



 37 

 

 

Figure 1.8. MicroCT as a method for assaying bone microarchitecture. These images compare 
plastic-embedded, sectioned and stained radial bone with 3D MicroCT images of the radius and 
ulna of the distal forelimb.  

Bone quality, Structure and Strength 

Skeletal integrity is determined by bone quantity and trabecular structure, both of which 

contribute to bone quality [193, 195, 196]. Bones are dynamic dense connective tissues that 

constantly undergo remodeling and repair through life, adapting to change in activity and force 

loads [143, 197].  Quantity (bone volume) and organization (microarchitecture) of trabeculae are 

strongly predictive of the mechanical properties of a bone [195, 198, 199].  “Bone quality” has 

been a common term since the late 1990’s and consists of a set of bone tissue characteristics 

beyond mineral bone density (BMD), which is a reflection of the mineral content [200]. For many 

years, high BMD was considered an indicator of good bone quality and strength. However, BMD 

does not explain all the variance in strength observed in different trabecular conformations 

[55, 195, 196, 199]. For example, high BMD might confer stronger and stiffer bones, but a high 

mineral content renders bones brittle and less flexible [200].  

Bone structure is the principle determinant of bone strength [50, 199, 201, 202].  Many 

studies show that remarkable bone strength increase is achieved by trabecular structure 

reorganization yet a minimal variation in the BMD [195, 199]. Furthermore, a reduction in BMD is 

not associated with reduced bone quality [203], although a change in bone microarchitecture 

strongly correlates with altered bone strength [204]. Many trabecular parameters, established 
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years ago by traditional histomorphometry, are strong determinants of bone strength [205], 

including trabecular number, thickness, separation and volume, structure model index (indicative 

of the prevalence of plates or rods), degree of anisotropy (which evaluates the distribution of 

trabeculae within a region of interest), and connectivity density (which evaluates the quality of the 

“connectivity” of trabecular structures). Each of these attributes correlate with bone strength, 

quality and mechanical properties, such as Young’s modulus (elasticity), bending ability and 

fracture point test [195, 196, 198, 199, 206].  Bone strength becomes synonymous with bone 

quality when the achieved remodeled structure can sustain the demands of applied loads without 

fracture [190, 199, 200, 207].  

Bone degradation  

Bone degradation has been defined as a microarchitectural deterioration of bone tissue 

leading to bone loss and fragility [9, 10, 57, 199]. Bone remodeling and repair is achieved at the 

basic multicellular unit (BMU) consisting of a group of osteoclasts and osteoblasts. During bone 

turnover, osteoclasts first resorb bone. During this process, a resorption cavity is formed, which is 

also known as a Howship’s lacuna or resorption pit [208, 209]. In healthy and balanced bone 

environments, osteoblasts quickly replace resorbed bone with new uncalcified matrix (osteoid), 

followed by a calcification process. Failure to do so can lead to bone degradation and loss [209]. 

Many characteristics are indicators of bone degradation, in addition to low bone mass. In 

trabecular bone, micro-architectural deterioration as a result of increased resorption can lead to 

perforated trabeculae and disconnected rods [194]. Reductions in trabecular thickness and 

numbers, such as seen in Figure 1.9B, and increases in trabecular separation lead to reduced 

trabecular bone volume/tissue volume, each finding an indicator of bone degradation, as is the 

development of an uneven distribution of trabeculae (which is represented by the “degree of 

anisotropy” of trabeculae) [190, 200, 203, 210]. A loss of trabeculae number has a two- to five-

fold greater deleterious effect on bone strength than trabecular thinning, even though each may 

lead to the same reduction in BMD [200]. In cortical bone, significant increases in porosity 

essentially “trabercularizes” cortical bone, leading to reduced bone quality and increased fragility 

[4, 10, 211]. Cortical thinning, such as shown in Figure 1.9D, can also be detrimental to bone 
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strength, and is indicative of cortical bone degradation [211]. Dependent on the mineral content of 

the bone, a thinner bone cortex that is too stiff will not absorb applied force and will fracture more 

easily than a thicker cortex.  

 

  

Figure 1.9. Transaxial microCT images of the radius and ulna of a normal control rat, versus a rat 
with signs of bone degradation in these same bones. (A) Microarchitecture of cortical and 
trabecular bone of the radius and ulna at the level of the distal metaphysis. (B) Same region in a 
different rat in which the trabecular microarchitecture shows a reduction in trabecular number and 
an increase in trabecular separation. (C) Microarchitecture of cortical bone of the radius at the 
level of the mid-diaphysis. (D)  Same region in a different rat in which the cortical 
microarchitecture shows thinning and a small increase in porosity. 
 

That said, degeneration of bone is known to be the result of inter-related trauma (e.g., a 

quantitative increase or qualitative aberration in loading), or an increase in bone inflammatory 

processes [212-214], as will be explored further in this dissertation. On the other hand, net bone 

formation in response to activity or force loads occurs as a result of increased bone deposition by 

osteoblasts, and is termed bone “adaptation”. We will also explore loading levels and durations 

there of  that lead to bone “degradation” versus “adaptation” in this dissertation, and factors that 

might contribute to one versus the other. Lastly, we present data that begin to define reach rate 

and load level boundaries for establishing activity ranges of repetitive work that will lead to bone 

adaptation rather than reduced bone quality or bone degradation. 
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Gaps in literature  

There are several gaps in the literature that need to be answered.  First, does chronic 

repetitive loading, along with the sustained chronic inflammation resulting from it, lead to 

adaptation or pathological changes? Is our model of loading resulting in microdamages interfering 

with the osteocyte canaliculi network? Does our model lead to increase in osteocyte apoptosis?  

Does aging worsening the effect of repetitive loading on bones? As aging is known to result in 

higher baseline levels of inflammatory cytokines, what happens to inflammatory cytokines in the 

presence of overuse injuries in older animals? No study, as of yet, has examined the effect of 

aging on overuse injuries and vice-versa. Prior studies, which were only 3 months in duration, 

need to be extended to allow for a longer task performance period that more realistically mimic 

voluntary performance of repetitive tasks by human. The effect of loading on sclerostin and 

RANKL has not been examined in our animal model or in any operant loading model.  Loading 

experiments to investigate changes in sclerostin from other labs use very short-term low force 

loading with rapid termination of the animal post-loading. This does not allow for the observation 

of the cumulative damage effect on the bone matrix, resident cells and sclerostin and RANKL 

levels. Labs using extreme loading animal models have not examined changes in both sclerostin 

and RANKL levels; furthermore the patterns of sclerostin expression have not been evaluated 

under inflammatory conditions [215].  
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SPECIFIC AIMS 
 
Aim 1. To determine if mature rats performing a high repetition low force (HRLF) reaching and 

grasping task for 12 weeks have decreased forelimb bone quality, compared to young adult rats 

performing the same task for 12 weeks, due to an age-related increase in inflammation and 

decrease in bone adaptation.  

We hypothesize that aging combined with repetitive HRLF task performance for 12 

weeks will negatively affect forelimb bone quality, compared to young adult rats performing the 

same task, due to an increased inflammatory cytokine response, increased osteoclasts, and 

decreased osteoblasts in the bones of mature rats.  

 

Aim 2. To determine if there are exposure-dependent changes in forelimb bone quality in young 

adult rats performing a prolonged HRLF task (24 weeks) and if rats undergo low-loading induced 

adaptive bone remodeling in forelimb bones, compared to food restricted controls (FRC). We also 

sought to investigate possible mechanisms involved in bone changes in our model, focusing on 

the impact of loading on proteins released by osteocytes, which are the mechanotransducers of 

bones known to affect both osteoblast and osteoclast differentiation and activity.      

We hypothesize that forelimb bones will adapt to prolonged performance of a HRLF task 

for 24 weeks and will even undergo bone formation, evidenced by increased trabecular bone 

volume, trabecular number and trabecular thickness, increased osteoblast numbers, compared to 

FRC rats. We also hypothesize that RANKL levels will be at control levels while levels of 

sclerostin will be reduced in response to prolonged moderate muscular loading of forelimb bones.  

 

Aim 3.  To determine if there are exposure-dependent changes in forelimb bone quality in young 

adult rats performing a high repetition high force (HRHF) task long-term, and if HRHF rats 

performing for 18 weeks will undergo high-loading induced pathological remodeling and 

degradation in forelimb bones, compared to control rats. We also sought to investigate possible 

mechanisms involved in bone changes observed in our WMSD rat model, such as high force 

induced increases in osteocyte apoptosis, which will affect sclerostin and RANKL levels in the 
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loaded forelimb bones.  

We hypothesize that forelimb bones will not adapt to prolonged performance of a HRHF 

task for 18 weeks and will show net bone resorptive changes, evidenced by reduced trabecular 

bone volume, trabecular numbers and thickness, increased osteoclast numbers, and pathological 

bone changes, compared to control rats. Furthermore, we hypothesize that prolonged 

performance of a HRHF task for 18 weeks will result in increased numbers of apoptotic 

osteocytes, leading to increased RANKL and sclerostin levels, thereby reducing bone formation 

and increasing bone resorption.  

  



 43 

CHAPTER 2 
 

PROLONGED PERFORMANCE OF A HIGH REPETITION LOW FORCE TASK INDUCES 

BONE ADAPTATION IN YOUNG ADULT RATS, BUT DEGRADATION IN MATURE RATS* 

 
* This work is currently under review as a revised manuscript for Experimental Gerontology.  

INTRODUCTION 

Work-related musculoskeletal disorders (WMSDs), also known as repetitive strain injuries  

and work-related overuse injuries, are the most reported types of occupational illnesses. 

According to the U.S. Bureau of Labor Statistics report entitled Nonfatal Occupational Injuries and 

Illnesses Requiring Days Away from Work 2012, WMSDs account for 34% of lost workday 

injuries and illnesses in the US, and cost in the order of $61 billion annually [1, 216]. Hand and 

wrist injuries are prevalent in occupations requiring upper extremity repetitive tasks, and can be 

further aggravated by advancing age [6, 8]. This report also indicates an increased number of 

days away from work (an indicator of illness severity) in people above 35 years of age, and that 

people aged 45-54 have a higher incidence of work-related injuries [1]. Since age is a risk factor, 

and since the average age of the American and international work force is rapidly increasing due 

to economic realities, more WMSD cases are predicted [217-219]. Yet, the underlying 

mechanisms of these disorders are incompletely understood. The 2010 National Manufacturing 

Agenda of the National Institute of Occupational Safety and Health cites the need for etiologic 

research in determining the contribution of biomechanical mechanisms towards the development 

of tissue injury and musculoskeletal disorders [220]. 

A small number of studies have examined changes occurring in upper extremity bones as a 

consequence of occupational tasks [98, 101, 111, 123]. For example, increased incidence of 

hand/wrist osteoarthritis and reduced bone mass has been identified in female dentists and 

teachers with heavy or one-sided hand workloads [221-223]. Bone scan studies of patients with 

upper extremity musculoskeletal disorders show increased blood flow and pooling (suggestive of 

inflammation) in affected forearm bones [224, 225]. Such changes can increase osteopenia and 

fracture risk.  Premenopausal women with carpal tunnel syndrome, a type of upper extremity 
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musculoskeletal disorder, have significantly decreased bone mineral density in the distal radius, 

ulna, and metacarpal bones, compared to control subjects [94], although the cause is still under 

investigation [123]. One possible cause may stem from increased baseline inflammatory cytokine 

levels in tissues of aging mammals, compared to young adults [14, 16, 226-228], combined with 

the enhanced tissue inflammatory cytokine production occurring as a consequence of WMSDs 

[101]. This increase of inflammatory cytokines can contribute to bone changes as several are 

known to stimulate osteoclastogenesis and activity and impair osteoblast differentiation 

[39, 126, 151-153]. 

It is well known that chronic cyclical tissue over-load affects bone quality and morphometry 

[47, 56, 58, 197, 229, 230] as can age-related hormonal and inflammatory changes 

[9, 12, 39, 137, 229]. Aging is associated with increased osteogenic thresholds to mechanical 

loading [11, 231], and is linked to decreased bone quality and mass [9, 11, 12, 49].  

We have developed an operant rat model of upper extremity WMSDs in which rats learn a 

reaching and grasping task for a food reward. With this model, we have shown that prolonged 

performance of repetitive tasks leads to either trabecular bone adaptation or pathological bone 

changes, dependent on the repetition rate, force load, and duration of task [98, 101, 111, 123]. 

Performance of a negligible or low force repetitive reaching and grasping task for 6-12 weeks 

induces bone adaptation in young adult rats, concomitant with a transient increase in bone 

inflammatory cytokines [98, 101]. In contrast, when task demands increased to high repetition 

high force loads, young adult 12-week task rats showed significant losses in trabecular bone 

volume, numbers and thickness in the distal radius, and increased radial cortical thinning, 

concomitant with higher and more sustained increases in inflammatory cytokines in bones and 

serum [67, 101, 232]. Although we have yet to examine the response of bones to prolonged 

performance of a repetitive tasks in mature adult rats (14-18 mo of age), we have observed that 

these rats have increased inflammatory cytokine levels in serum and tendons after performing a 

high repetition low force task for 12 weeks, compared to young adult rats performing the same 

task [16, 114]. The increased inflammatory cytokines were the same that can affect bone cell 
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homeostasis and induce net bone loss (e.g., interleukin-1 and tumor necrosis factor alpha) 

[152, 153, 166].  

Thus, the effect of performing repetitive tasks on bone architecture needs further evaluation 

to assess if aging combined with prolonged performance of a moderate demand repetitive task 

enhances bone inflammation and degradation, rather than the trabecular bone adaptation seen in 

young adult rats [101]. Our goal here was to determine if mature adult rats (14-18 mo of age) 

performing an upper extremity high repetition low force (HRLF) task for 12 weeks have decreased 

forelimb bone quality, compared to young adult task rats (2.5-6.5 mo of age), concomitant with 

age-related increases in bone inflammatory cytokines. We also examined for the first time, the 

effects of prolonged task performance on cortical bone quality at the mid-diaphyseal region of the 

radius. We hypothesized that aging combined with repetitive HRLF task performance would 

negatively affect both trabecular and cortical bone quality in the radius due to reduced osteogenic 

adaptation, compared to young adult task rats (which will show increased trabecular bone volume 

and other forms of bone adaptation), and that the bone degradation in the mature rats would be 

paralleled by increased bone inflammation responses that would stimulate osteoclast formation 

and activity and impair osteoblast differentiation and activity. These hypotheses were examined 

by analysis of the trabecular and cortical bone structure of the distal radius of the forelimb using 

micro-computerized tomography (microCT), dynamic and static histomorphometry, and by 

analysis of forelimb bone inflammatory cytokine levels and serum levels of biomarkers of bone 

formation and resorption using ELISA. 

MATERIALS AND METHODS 

 
Animals and Experimental Design Overview 

The Temple University Institutional Animal Care and Use Committee approved all 

experiments in compliance with NIH guidelines for the care and use of laboratory animals. 

Female rats were used in this study because: 1) Human females have a higher incidence of work-

related musculoskeletal disorders than males [8]; and 2) for comparison to bone data from our 
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past studies on female rats using this model [67, 98, 101, 107, 123]. All rats were housed in a 

central animal facility in separate cages with a 12 hour light:dark cycle, and free access to water 

and environment enrichment toys. All rats were provided with equal rations of food reward pellets 

and Purina rat chow daily. All rats were inspected weekly and again post-mortem for presence of 

illness or tumors in order to reduce confounders for serum cytokine increases (none were 

observed). To further reduce illness related confounders, additional sentinel rats were examined 

for presence of viral infections or other illnesses as part of the regular veterinary care (none were 

detected).  

Fifty-five  young adult rats (2.5 months of age at the onset of experiments, and 6.5 months of 

age at completion) were randomly assigned to 3 groups (Fig. 2.1A): normal control rats (NC, 

n=20), food restricted control rats (FRC, n=21), and high repetition low force 12 weeks high 

repetition low force task rats (HRLF, n=14). Fifty-four retired-breeders (14 months of age at the 

onset of experiments, and 18 months of age at completion) were similarly randomly assigned. 

However, 7 mature rats were excluded from the study due to renal failure, presence of tumors, or 

mortality. Thus, only 47 mature rats were included by the end of the study: NC, n=18; FRC, n=13; 

HRLF, n=16 rats.  The total number of rats included was 102. 

The experimental design was as follows. First, all rats were handled for 10 minutes/day for 1 

week (Fig. 2.1A). Then, all but normal control rats were food-restricted for 7 days to no more than 

10-15% less than their naive weight to initiate interest in food reward pellets. After that week, all 

food-restricted rats (FRC and HRLF rats) were provided extra rat chow to gain weight quickly 

back to only 5% less than the age-matched NC rats. Young adult rats were also allowed to gain 

weight as a consequence of normal growth. HRLF task rats were first trained to learn the task in a 

4-week training period of 10 min/day for 5 days/week, before performing the task for 2 hours/day, 

3 days/week for 12 weeks (Fig. 2.1A). The NC and FRC rats rested until euthanasia at age-

matched time points as HRLF rats (Fig. 2.1A).  Data from FRC rats was compared to NC rat data. 

No significant differences were observed between these two groups for any outcome analyzed. 

Therefore, results of FRC and NC groups were combined into a single control (C) group for each 

age group: Young Adult, C= 41; Mature, C=31. 
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Task Apparatuses  

Custom-designed operant behavior chambers were used (Fig. 2.2A-G), as previously described 

[100, 101, 110]. Briefly, rats were trained to reach through a portal located at shoulder height (Fig. 

2.2B,C,F). Both auditory indicators (Stimulus Clicker; Med Associates, St. Albans, VT) and light 

indicators (Med Associates), lasting 5 seconds each, cued the animal to attempt a reach (Fig. 

2.2F,G).  After extending their arm into the portal (Fig. 2.2C), they isometrically pulled on a 

vertical 1.5 mm metal bar attached to a load cell (Futek Advanced Sensor Technology, Irvine, 

CA) that was positioned 2.5 cm outside of the chamber wall (Fig. 2.2D,G). The load cell output 

was interfaced with a signal conditioner (Analog Devices, Norwood, MA), which amplified and 

filtered the signal before it was sampled digitally at 100 Hz with Force Lever software (Med 

Associates, St. Albans, VT). The metal lever bar and its load cell were interfaced with custom 

written Force-Lever software that allowed a choice of a set force level that the rat had to pull and 

then hold for at least 50 milliseconds (ms) [233], before a food reward was provided (version 

1.03.02, Med Associates, St. Albans, VT).  The force transducer was encased in a custom made 

metal holder bolted to the floor of the chamber. The rats were trained (described further below) to 

grasp the force lever bar (Fig. 2.2D), and pull toward the chamber wall at a force effort of 15% of 

the maximum grip strength of control rats (30g) for at least 50 ms [233]. If reach and force criteria 

for the task (defined below) were met within a 5 second cueing period, a 45 mg food pellet was 

dispensed via a tube into a trough located at floor height for the animal to lick up (Fig. 2.2E-G). A 

1:1 mix of purified grain and banana-flavored food reward pellets (Bioserve, NJ, USA) were used 

throughout the study. 
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Figure 2.1. Experimental design and microCT region of interest (A) Young adult (2.5 months 
at onset) and mature (15 months at onset) Sprague-Dawley rats were randomly assigned to 
normal control (NC), food restriction control (FRC) or high repetition low force 12 weeks task 
(HRLF) groups. Number of rats per group is shown at the right. (B) Metaphyseal trabeculae 
and diaphyseal cortical bone regions in the radius (R) that were analyzed using micro-
computerized tomography (microCT) and histomorphometry in subcohorts of rats from each 
group. Locations of regions of interest (ROI) are as indicated. The ulna (U) was not analyzed 
in this study, as we have previously shown it to be less affected than the radius. (C) 
Transaxial views of trabecular and cortical bones showing the volumes of interest used for 
MicroCT are highlighted in red. Radius (R) and ulna (U) are indicated. 
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Figure 2.2.  Operant behavioral task apparatus. (A) Rat waiting for auditory and light cues 
with snout in portal. (B,C) Rat reaches into portal, and extends arm to the force lever bar with 
right forepaw. (D) Rat grasps and isometrically pulls a force lever bar attached to a force 
transducer (FT), until the force threshold (0.23 Newtons; 15% of the maximum pulling force) 
is reached and held for 50 milliseconds. (E) Rat retrieves a foot pellet reward by mouth from 
the food trough. (F). Photo of inside of chamber showing light cue, portal and trough for food 
reward. (G). Photo of outside of chamber showing auditory clicker, food pellet dispenser and 
force lever bar attached to force transducer, which is in a metal stabilizing holder that is 
bolted down to the chamber floor. 
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Training Regimen 

HRLF rats were first trained to learn the reaching and handle-pulling task during a 4-week 

period for 10 min/day, 5 days/wk, in which they ramped upwards towards the HRLF task level 

force. During this period, the rats moved through several stages of training, as previously 

described [123, 234]. Briefly, in week 1 of training, they were placed in a plastic box outfitted with 

Plexiglas portal and plastic trough located at shoulder height, and introduced to the 45 mg food 

reward pellets. When rats learned to reach (without a specified reach rate) into the trough for the 

food pellets (typically 3 days), they were moved to operant chambers, where they learned with 

the aid of auditory and light cueing to reach through a shoulder-height portal to isometrically pull 

the force lever attached to a force transducer. In week 1, rats learned to grasp and pull on the 

force lever bar with a negligible force without any specified repetition rate, for a food reward 

(cueing was provided). In week 2, rats were required to pull at 11 grams (5% of their maximum 

pulling force (MPF), as previously described [234]).  By the beginning of week 4, they were 

required to pull at 30g (15% of their MPF), without any specified repetition rate. By the end of the 

4-week training period, rats were able to perform the HRLF task of four reaches/min at 30g (0.23 

Newtons (N); 15% of their MPF). Trained rats reached this HRLF level only during the last 3-4 

days of their 4th week of training at 10 min/day, 5 days/week.  

Task Regimens 

Trained rats went on to perform the high repetition low force (HRLF) task at a low force at a 

reach rate of 4 reaches/minute, for 2 hours/day, four 30 min sessions/day, 3 days/week, for a 

total of 12 weeks. The daily task was divided into four 30-minute sessions separated by 1.5 hrs 

each in order to avoid satiation. The rats had to grasp the force handle and exert an isometric pull 

for at least 50 ms with a graded force effort of 15% ± 5% (30 ± 1.5 grams, equivalent to ~0.23 N) 

of their naïve maximum voluntary pulling force (MPF). Rats were allowed to use their preferred 

limb to reach (the ‘‘reach’’ limb) (Fig. 2.2C,D) [108, 234].  

Motor function assay   

  Reflexive grip strength was measured in all animals at baseline (the naive time point), after 

food restriction (1 week later), after training (week 0, 4 weeks later), and every 3 weeks 
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thereafter, using a rat grip strength recording unit (Stoelting, Wood Dale, IL), by an examiner 

naïve to group assignment. The test was repeated 5 times /trial, and the maximum grip strength 

per trial for the preferred reach limb is reported. 

MicroCT Imaging and Analysis 

Animals were euthanized by lethal overdose (sodium pentobarbital, 120 mg/kg body weight) 

36 hours after their last task session, and blood was collected for biochemical assays through 

cardiac puncture using an 18 gauge needle. Rats were then perfused transcardially with 0.9% 

saline and then fixed with 4% paraformaldehyde in 0.1M PO4 buffer, pH 7.4, for microCT (n=5-

9/group). Twenty-four hours prior to the micro-CT analysis, forelimb bones were collected, 

muscles removed and collected, cleaned of soft tissues, and stored in phosphate buffered saline 

(PBS) with sodium azide until micro-CT analysis of the radius, before being processed for 

histological examination. Skyscan volume rendering software (CTVox) and analysis software 

(CTAn) was used to render the 3D models and transaxial sections, shown in Fig. 2.1B and C, 

respectively. MicroCT analysis was performed according to recent guidelines [235] and as 

previously described [123, 234]. The radius and ulna ulnar bones of each rat’s reach limb were 

scanned from their distal ends proximally towards the elbow, to a diaphyseal site that was 10 mm 

proximal from the growth plate, as shown in Figure 2.1B, using a SkyScan 1172, 12 megapixel, 

high-resolution cone-beam microCT scanner (Bruker, Kontich, Belgium), using the following 

settings: a pixel resolution size of 5.89 µm, x-ray source spot size of 300 nm, Al 0.5mm filter, 

voltage of 59 kV, current of 167 µA, rotation step of 0.40o, frame averaging of 5. Each scan was 

approximately 45 minutes per set of forelimb bones. During reconstruction of the images using 

cone-beam reconstruction software based on the Feldkamp algorithm (Skyscan NRecon), a ring 

artifact correction of 10, and a beam hardening correction of 60% were applied to all samples. 

This process yielded more than 2700 tomographic sections, 5.89 µm in thickness, in the axial 

plane, for each set of forelimb bones.  

Using the Skyscan CT Analyzer (CTAn) software, two regions of interest (ROI) of the radius 

were delineated using a region of interest tool, and then binarized separately. The metaphyseal 

trabecular bone ROI was defined from 1.5 mm below the center of the growth plate and extending 
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proximally for 1mm (Fig. 2.1B).  The volume of interest (VOI) for the trabecular microarchitecture 

variables was a consistent circle shape within a few pixels of the endocortical margin (Fig. 2.1C). 

The cortical diaphyseal ROI was delineated from 5 mm below the growth plate for 0.5 mm (Fig 

2.1B). The VOI was defined by circling the outside of the cortical bone surface (Fig. 2.1D).  The 

saved data sets were segmented into binary images. Because of a low noise and the relative high 

resolution of the data sets, we used simple global thresholding methods. For trabecular bone, an 

upper threshold of 255 and a lower threshold of 95 were used. For the cortical analysis, the upper 

threshold remained 255 while the lower threshold was increased to 125 to delineate each pixel as 

“bone” or non-bone. Despeckling was performed at a 2D setting of 50 pixels prior 2D and 3D 

analyses, and the shrink-wrap feature was set to cover holes of more than 50 pixels for the 

cortical analysis. 

Trabecular morphometric traits were then computed from binarized images using direct 3D 

techniques that do not rely on prior assumptions from the underlying structures. Trabecular bone 

volume per total volume (BV/TV), bone surface per bone volume (BS/BV), mean trabecular 

thickness (Tb.Th), mean trabecular number (Tb.N), mean trabecular separation (Tb.Sp) and 

degree of anisotropy (DA) indices were measured in 3 dimensions (3D) where 0 represent 

isotropic organization. Also, the structure model index (SMI) was measured to determine the 

prevalence of plate- or rod-like trabecular structures, where 0 represents “plates”, 2 represents 

“rods” and 3 “cylinders” [205]. Cortical morphometry was analyzed from obtained binarized 

images using 2D techniques. Total cross-sectional area inside the periosteal envelope (Tt.Ar), 

cortical bone area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), periosteal perimeter (Ps.Pm), 

marrow area (Ma.Ar), and average cortical thickness (Ct.Th) were analyzed. Additionally, data 

about closed pore volume (Po.V (cl)) was gathered. The person carrying out the microCT 

analyses was blinded to treatment and age. 

Histomorphometry  

Bones assayed for microCT and from additional rats, as indicated below, were used for 

histomorphometry according to the recommendations of the American Society for Bone and 
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Mineral Research [236, 237]. Half of the bones from each group underwent plastic embedding, 

and half underwent paraffin embedding.  

For plastic embedding, fixed forearm bones (n=4-6/gp) were preserved in 70% ethanol and 

embedded, undecalcified, into methyl methacrylate (MMA) resin. To measure dynamic bone 

formation parameters, calcein (i.p.,10 mg/kg body weight) had been previously injected at 9 and 2 

days before euthanasia into n = 4-5 rats per group.  Bones were sectioned into 5 μm longitudinal 

sections, placed onto charged slides (Fisher Scientific, Tissue Path Superfrost Slides), and dried 

at 60°C overnight. Sections were deplasticized and stained with von Kossa and toluidine blue or 

were left unstained for the measurement of calcein labeling. Adjacent sections were processed 

for tartrate-resistant acid phosphatase  (TRAP) staining as per manufacturer’s instructions 

(Sigma-Aldrich Acid Phosphatase kit 387A) to detect osteoclasts, or stained with Safranin-O and 

fast green (which stain cartilaginous matrix and non-collagenous proteins, respectively) to 

visualize matrix remodeling within the trabecular and cortical bone.  

For all histomorphometric analyses of the trabecular bone described below, we targeted an 

area in the distal radial metaphysis located 100 μm below the chondro-osseous junction of the 

secondary spongiosa and 100 μm in from the surrounding cortical bone using a 20x objective.  

For the cortical bone analyses, we targeted an area in the mid-diaphyseal region of the radius, 

which was located 5 mm below the chondro-osseous junction of the secondary spongiosa using a 

20x objective.   For histomorphometric analysis of the distal radius to assess changes in bone 

structure and remodeling, radial sections were measured in the distal metaphysis (located as 

described above), as described by Parfitt et al. [25]. Bone formation rate (BFR) was assessed in 

unstained calcein-labeled sections by measuring single-labeled surface for single perimeter 

(sL.Pm), double-labeled surface (dL.Pm), and the interlabel distance in the dL.Pms. Mineral 

apposition rate (MAR, mM/day) and bone formation rate normalized to bone surface (BFR/BS) 

were calculated [121]. Osteoblast numbers per bone surface (Ob.N./B.S.) on trabecular surfaces 

was determined in toluidine blue-stained sections, and numbers of osteoclasts (TRAP+) per bone 

surface (N.Oc/BS) were counted in TRAP stained sections, on  trabecular surfaces using the 

same  image analysis program as above. Since TRAP is also known to stain macrophages and 
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other mononuclear cells of the monocyte-macrophage lineage [200, 204, 238, 239], only large 

cells with 3 or more nuclei were counted, as previously described. Resorption cavities (number 

per bone surface area) were manually counted in the plastic sections in trabecular surfaces in the 

secondary spongiosa, in the same targeted regions as above. Three sections were counted per 

histomorphometric analysis parameter. 

For paraffin embedding, forearm bones (n=4-11/gp) were decalcified in a 14% acid free 

EDTA solution), embedded into paraffin as previously described [98]. Bones were sectioned into 

5 micrometer longitudinal sections, placed onto charged and coated slides (Fisher Scientific, 

Tissue Path Superfrost Plus Gold Slides), and dried at 60°C overnight. Immunohistochemistry 

was performed on deparaffinized bone sections, after a 0.5% pepsin antigen retrieval step for 15 

minutes at room temperature, using mouse anti-rat anti-CD68 (a marker of osteoclast, 

macrophages and their progenitors [98, 101, 110, 123, 194, 203, 211]; MCA341R Serotec, 

Raleigh, NC, USA) at a dilution of 1:250 for overnight at 4°C. This was followed by a secondary 

goat anti-mouse antibody tagged with horseradish peroxidase (Jackson ImmunoResearch, West 

Grove, PA) at a dilution of 1:100 for 2 hours at room temperature.   The horseradish peroxidase 

was visualized using diaminobenzidine (DAB) with a metal enhancer substrate system 

(SigmaFast D0426, Sigma-Aldrich). To verify the TRAP+ N.Oc/BS, numbers of multinucleated 

osteoclasts (CD68+ cells) per bone surface (N.Oc/BS) were counted on  trabecular surfaces in 

the secondary spongiosa, using a Nikon E800 microscope interfaced with an image analysis 

program (Bioquant Osteo 2012 v12.1). Adjacent serial sections were stained with hematoxylin 

and eosin (H&E) or with Safranin-O and fast green. Pathological bone changes were examined in 

the bones using each staining method. Three sections were counted per histomorphometric 

analysis parameter. 

Flexor forelimb tissues were collected from the same rats and limbs as above as a flexor 

mass, postfixed “en bloc” by immersion overnight in 5% paraformaldehyde in phosphate buffer 

(pH .4). A cross-sectional piece of the flexor digitorum muscle, of 1.5 mm in thickness, was 

removed with a scalpel from the mid-region of the muscle at its widest point. This cross-sectional 

piece was equilibrated in sucrose for 3 days, and then cryosectioned into cross-sectional slices of 
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12 μm thick each. These sections were mounted on slides, dried and stained with H&E. An image 

analysis program (Bioquant) was used to measure the cross-sectional area (CSA) of the entire 

muscle belly in mm2 using a 2X objective. The individuals carrying out all histomorphometric 

analyses and cell counts were blinded to treatment. 

Analysis of Bone Inflammatory Cytokines using ELISA  

 Separate cohorts of animals (n=6-10/gp) were euthanized by lethal overdose (sodium 

pentobarbital, 120 mg/kg body weight) 36 hours after their last task session, blood collected for 

biochemical assays through cardiac puncture using an 18 gauge needle, and the distal radial and 

ulnar bones were collected. The diaphysis and distal ends of the forelimb bones (radius and ulna) 

were cut apart using bone scissors (Tough Cut Surgical Scissors, Fine Science Tools), and then 

flash-frozen. Bone segments were powdered and homogenized, separately, and assessed for 

interleukin (IL-1β), tumor necrosis factor -alpha (TNF-α), IL-6 and IL-10 using commercially 

available ELISA kits (BioSourceTM, Invitrogen Life Sciences, CA), as described previously [107]. 

Each sample was run in duplicate in a blinded manner. ELISA data (pg cytokine protein) were 

normalized to µg total protein, which was determined using a bicinchoninic acid (Pierce BCA 

Protein assay #23225. Thermo Scientific, MA). 

Analysis of Serum Bone Turnover Markers and estrogen using ELISA 

The blood collected (as described above) was stored on ice for 30 min, then centrifuged at 

1,800 g for 20 min at 4ºC, flash-frozen, stored at -80ºC until analyzed for serum markers of bone 

turnover (n=12-14/gp) and estradiol levels (young adults n=31, mature n=10).  Serum was 

assayed using commercially available ELISA kits for CTX-1 (Immunodiagnosticsystems, RatLaps 

EIA, # AC-06F1), osteocalcin (Immunodiagnosticsystems, Rat-MID Osteocalcin EIA # AC-12F1) 

and estrogen estradiol (Calbiotech SKU: ES180S-100). The individuals carrying out this 

biochemical analyses were blinded to treatment. Serum CTX-1 is a measure of C-telopeptide 

fragments of collagen type I generated during osteoclastic bone resorption. Osteocalcin is a non-

collagenous protein of the bone matrix that is synthesized by osteoblasts, making the measure of 

serum an indicator of bone formation. Serum estradiol levels were analyzed to determine if age-

related hormonal changes were contributing to bone changes. 
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Statistical Analyses 

To determine differences between and among groups, mixed-model two-way and one-way 

ANOVAs were performed for ELISA and microCT data. Repeated measures ANOVA could not be 

used for weights since the number of animals per week differed across groups due to mortality or 

presence of tumors (the latter rats were excluded). To determine the effect of the other 

dependent variables, for each ANOVA, the Bonferroni post-hoc method for multiple comparisons 

was used. Adjusted p-values are reported, and after adjustment, a p-value of <0.05 was 

considered statistically significant. Two-tailed Pearson’s correlation tests were used to compare 

to trabecular BV/TV with serum estrogen levels, and with the animal weights at euthanasia. Data 

are expressed as mean ± standard error of the mean (SEM). Two-way ANOVA results and 

significant posthoc findings are listed with the individual graphs. 

RESULTS 

Animals weights were not significantly affected by food restriction 

Body weights of young adult rats showed a significance interaction between group and week 

of p<0.05. The group differences were in week 0, with weights of the young adult HRLF rats in 

week 0 lower than in NC rats (post hoc finding of p<0.05). There was also a difference in week of 

p<0.05; post hoc analysis showed that young adult rats in each group weighed more at week 12, 

than at naïve, indicating that they each gained weight similarly. Mature HRLF rats had a small 

decrease in weight in week 0 after training, compared to FRC and NC rats, although this 

difference did not reach significance in the posthoc tests (Fig. 2.3B). The mature rats of each 

group were significantly heavier than the young adult rats at each time point (Fig. 2.3C). There 

were no significant differences in weights between NC and FRC rats of either age group (Fig. 

2.3A and B).  

Grip Strength increased in young adult HRLF rats, but decreased in mature HRLF rats  

Young adult HRLF rats had an increase in grip strength in weeks 3 and 6 of task performance 

(Fig. 2.3D), compared to age-matched NC and FRC rats and compared to their naïve grip 

strength. In contrast, mature HRLF rats had a decrease in grip strength in weeks 9 and 12 of task 
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performance (Fig. 2.3E), compared to age-matched NC and FRC rats and compared to their 

naïve grip strength. The young adult HRLF rats had lower grip strength than the mature rats at 

the naïve timepoint, but greater grip strength than the mature rats by week 6 of task performance 

(Fig. 2.3F). There were no significant differences in grip strength between NC and FRC rats of 

either age group (Fig. 2.3D and E). 

Trabecular adaptation to HRLF task in young adult rats; degradation in mature rats 

There were no significant differences in any microCT or bone cell count variables observed 

between NC and FRC of either age group (in addition to the lack of change in body weights and 

grip strength between these two groups, as shown in Figure 2.3). Therefore, the NC and FRC 

data were combined into one control (C) group hereafter.  

In the young adult 12-week HRLF rats, we observed loading-induced trabecular bone 

adaptation in the form of increased BV/TV, BS/BV and Tb.N, and decreased Tb.Sp (Fig. 2.4A, B, 

D and E), compared to young adult C rats. The degree of anisotropy (DA) was not altered (Fig. 

2.4F). The trabecular shape changed from rod-like to plate-like with HRLF task performance, as 

indicated by a decreased SMI, a change known to increase bone strength [240] (Fig. 2.4G). One 

index of loading-induced bone resorption was observed in the young adult 12-week HRLF rats in 

the form of decreased Tb.Th, compared to young adult C rats (Fig. 2.4C).  
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Figure 2.3. Body weights and maximum grip strength of young adult and mature rats across 
the weeks of experiment. Data for normal control (NC), food restriction control (FRC), and 12 
week high repetition low force task (HRLF) rats. (A) Body weights of young adult rats from 
naïve to task week 12. (B) Body weights of mature rats from naïve to task week 12. (C) Body 
weights of mature HRLF rats versus young adult HRLF rats from naïve to task week 12. (D) 
Grip strength of young adult rats from naïve to task week 12. (E) Grip strength of mature rats 
from naïve to task week 12. (F) Grip strength of mature HRLF rats versus young adult HRLF 
rats from naïve to task week 12. Mean ± SEM and results of two-way ANOVA shown. *: p 
<0.05, ** p<0.01, compared to naïve (week -5). &: p<0.05, &&: p<0.01, compared to mature 
HRLF rats. 
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In contrast, mature rats performing the HRLF task did not have similar adaptive changes in 

BV/TV, BS/BV, Tb.Th, Tb.N, or Tb.Sp, compared to mature C rats (Fig. 2.4A-E). They did have a 

lower SMI, compared to mature C rats, although the magnitude of this change was less than seen 

in young adult HRLF rats (Fig. 2.4G).  Also as a positive attribute, mature C and HRLF rats had 

thicker trabeculae than their young adult rat counterparts (Fig. 2.4C). However, mature HRLF rats 

had significantly lower BS/BV and Tb.N than their young adult rat counterparts (Fig. 2.4B,D), and 

showed one clear index of trabecular degradation with task performance in the form of increased 

DA (indicative of a change to more scattered and unevenly distributed trabeculae), compared to 

mature C and young adult HRLF rats (Fig. 2.4F).  

Figure 2.4H shows representative 3D images of the distal trabecular bone region of each 

group, and shows an increase in trabecular bone volume in the young adult HRLF rats, compared 

to the other groups.  
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  Figure 2.4. MicroCT analyses of trabeculae in the distal radius of young adult and mature control 
(C) and 12-week high repetition low force (HRLF) rats. (A) Bone volume/tissue volume (BV/TV), 
(B) bone surface/bone volume (BS/BV), (C) trabecular thickness (Tb.Th), (D) trabecular number 
(Tb.N),  (E) trabecular separation (Tb.Sp), (F) degree of anisotropy (DA) 0= isotropic 
1=anisotropic, and (G) structure model index (SMI) 1= plates, 2= rods, 3= cylinders. (H) 
Representative transaxial 3D images of trabecular bone area analyzed in the radius for each 
group. Mean ± SEM shown. * and **: p<0.05 and p<0.01, compared to age-matched C rats; & or 
&&: p<0.05 and p<0.01, compared to task-matched younger counterpart rats. 
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MicroCT analysis shows a decline in cortical bone quality in mature HRLF rats 

In the young adult HRLF rats, there was a small reduction in the Ct.Ar/Tt.Ar ratio, compared 

to young adult C rats (Fig. 2.5C). An increase in Ps.Pm (indicative of periosteal growth) 

compensated partially for the increase in Ma.Ar (indicative of endosteal resorption) in the young 

adult HRLF rats, compared to young adult C rats (Fig. 2.5D and E), so that there was no 

significant decline in cortical thickness in the young adult rats (Fig. 2.5F). In contrast, mature 

HRLF rats had no changes in Tt.Ar, Ct. Ar, Ct.Ar/Tt.Ar or Ps.Pm parameters (Fig. 2.5A-D), yet 

increased Ma.Ar (Fig. 2.5E), and thus significant cortical thinning (Fig. 2.5F), compared to mature 

C rats. Mature task rats also showed an increased volume of closed pores (Po.V (cl); Fig. 2.5G), 

indicative of increased cortical bone porosity and therefore a decline in cortical bone quality. 

Figure 2.5H shows representative 3D images of the mid-diaphysis of each group, and increased 

cortical bone porosity in the mature HRLF rats.  
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Figure 2.5. MicroCT analyses of mid-diaphyseal cortical bone in the radius of young adult and 
mature control (C) and 12-week high repetition low force (HRLF) rats. (A) Total area of the 
periosteal envelope (Tt.Ar), (B) cortical bone area (Ct.Ar), (C) cortical area fraction 
(Ct.Ar/Tt.Ar), (D) periosteal perimeter (Ps.Pm), (E) marrow area (Ma.Ar), (F) cortical thickness 
(Ct.Th), and (G) closed pore volume (Po.V (cl)) indicative of cortical porosity. (H) 
Representative transaxial 3D images of cortical bone area analyzed in the radius for each 
group. Mean ± SEM shown. * and **: p<0.05 and p<0.01, compared to age-matched C rats; & 
or &&: p<0.05 and p<0.01, compared to task-matched younger counterpart rats. 
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 Bone inflammatory cytokines increase with HRLF in both groups; more in mature rats 

Since we have reported higher inflammatory cytokines in distal forelimb bone regions than in 

the diaphysis in other task rats [107], and since we observed differences in radial 

microarchitecture between the two regions (Figures 2.4 and 2.5), we next analyzed inflammatory 

cytokines levels in distal forelimb bone regions separately from the diaphysis. In young adult rats, 

HRLF task performance lead to increased levels of three inflammatory cytokines, IL-1β , TNF-α  

and IL-6, in distal forelimb bone regions (metaphysis, epiphysis and first row of carpal bones), 

compared to young adult C rats (Fig. 2.6A-D). There was also increased IL-1β and TNF-α  in the 

proximal region of the radial bone (i.e. diaphysis) of young adult HRLF rats, compared to young 

adult C rats (Fig. 2.6E and F). In contrast, levels of each inflammatory cytokine assayed (IL-1β , 

TNF-α  and IL-6) increased in both bone regions of mature HRLF rats, compared to mature C rats 

and to young adult rats, with the exception of IL-6, which was the highest in the diaphysis of aged 

HRLF rats (Fig. 2.6A-G). IL-10, a key anti-inflammatory cytokine increased in the proximal region 

of the radius in young adult HRLF rats, compared to young adult C rats (Fig. 2.6H). In contrast, 

the mature HRLF rats showed decreased IL-10 levels in distal bone regions, compared to mature 

C rats (Fig. 2.6D), and in both bone regions, compared to young adult rats (Fig. 2.6F).  
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Figure 2.6. Inflammatory cytokines in distal and proximal forelimb bone regions of young 
adult and mature control (C) and 12-week high repetition low force (HRLF) rats. The distal 
region included the metaphysis of the radius and ulna and the first row of carpal bones. The 
proximal region included the diaphysis of the radius and ulna. (A&E) IL-1beta, (B&F) TNF-
alpha, (C&G) IL-6, and (D&H) IL-10. Mean ± SEM shown. **: p<0.01, compared to age-
matched C rats; &&; p<0.01, compared to task-matched younger counterpart rats.  
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Osteocalcin and osteoblasts increase with HRLF in young adult rats; not in mature rats 

Serum osteocalcin levels (produced by osteoblasts and an indicator of bone formation) 

increased along with osteoblast numbers (N. Ob/BS) in radial trabecular region of the young adult 

HRLF rats, compared to young adult C rats (Fig. 2.7A and B). In contrast, osteocalcin and 

osteoblast numbers did not alter with task performance in the mature adult rats, and were 

significantly lower in both mature HRLF and C rats than in their younger counterparts (Fig. 2.7A 

and B). The mineral apposition rate (MAR) in distal radial metaphyseal trabeculae was increased 

in young adult HRLF rats, compared to young adult C rats, as was bone formation rate/bone 

surface (BFR/BS) (Fig. 2.7C and D). Such increases in bone formation were not observed mature 

rats (Fig. 2.7C and D).  

Serum CTX-1 levels (a marker of osteoclast activity and bone resorption) and osteoclast 

numbers (N.Oc/BS) increased in the radial trabecular region of both young adult and mature 

HRLF rats, compared to age-matched C rats (Fig. 2.7F and G), with the greatest increase in 

mature HRLF rats. There was no difference in numbers of resorption spaces in the HRLF rats of 

either age group, compared to age-matched C rats (data not shown). 
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Figure 2.7.  Serum levels of biomarkers of bone formation (osteocalcin) and resorption (CTX-1), 
and osteoblast and osteoclast counts in the distal trabeculae of the radius of young adult and 
mature control (C) and 12-week high repetition low force (HRLF) rats. (A) Serum osteocalcin 
levels. (B) Number of osteoblasts per bone surface (N.Ob/BS) in the distal radial trabecular region. 
(C) Mineral apposition rate (MAR). (D) Bone formation rate (BFR) per bone surface area (BS). (E) 
Calcein deposition for each group (600X magnification). (F) Serum CTX-1 levels. (G) Number of 
osteoclasts per bone surface (N.Oc/BS) in the distal radial trabecular region. Mean ± SEM shown. 
**: p<0.01, compared to age-matched C rats; &&: p<0.01, compared to task-matched younger 
counterpart rats.  

 



 67 

No significant changes in the forelimb flexor muscles in young or mature task rats 

 The HRLF task resulted in a small marginal increase in the mean CSA of the mid flexor 

digitorum muscle belly in mature HRLF rats, compared to mature C rats, although this increase 

was not statistically significant (Fig. 2.8A). Young adult HRLF rats also had a similar mean CSA, 

compared to young adult C rats (Fig. 2.8A). There were also no significant differences between 

age groups.  

Estrogen levels similar in young adult and mature rats 

To determine if bone changes observed were caused by sex hormone changes, we 

tested serum estradiol levels and found that mature rats had similar estrogen levels as the young 

adult rats (Fig. 2.9A), indicating that the mature rats were pre-menopausal. Additionally, no 

significant correlation was observed between serum estrogen levels and BV/TV in either group 

(Fig. 2.9B), or between serum estrogen levels and Ct.Th and Ma.Ar changes (data not shown, p> 

0.05). There was also no correlation between trabecular BV/TV and the rats’ weights (Fig. 2.9C). 

 

 

 

 

Figure 2.8. Flexor digitorum muscle size. (A) Quantification of the total cross-
sectional area (CSA) reported as mean with SEM for control (C) and 12-week 
high repetition low force (HRLF) rats in each age group. n.s.; non-significant.  
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Figure 2.9. Estrogen, bone changes and weights analyses. (A) Serum estrogen levels in 
pg/ml for young adult and mature rats. n.s.: non-significant. (B) Pearson’s correlation 
between serum estrogen levels and bone volume over total volume (BV/TV). (C) BV/TV 
correlation with rats’ body weights.  
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DISCUSSION  

Our hypothesis that aging combined with repetitive HRLF task performance would 

negatively affect both trabecular and cortical bone quality, compared to young adult task rats, was 

upheld, although the mid-diaphyseal cortical bone was more affected than the distal trabecular 

region. We also hypothesized that bone degradation in the mature rats would parallel increased 

bone inflammation responses concomitant with increased osteoclastogenesis and activity and 

impaired osteoblastogenesis and activity. We observed greater increases in inflammatory 

cytokines, as well as a decrease in a key anti-inflammatory cytokine (IL-10), in mature HRLF rats, 

compared to young adult HRLF rats.  No increase in osteoblast numbers or serum osteocalcin 

levels was observed in mature HRLF rats, compared to age-matched controls and young adult 

HRLF rats. Osteoclast numbers and serum CTX-1 levels were increased in both age groups by 

task performance, indicating that osteoclastogenesis and activity were not impaired in the mature 

rats. Age-related declines in bone quality were  not related to declines in weight, since mature 

rats weighed more than the young adult rats. Age-related declines in bone quality were not 

related to estrogen changes, since mature rats had equivalent serum estrogen levels as young 

adult rats. However, a task-induced decline in grip strength in the mature HRLF rats may have 

contributed to declines in bone quality, as may increased bone levels of pro-inflammatory 

cytokines. 

We found that 12 weeks of performance of a HRLF task by young adult rats induced net bone 

formation in the distal radial metaphyseal trabeculae, and some compensatory adaptive changes 

in the mid-diaphyseal cortical bone. This adaptation was evident in the distal radius as increased 

trabecular bone volume/tissue volume, bone surface/bone volume (an index of active remodeling) 

and trabecular number, and decreased trabecular separation. One index of bone resorption, 

decreased trabecular thickness was present in the young adult HRLF rats, although this decrease 

was compensated by other trabecular changes (since bone volume ratio increased).  

Remodeling typically proceeds more readily in trabecular bone regions than in mid-

diaphyseal cortical bone regions because of the larger surface density to bone volume ratio in 

trabeculae [241]. An increase in bone surface/bone volume (BS/BV) can be associated with 
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osteopenia and osteoporosis [25], although also with active remodeling and adaptation to new 

strain [242-244], especially if bone volume is maintained or increased. Since an increase of bone 

volume/tissue volume was observed in the young adult HRLF rats, as were other indices of bone 

adaptation, the increased BS/BV supports trabecular bone adaptation in the young adult rats in 

response to the HRLF task. Trabecular bone adaptation in the young adult HRLF rats is also 

supported by the decreased SMI, indicative of a transition from rod-like to plate-like trabecular 

shape, a change associated with higher mechanical strength [192, 205, 206, 245]. In the mid-

diaphyseal region of young adult HRLF rats, we observed an increase in cortical bone perimeter 

(indicative of periosteal growth), a change in bone quality that is a form of bone adaptation that 

resists bone fracture [11, 231]. This increase compensated partially for the increased Ma.Ar 

(indicative of endosteal resorption) so the cortical thickness in the radius was maintained in young 

adult HRLF rats, compared to young adult control rats.  

These findings combined show that adaptation to a 12 week  HRLF task occurred in the distal 

trabeculae and mid-diaphyseal cortical bone of the radius in young adult rats. This data matches 

and extends prior findings in this model, showing increased bone volume ratio in young adult 12 

week HRLF rats, compared to rats performing easier or more challenging tasks [101]. 

In contrast, mature 12 week HRLF rats  displayed only a few changes in the distal radial 

metaphyseal trabeculae, yet degradative changes in the mid-diaphyseal cortical bone. This was 

in spite of taking care to complete the studies using the same experimental conditions, same 

methodology and equipment. The only obvious difference in this regard was their age. 

Trabeculae often transition towards more rod-like with age (observed as increased SMI), a 

change in bone quality linked to osteoporosis [205]. However, we observed a decrease in SMI in 

mature HRLF rats, indicative of improved trabecular bone structure (although the mature HRLF 

rats retained a mix of both rods and plates while the young adult HRLF rats transitioned primarily 

to the stronger plate-like structure). The SMI data on its own suggests that longer performance of 

the HRLF task should have positive effects on trabecular bone structure in mature rats. However, 

the mature HRLF also had significant increases in the degree of anisotropy (DA) in the distal 
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radial trabeculae. Increased DA is indicative of disorganization in trabeculae distribution and a 

weaker bone that is less resistant to mechanical loading due to increased stiffness [206].   

Mature HRLF rats showed reduced bone quality in the mid-diaphyseal cortical bone. Cortical 

bone remodeling takes longer in rodents [141].  Like the young adult HRLF rats, marrow area 

increased in the mature HRLF rats. An increase in marrow area offers increased torsion strength 

and flexibility, if cortical thickness and bone diameter are maintained, since bending strength of 

bone is exponentially related to its diameter [30]. However, significant cortical thinning was 

observed in the mature HRLF rats due to no compensatory increase in the periosteal perimeter 

(as seen in the young adult HRLF rats). Cortical thinning is typically linked to reduced cortical 

bone quality [12, 246]. An additional indicator of reduced cortical bone quality was the increased 

pore volume observed in the mature HRLF rats. Porosity is considered to not affect bone strength 

if pores are concentrated to the endocortical region [247]. However, the increased pores were 

evenly distributed throughout the cortical bone of these rats (Fig. 2.4G). Increased intra-cortical 

porosity has been linked to increased fragility, microdamage and fracture risk, and is considered 

a key indicator of osteopenia [10, 241, 248, 249]. These findings combined show cortical bone 

degradative changes (thinning and increased intracortical porosity), without evidence of 

adaptation, in mature rats performing a HRLF task for an extended time period, compared to 

mature control rats and young adult rats performing the same HRLF task.  

Inflammatory changes were present in forelimb bones involved in performing the HRLF task 

in both mature and young adult rats, with greater increases in mature HRLF rat bones. This is 

consistent with our prior reports of increased inflammatory cytokine in 18 months old mature 

HRLF rat tendons and serum, than in young adult HRLF rats [16, 114].  Some observed bone 

changes were likely due to increased bone inflammatory cytokines, since inflammatory cytokine 

level variations in bones can affect both bone formation and resorption [39, 111, 152, 165, 183]. 

TNF-α  and IL1-beta are produced by osteoclasts and interfere with osteoblast differentiation and 

proliferation  in a dose-dependent manner [152, 153], by promoting degradation of bone 

morphogenetic proteins [98, 151, 169]. We have previously shown in this model that anti-

inflammatory doses of ibuprofen reduced TNF-α  and IL-1β  levels, and prevented the loss of 
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bone volume and quality in young adult rats performing a high repetition high force task for 12 

weeks [123], further supporting a bone inflammatory cytokine mechanism in our model.  

The greater increases in TNF-α  and IL1-beta in mature HRLF rats may decrease in 

osteoblast number and serum osteocalcin in these animals. Conflicting reports also stipulate that 

low doses of TNF-α  or IL1-beta can stimulate osteoblast proliferation and osteogenic 

differentiation [165, 250, 251]. The lower IL-10 response in the mature HRLF rats is consistent 

with studies showing a dysregulation of the IL-10 response as a consequence of aging [13, 14]. 

The decline in IL-10 response in the mature rats may also be contributing to the increased pro-

inflammatory cytokine response. The smaller increases of the same cytokines in the young adult 

HRLF rats (with the exception of no increase in IL-6 in the mid-diaphysis of the radius) must have 

been below the threshold needed to alter bone homeostatic balance from formation towards 

resorption.  

It has been reported that aging bone, and their mechanotransducing cells, the osteocytes, 

become less sensitive to mechanosensory stimulation [9, 229, 252], and require greater loading 

to induce osteogenesis [11, 231] (although we did not test this in this study, having used only one 

loading level). Osteocytes change with aging, sometimes demonstrating lacunar occlusions, 

which can lead to delayed or failed bone remodeling [252]. We have previously shown that aging 

itself does not contribute to sensorimotor declines in this model, but that performance of a HRLF 

task by mature rats leads to reduced reach performance and ability to perform grooming tasks, 

compared to young adult HRLF rats [114]. These behavioral changes were concomitant with 

greater increases of tendon inflammatory cytokines in mature HRLF rats, compared to young 

adult HRLF rats.  

Although body weight was not a contributing factor to degradative bone changes observed in 

mature rats (since they weighed more than young adult rats), the lower grip strength in mature 

rats in weeks 9 and 12 may be a contributing factor to their declines in cortical bone quality 

[12, 253]. Reduced grip strength as a result of inflammation are suggestive of reduced muscle 

loading on bones involved in task performance, since the same muscles are involved in 

performance grip and pulling on the lever. We believe that there was reduced overall bone 
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loading in the mature rats, although measurements of the cross-sectional area of the flexor 

muscle at its widest point showed no statically significant increases between or among the 4 

groups. The marginal increase in the muscle girth observed in the mature HRLF rats (mean ± 

SEM: 47.90 mm2 ± 8.06), compared to the mature C rats (36.14 mm2 ± 2.16) was apparently not 

enough to trigger an osteogenic bone response or rescue grip strength.This hypothesis is partially 

supported by the increased bone volume ratio in young adult HRLF rats who had increased grip 

strength in task weeks 3 and 6, and a small (although not significant) increase in their flexor 

muscle size after 12 weeks (C 50.84 mm2 ± 3.2 (mean ± SEM), HRLF 56.08 mm2 ± 2.04). A 

contribution from tissue inflammation is also supported by recent findings from our lab showing 

that ibuprofen treatment at an anti-inflammatory dose for 8 weeks prevented bone volume ratio 

loss, decreased bone inflammatory cytokines, and decreased osteoclast numbers and serum 

CTX-1 levels in young adult rats performing a high repetition and high force task (60% of the rats 

maximum voluntary force) [123]. 

Bone formation, detected as increased trabecular bone volume/tissue volume, osteoblast 

numbers and serum osteocalcin levels, was observed in young adult rats in response to the 

HRLF task, but not in mature HRLF rats. The increased porosity could be due to increased 

Haversian canal remodeling without compensatory bone formation to replace the bone [254], 

although we did not observe or quantify an increase in Haversian canal diameter. With aging, 

basic remodeling units (BMU) responsible for renewing bone tissue are often incomplete, leading 

to excessive porosity and cortical thinning  [255], since osteoclast and osteoblast function 

become uncoupled. Some researchers have reported increased resorption pits as an underlying 

reason for increased microCT-detected porosity [256]. However, a similar number of resorption 

pits were observed in both young adults and mature HRLF rats, ruling this out as a contributing 

factor. The mature HRLF failed to demonstrate osteogenesis (no change in osteocalcin or 

osteoblast numbers) after task performance, as seen in the young adult rats. Reports about how 

aging affects the osteogenic potential of mesenchymal cells are conflicting, with some studies 

stating that aging does not affect osteoblast recruitment, differentiation and activity [257], while 

others state that an age-related decline in the osteogenic potential of human bone marrow cells 



 74 

was shown in vitro [258], which can be improved by physical activity in rats [259]. Our data 

supports a bone matrix calcification deficit in the mature HRLF rats, which combined with the 

increased osteoclastic numbers and activity, lead to the increased cortical porosity [253].  

There are a number of limitations in this study. While there was no significant correlation 

between the rats’ weights and bone volume ratios, the BV/TV percentage was inversely 

proportional to body weight in the young adult rats (Pearson r = -0.76, p-value 0.13), but not in 

the mature rats (Pearson r = 0.18, p-value 0.60. Fig. 2.9). Therefore, we cannot entirely overlook 

the fact that the mature rats were heavier than the young adult rats. For consistency in loading, 

the 0.23 N used as the pulling force target (equal to 15% of maximum pulling force in young adult 

rats in past studies [101]) was used in both age groups. This level of loading was consistently 

applied 3 days/week, 2 hours/day, for 12 weeks, in each age group of HRLF rats. While this force 

load was apparently not sufficient to induce osteogenesis in the mature rats, it was sufficient in 

the young adult rats. This finding is consistent with prior studies showing that more vigorous 

loading would have been necessary to induce an osteogenic response [9, 11, 231, 260].  Also, for 

the cytokine analyses, we collected and homogenized together both ulna and radial bones. 

Therefore, the inflammatory cytokine data is representative of changes in both of these bones, 

rather than in just the radius. Lastly, the serum levels of osteocalcin and CTX-1 are 

representative of bone formation and resorption, respectively, occurring in all bones involved in 

performing the task, not just the radius.  

In conclusion, young adult female rats adapted to this low force repetitive task. Fewer 

osteogenic changes and reduced cortical bone quality were induced in mature female rats 

performing the same muscular loading task as in young adult female rats. The observed 

differential bone formation versus degradation responses were not due to differences in strain 

rate (repetition rate) or force levels, since both the young adult and the mature rats performed the 

same HRLF task. The differences might have been due to impaired mechano-responsiveness, or 

to the increased inflammatory cytokine responses and decreased osteoblastic response observed  
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in the mature rats performing a moderate demand repetitive task, than observed young adult 

rat. The reduction in cortical bone quality may indicative that mature adults performing repetitive 

low force tasks for prolonged periods may have increased risks of fracture or 

osteopenia/osteoporosis, although this should be examined further in human subjects. 
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CHAPTER 3 

PROLONGED PERFORMANCE OF A HIGH REPETITION LOW FORCE TASK INDUCES 

BONE FORMATION AND IMPROVED MICROARCHITECTURE IN RATS, WHILE 

DECREASING TISSUE SCLEROSTIN 

INTRODUCTION 

The response of bone to the application of load, whether internal, external, static or dynamic, 

may include both anabolic and catabolic changes depending on the load magnitude and duration 

[261-263]. Cyclical low force loading of bone tissue induces osteogenesis. [53, 136, 264, 265]. 

Bone quality can be enhanced by exercise and other forms of repeated muscle loading 

[55, 266, 267]. For example, tennis players have increased bone mass density (BMD) at the mid-

radius of their dominant forearm and increased grip strength [268].  Voluntary grip strength is a 

strong determinant of bone architectural parameters, even more so than measurements of 

muscle cross-sectional area [269]. Studies examining if voluntary grip strength correlates with 

bone mineral density findings show variable results with findings ranging from forelimb site-

specificity to widespread/systemic increases in bone mineral density [58, 270, 271]. Direct links 

between physical activity, increased grip strength and bone changes are site specific and 

cumulative when osteogenic changes are considered [270]. Most studies examining the impact of 

muscle loading on bones look at bone mineral density as a determinant of bone strength. In 

reality, bone microarchitecture restructuring can improve biomechanical properties with minimal 

changes to bone mineral content or density.  An increase in bone strength of 64% has been 

shown to increase bone mineral density by only 5% [55]. Micro-computed tomography (microCT) 

has become the new gold standard to determine bone microarchitecture, a major contributor to 

bone strength and quality [191]. Skeletal integrity is determined by bone quantity and trabecular 

structure, both of which contribute to bone quality [193, 195, 196]. Bones are dynamic dense 

connective tissues that constantly undergo remodeling and repair through life, adapting to change 

in activity and force loads [143, 197].  Quantity (bone volume) and organization 

(microarchitecture) of trabeculae are strongly predictive of the mechanical properties of a bone 



 77 

[195, 198, 199].   

Studies examining the effects of excessive dynamic loads induced by intensive treadmill 

running, repetitive jumping, or intensive repetitive reaching and grasping at high repetition low  

force versus high repetition high force loads show that increasing the intensity of weight-bearing 

or muscle loading exercise/activities can be associated with declines in bone volume density and 

quality [101, 262, 272].  

A small number of studies have examined changes occurring in upper extremity bones of 

humans as a consequence of occupational tasks [221-223, 238, 239]. Increased incidence of 

hand/wrist osteoarthritis and reduced bone mass has been identified in female dentists and 

teachers with heavy or one-sided hand workloads [221-223]. There are also bone scan studies of 

patients with upper extremity musculoskeletal disorders show increased blood flow and pooling 

(suggestive of inflammation) in affected forearm bones [224, 225].  The latter finding is important 

since presence of chronic inflammatory processes in bones is known to increase bone resorptive 

activity [273, 274].   In a large study examining job-related osteoarthritis, a significant association 

was found between hand osteoarthritis in females and high impact “jolting” of the hand (abrupt 

movement or shock), but no association in subjects performing lower impact hand-intensive tasks 

[213]. Jolting of the hands is a novel risk factor to develop occupational musculoskeletal disorder 

[213], in addition to already known factors (e.g. vibration, cold, awkward position, repetitive 

motions) [275-277]. There is a need to establish reach rate and load level boundaries for 

occupational repetitive tasks that lead to anabolic bone changes rather than catabolic tissue 

damage. 

Increased levels of cytokines can also contribute to bone changes. Pro-inflammatory 

cytokines are known to stimulate osteoclastogenesis and activity, and impair osteoblast 

differentiation [39, 126, 151-153], while other cytokines are required for enhanced bone 

remodeling and repair [153-155]. RANKL (Receptor activator of nuclear factor kappa-B ligand) is 

a cytokine linked to osteoclast activation during remodeling and increases in bone after osteocyte 

apoptosis due to bone microdamage [36, 37, 87, 157]. Increased RANKL is a first step necessary 

for bone adaptation and repair after new strains [63, 66, 157, 179]. RANKL is part of the TNF 
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superfamily of ligands (TNFSF11), stimulates differentiation and activation of osteoclasts by 

binding to receptor RANK (Receptor Activator of Nuclear Factor κ B) located on osteoclast 

precursor cells. Repetitive mechanical bone loading also decreases osteocyte-produced 

sclerostin [45, 202], a potent inhibitor of bone formation that antagonizes Wnt pathway signaling 

in osteoblasts [43]. Downregulation of sclerostin is essential for an osteogenic response to 

mechanical loading [79]. Sclerostin is also believed to have a catabolic effect on bones by 

promoting osteoclast formation and activity in a RANKL-dependent way [80] 

We have developed an operant rat model of an occupational repetitive task in which rats 

learn a reaching, grasping and pulling task for a food reward. With this model, we have shown 

that performance of repetitive tasks for up to 12 weeks leads to either trabecular bone 

pathological bone changes or adaptation, dependent on the repetition rate, force load, and 

duration of task [98, 101, 111, 123], and as shown in Chapter 2 of this dissertation in which age 

was examined as a variable [278]. An intensive high repetition high force task for 6-12 weeks 

resulted in decreased trabecular bone volume density and cortical bone thinning in radial bones 

of young adult rats, concomitant with higher and more sustained increases in bone inflammatory 

cytokines [67, 101, 110, 111]. These increased inflammatory cytokines were the same that can 

affect bone cell homeostasis and induce net bone loss (e.g., interleukin-1 (IL-1s) and tumor 

necrosis factor alpha (TNF-α) [152, 153, 166]. In contrast, performance of a moderate demand 

task of high repetition low force (HRLF) for 6-12 weeks lead to increased trabecular bone volume 

density and other indices of trabecular adaptation in the distal radius of young adult rats, 

concomitant with moderate and transient increases in bone pro-inflammatory cytokines 

[98, 101, 278] . A small amount of adaptation was also observed in the 12-week HRLF rats in the 

mid-diaphyseal cortical bone in the form of increased periosteal perimeter and marrow area [278]. 

However, we have yet to determine if continued performance of a moderate HRLF task leads to 

continued bone formation. This is particularly pertinent as we recently reported that rats 

performing the HRLF task for up to 24 weeks had cyclical increases in pro-inflammatory cytokines 

in serum and musculotendinous tissues that contributed to increased fibrotic and degradative 

proteins in these tissues [122].  
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Therefore, our goal here was to determine if prolonged performance of an upper extremity 

reaching and grasping task at high repetition low force (HRLF) levels for 24 weeks continue to 

increase forelimb bone formation and quality, and the effects on bone inflammatory cytokines 

versus proteins necessary for bone adaptation and repair, specifically, RANKL and sclerostin. We 

hypothesized that continued performance of a HRLF task for 24 weeks will continue bone 

formation and adaptation, with reduced inflammatory processes, biomarkers of bone remodeling, 

RANKL and sclerostin levels.  

MATERIALS AND METHODS 

Animals and Overview 

The Temple University Institutional Animal Care and Use Committee approved all 

experiments in compliance with NIH guidelines for the care and use of laboratory animals. A total 

of 44 female Sprague-Dawley rats were used. Female rats were used in this study because: 1) 

Human females have a higher incidence of work-related musculoskeletal disorders (WMSDs) 

than males [8]; and 2) for comparison to bone data from our past studies on female rats using this 

model [67, 98, 101, 107, 123]. Adult rats (2.5 months of age at the onset of experiments) were 

randomly assigned to a food restricted control group (FRC, n=21) or to a high repetition low force 

(HRLF) group, a task that they performed for 24 weeks (HRLF 24W, n=12), for a total of 33 in the 

study. All rats were housed in a central animal facility in separate cages with a 12 hour light:dark 

cycle, and free access to water and environment enrichment toys.  

Prior to the initiation of the experiments, all rats were handled for 10 minutes/day for 1 week. 

All rats were initially food-restricted for 7 days to no more than 10-15% less than their naive 

weight to initiate interest in 45 mg food reward pellets (a 1:1 mix of purified grain and banana 

flavored pellets; each type purchased from Bioserve, NJ, USA). After that week, all food-restricted 

rats (FRC and HRLF rats) were given extra rat chow to gain weight quickly back to only 5% less 

than age-matched normal control rats kept on hand for this purpose. All rats were provided with 

equal rations of food reward pellets and Purina rat chow daily. The high repetition low force 

(HRLF) rats first trained to learn the task in a 4-week training period of 10 min/day for 5 
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days/week, before performing the task for 2 hours/day, 3 days/week for 24 weeks, as described 

further below. FRC rats rested until euthanasia at age-matched time points as HRLF rats.   

All rats were inspected weekly and again post-mortem for presence of illness or tumors in 

order to reduce confounders for serum cytokine increases (none were observed). To further 

reduce illness related confounders, additional sentinel rats were examined for presence of viral 

infections or other illnesses as part of the regular veterinary care (none were detected).  

Task Apparatuses  

The behavioral apparatuses used were as previously described [100, 101], and as shown in 

the Methods Section of Chapter 2 (Fig. 2.2) of this Dissertation. Briefly, rats reached through a 

shoulder height portal and then isometrically pulled on a horizontal 1.5 mm metal bar attached to 

a load cell (Futek Advanced Sensor Technology, Irvine, CA) positioned 2.5 cm outside of the 

chamber wall. The load cell output was interfaced with a signal conditioner (Analog Devices, 

Norwood, MA), which amplified and filtered the signal before it was sampled digitally at 100 Hz 

with Force Lever software (Med Associates, St. Albans, VT). The metal bar (lever) and its load 

cell were interfaced with custom written Force-Lever software that allowed a choice of a set force 

level that the rat had to pull and then hold for at least 50 milliseconds [233], before a food reward 

was provided (version 1.03.02, Med Associates, St. Albans, VT). Pulling force was constantly 

monitored during each session for each rat. A series of auditory indicators (Stimulus Clicker; Med 

Associates, St. Albans, VT) lasting 5 seconds cued the animal to attempt a reach. The rats were 

trained (described further below) to grasp the force lever bar, and pull toward the chamber wall at 

a force effort of 15% of the maximum grip strength of control rats for at least 50 milliseconds (ms) 

[233]. If reach and force criteria for the task were met within a 5 second cueing period, a 45 mg 

food pellet was dispensed into a trough located at floor height for the animal to lick up. 

Training Regimen for the HRLF task 

HRLF rats were first trained to learn the reaching and handle-pulling task during a 4-week 

period for 10 min/day, 5 days/wk, in which they ramped upwards towards the HRLF task level 

force. During this period, the rats moved through several stages of training, as previously 

described [101]. Briefly, in week 1 of training, they were placed in a plastic box outfitted with 
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Plexiglas portal and plastic trough located at shoulder height, and introduced to the 45 mg food 

reward pellets. When rats learned to reach (without a specified reach rate) into the trough for the 

food pellets (typically 3 days), they were moved to operant chambers, where they learned with 

the aid of auditory and light cueing to reach through a shoulder-height portal to isometrically pull 

the force lever attached to a force transducer. In week 1, rats learned to grasp and pull on the 

force lever bar with a negligible force without any specified repetition rate, for a food reward 

(cueing was provided). In week 2, rats were required to pull at 11 grams (5% of their maximum 

pulling force (MPF), as previously described [101]. By the beginning of week 3, they were 

required to pull at 30g (15% of their MPF), without any specified repetition rate. At the beginning 

of week 4, a specific pull cue is introduced. By week 4, rats were able to perform the HRLF task 

of four reaches/min at 15% of their MPF. Trained rats reached this HRLF level only during the last 

3-4 days of their 4th week of training at 10 min/day, 5 days/week.  

HRLF Task Regimen 

Trained rats went on to perform the high repetition low force (HRLF) task at a low force at a 

reach rate of 4 reaches/minute (every 15 seconds), for 2 hours/day, four 30 min sessions/day, 3 

days/week, for a total of 24 weeks. The daily task was divided into four 30-minute sessions 

separated by 1.5 hour each in order to avoid satiation. The rats had to grasp the force handle and 

exert an isometric pull for at least 50 ms with a graded force effort of 15% ± 5% (30 ± 1.5 grams, 

equivalent to 0.23 N) of their naïve maximum voluntary pulling force (MPF). Rats were allowed to 

use their preferred limb to reach (the ‘‘reach’’ limb), as described and depicted previously 

[101, 108], and as shown in Chapter 2 of this Dissertation. For this study, tissues were collected 

and assayed from the radius of the dominant reach limb.  

Determination of Reach Force on the Lever Bar 

Force lever data were recorded continuously during each task session for later 

calculation of voluntary reach force via an automated script (MatLab; Mathworks, Natick, MA). 

Reach force was the average force (expressed as a percentage of maximum pulling force) 

applied to the force handle for all reaches on a given day. Reach Force data was obtained from 

24 week HRLF rats in week 1 and in week 24. Week 1 was used as the baseline for reach 
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performance variables since that was the first week rats actually performed the task regimens for 

2 hours/day, 3 days/week. 

Tissue collection  

At 24 weeks after onset of the HRLF task, animals were deeply anesthetized with 5% 

isofluorane using oxygen as the carrier, and euthanized by cardiac puncture for blood collection 

using an 18-gauge needle at 36 hours after their last task session (in order to avoid activity-

dependent cytokine changes). FRC rats were euthanized at this same time point so as to serve 

as age-matched controls. Blood was kept on ice for 30 min, and allowed to clot before being 

centrifuged. Serum was harvested and frozen at -80oC until use.  Thereafter, cohorts of rats were 

either perfused transcardially with 0.9% saline and then fixed with 4% paraformaldehyde in 0.1M 

PO4 buffer, pH 7.4, for micro-computerized tomography (microCT, n=7/group) and then 

histomorphometry (n=6-8/group), or tissues were flash frozen for protein assays (n=6-8/group).  

Serum analysis  

The blood collected during anesthesia was stored on ice for 30 min, then centrifuged at 1,800 

g for 20 min at 4ºC, flash-frozen, stored at -80ºC until analyzed (n=7/group). Serum was assayed 

using commercially available ELISA kits for CTX-1 (Immunodiagnosticsystems, RatLaps EIA, AC-

06F1) and osteocalcin (Immunodiagnosticsystems, Rat-MID Osteocalcin EIA, AC-12F1). Serum 

CTX-1 is a measure of C-telopeptide fragments of collagen type I generated during osteoclastic 

bone resorption [279]. Osteocalcin is a non-collagenous protein of the bone matrix that is 

synthesized by osteoblasts, making the measure of serum an indicator of bone formation [280]. 

Serum was also analyzed for RANKL using a Millipore Milliplex Map Kit Rat RANKL Single Plex 

Magnetic Bead Kit (RRNKLMAG-31K-01, Millipore Corporation, Billerica, MA, USA), ), for 

sclerostin levels using a Quantikine ELISA immunoassay kit (MSST00, R&D Systems, 

Minneapolis, MN, USA), and for estrogen estradiol using a Calbiotech SKU kit (ES180S-100), 

following manufacturer protocols.  For the RANKL bead assay, each sample was run in duplicate 

and analyzed using a Bio-Rad Bio-Plex System with a Bioplex manager 4.0 software (Hercules, 

CA, USA) as recommended and needed for this bead assay method.  For all other ELISA assays, 

duplicate samples were analyzed using a VersaMax microplate reader using a SoftmaxPro 
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Version 5 software (Molecular Devices LLC. Sunnyvale, CA. USA). The individual carrying out 

these analyses was blinded to treatment. 

MicroCT Imaging and Analysis 

After fixation, as described above, forelimb bones were collected (n=7/group), cleaned of soft 

tissues, and stored in phosphate buffered saline (PBS) with sodium azide until micro-CT analysis 

of the radius. Skyscan volume rendering software (CTVox) and analysis software (CTAn) was 

used to render the 3D models and transaxial sections. MicroCT analysis was performed 

according to recent guidelines [235], and as previously described [123]. The microCT analysis of 

the trabecular bone in the distal metaphyseal region of the radius, and the cortical bone in the 

mid-diaphyseal region of the radius, were the same as described in detail in the Methods section 

of Chapter 2 of this dissertation and as shown in figure 2.1 of this Dissertation.  

Histomorphometry  

The radial bones used for micro-CT analysis were embedded in paraffin (decalcified in a 14% 

acid free EDTA solution), using previously published methods [67, 98], and used for 

histomorphometry (n=5-7/group).  Bones were sectioned into 5 μm longitudinal sections, placed 

onto charged and coated slides (Fisher Scientific, Tissue Path Superfrost Plus Gold Slides), dried 

at 55°C overnight. Mounted serial sections were then stained with Hematoxylin and Eosin (H&E) 

and TRAP for counting osteoblasts and osteoclasts. For these histomorphometric analysis, 

sections of the radial bone were measured at the distal metaphysis beginning 100 μm below the 

chondro-osseous junction of the secondary spongiosa and 100 μm in from the surrounding 

cortical bone using a 20x objective and image analysis software (BIOQUANT Osteo II, Bioquant 

Image Analysis Corp., Nashville, TN), using methods described by Parfitt et al. [237]. Osteoblast 

numbers per bone surface (Ob.N./B.S.) on trabecular surfaces was determined in H&E stained 

sections, and numbers of osteoclasts (TRAP+) per bone surface (N.Oc/BS) were counted in H&E 

stained sections, on trabecular surfaces in the secondary spongiosa, using a Nikon E800 

microscope interfaced with an image analysis program (Bioquant Osteo 2012 v12.1).  Only 

multinucleated osteoclasts on the bone surface with 3 or more nuclei were counted. A minimum 

of three adjacent serial sections was used for counting.  
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Flexor forelimb tissues were collected from the same rats and limbs as above as a flexor 

mass, postfixed “en bloc” by immersion overnight in 5% paraformaldehyde in phosphate buffer 

(pH 7.4). A cross-sectional piece of the flexor digitorum muscle, of 1.5 mm in thickness, was 

removed with a scalpel from the mid-region of the muscle at its widest point. This cross-sectional 

piece was equilibrated in sucrose for 3 days, and then cryosectioned into cross-sectional slices of 

12 μm thick each. These sections were mounted on slides, dried and stained with H&E. An image 

analysis program (Bioquant) was used to measure the cross-sectional area (CSA) of the entire 

muscle belly in mm2 using a 2X objective.  

Immunohistochemistry for bone sclerostin and RANKL 

Immunohistochemistry for RANKL or sclerostin was performed on paraffin-embedded 

decalcified bone serial sections (n=5/gp), after de-paraffinization with xylene and rehydration 

through a series of alcohol washes, 0.5% pepsin antigen retrieval, and 4% serum/blotto blocking 

steps. Secondary antibodies tagged with horseradish peroxidase were used (See Table 3.1 for 

antibodies and incubation time used). The horseradish peroxidase was visualized using 

diaminobenzidine (DAB) with a metal enhancer substrate system (SigmaFast D0426, Sigma-

Aldrich). Radial bone sections were used to quantify and localize RANKL and sclerostin protein 

expression in the distal trabecular radial bone in the same region as used for the cell counts 

above, and in the mid-diaphyseal region of the radius at 100 μm away from the cortical periosteal 

bone.  The area with positive immunostaining (which includes matrix and cell surface) and total 

trabecular bone matrix area was determined using an image analysis program (Bioquant) and 

previously described methods [104]. The percent area with immunostaining was determined by 

then dividing the area with positive immunostaining by the total trabecular bone matrix area, and 

multiplying by 100. At least three adjacent trabeculae within this area of interest were quantified in 

sequential tissue sections per rat. Only the dominant task limb was used and quantified. The 

person carrying out the immunohistochemical analysis and quantification was blinded to 

treatment.  
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Analysis of Bone Inflammatory Cytokines  

 Forelimb bones were collected from separate cohorts of animals (n=6-8/group) during 

euthanasia. Soft tissues were removed and bones flash-frozen. The distal portions (radial and 

ulnar epiphysis and metaphysis, and first row of carpal bones) were separated from the diaphysis 

of the radius and ulna, then powdered, homogenized, and assessed for interleukin (IL-1β), tumor 

necrosis factor -alpha (TNF-α), IL-6 and IL-10 using commercially available ELISA kits 

(BioSourceTM, Invitrogen Life Sciences, CA), as described previously [107]. Each sample was 

run in duplicate. ELISA assay data (pg cytokine protein) were normalized to µg total protein, 

which was determined using a bicinchoninic acid (Pierce BCA Protein assay #23225. Thermo 

Scientific, MA). The person carrying out ELISAs and cell counts was blinded to treatment. 

 
Table 3.1. - Antibodies used for Immunohistochemistry. 
Protein Target Cat. # Host Type Dilution Incubation  

 (h) 
Temp. Source 

Primary Abs         
RANKL sc-7628 Goat Polyclonal  1:400 24 hours 4°C Santa Cruz 

Biotechnology, 
Dallas, TX, USA. 

Sclerostin Ab99340 Rabbit Polyclonal  1:200 24 hours 4°C Abcam, Caambridge, 
MA, USA. 

Secondary Abs         
Donkey anti-
goat 

705-035-003 Donkey IgG H+L 1:100 2 hours RT Jackson 
ImmunoResearch, 
West Grove, PA, USA 

Goat anti-
rabbit 

111-035-144 Goat  IgG H+L 1:100 2 hours RT Jackson 
ImmunoResearch, 
West Grove, PA, USA 

RT: Room temperature ~25°C 

 

Statistical Analyses 

Student’s T-test were used for comparison between of FRC to HRLF 24W. A p-value < 0.05 

was considered significant. Data are expressed as mean ± standard error of the mean (SEM).  
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RESULTS 

Trabecular bone shows adaptation to prolonged performance of a HRLF task 

We observed increased bone volume fraction (BV/TV) in HRLF 24W rats, compared to FRC 

rats (Fig. 3.1A). Specific bone surface (BS/BV) was at baseline levels in HRLF 24W rats, 

compared to FRC rats (Fig. 3.1B). Trabecular thickness (Tb.Th) was significantly increased in 

HRLF 24W rats (Fig. 3.1D), although there were only marginal increases in trabecular number 

(Tb.N.) and separation (Tb.Sp) in HRLF 24W rats, compared to FRC rats (Fig. 3.1C,E). The 

degree of anisotropy (DA) was decreased in HRLF 24W rats, compared to FRC rats (Fig. 3.1 F), 

indicative of increased trabecular organization with task performance. The shape of the trabecular 

shape changed from rod-like to plate-like in HRLF 24W rats (indicated by a decreased SMI), a 

change known to increase bone strength [240] (Fig. 3.1G). Representative reconstructed 

microCT trans-axial images also show an increase in trabecular volume and thickness in HRLF 

24W rats, compared to FRC rats (Fig. 3.1H and I).  
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  Figure 3.1. MicroCT analyses of trabeculae in the distal radius of young adult food 
restricted control (FRC) and high repetition low force (HRLF) rats that had performed 
the task for 24 weeks (HRLF 24W). (A) Bone volume/tissue volume (BV/TV), (B) bone 
surface/tissue volume (BS/TV), (C) trabecular number (Tb.N), (D) trabecular thickness 
(Tb.Th), (E) trabecular separation (Tb.Sp), (F) degree of anisotropy (DA) 0= isotropic 
1=anisotropic, and (G) structure model index (SMI) 1= plates, 2= rods, 3= cylinders. (H) 
Representative transaxial 3D images of the distal radial trabecular bone area analyzed 
in each group. Mean ± SEM shown. * and **: p<0.05 and p<0.01, compared to FRC 
rats. n.s. = not significant. 
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Cortical bone only discrete changes with prolonged performance of a HRLF task 

At the mid-diaphysis of the radius, both total area (Tt.Ar ) and cortical bone area (Ct.Ar) 

increased in HRLF 24W rats, compared to FRC rats (Fig. 3.2A,B), so that the ratio of Ct.Ar./Tt.Ar 

was unchanged (Fig. 3.2C). There was no difference in cortical thickness (Ct.Th) in HRLF 24W 

rats, compared to FRC rats (Fig. 3.2D), although the marrow area (Ma.Ar) showed a trend 

towards an increase (p=0.06) and the periosteal perimeter (Ps.Pm) was increased in HRLF 24W 

rats, compared to FRC rats (Fig. 3.2E,F), indicative of both endosteal and periosteal growth so 

that cortical thickness was maintained. A decrease in closed pore volume (Po.V.(cl)) was 

observed in the HRLF 24W rats, compared to FRC rats (Fig. 3.2G). Representative reconstructed 

microCT trans-axial images show a decrease in cortical porosity in HRLF 24W rats, compared to 

FRC rats (Figure 3.2H and I). 
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Figure 3.2. MicroCT analyses of mid-diaphyseal cortical bone in the radius of young adult 
FRC and 24 week HRLF rats (HRLF 24W). (A) Total area of the periosteal envelope 
(Tt.Ar), (B) cortical bone area (Ct.Ar), (C) cortical area fraction (Ct.Ar/Tt.Ar), (D) cortical 
thickness (Ct.Th), (E) marrow area (Ma.Ar), (F) periosteal perimeter (Ps.Pm), and (G) 
closed pore volume (Po.V (cl)) indicative of cortical porosity. (H) Representative 
transaxial 3D images of cortical bone area analyzed in the radius for each group. Mean ± 
SEM shown. * and **: p<0.05 and p<0.01, compared to FRC rats. n.s. = not significant. 
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Small increases in bone inflammatory cytokines in HRLF 24W rats 

There was a small but significant increase in levels of three pro-inflammatory cytokines, IL-1β, 

TNF-α and IL-6, in both distal and proximal forelimb bone regions of HRLF 24W rats, compared 

to FRC rats (Fig. 3.3A-C and E-G). In contrast, IL-10 levels decreased in distal forelimb bone 

regions of HRLF 24W rats, compared to FRC rats (Fig. 3.3D), but not in proximal forelimb bone 

regions (Fig. 3.3H). 

Indices related to bone turnover were static or decreased in HRLF 24W rats 

Systemic levels of osteocalcin (indicative of bone formation) and sclerostin levels did not 

change significantly with prolonged HRLF task performance (Fig. 3.4A and C). However, the 

number of osteoblasts per trabecular bone surface (N.Ob/BS) decreased in the distal radius, as 

did sclerostin immunostaining in HRLF 24W rats, compared to FRC rats (Fig. 3.4A-D). Sclerostin 

immunostaining was higher in the matrix (arrows) and in osteocytes (arrowheads) of distal radial 

trabeculae of FRC rats, than in HRLF 24W rats (compare Fig. 3.4E,F to G,H).  

Systemic levels of CTX1 (an indicator of bone resorption) and RANKL levels did not change 

significantly with prolonged HRLF task performance (Fig. 3.5A and C). In contrast, the number of 

osteoclasts per bone surface (N.Oc/BS) decreased in the distal radial trabeculae of HRLF 24W 

rats, compared to FRC rats (Fig. 3.5B). There were also no changes in RANKL immunostaining 

between the two groups (Fig. 3.5D). RANKL immunostaining was similar in osteocytes of FRC 

and HRLF 24W rats (Fig. 3.5E). 
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Figure 3.3. Inflammatory cytokines in distal and proximal forelimb bone regions of young 
adult FRC and 24 week HRLF rats (HRLF 24W). The distal region included the 
metaphysis of the radius and ulna and the first row of carpal bones. The proximal region 
included the diaphysis of the radius and ulna. (A&E) IL-1beta, (B&F) TNF-alpha, (C&G) 
IL-6, and (D&H) IL-10. Mean ± SEM shown. * and **: p<0.05 and p<0.01, compared to 
FRC rats. n.s. = not significant. 
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Figure 3.4.  Serum levels of biomarkers of bone formation (osteocalcin) and sclerostin, and 
osteoblast numbers and sclerostin immunohistochemistry in the distal trabeculae of the radius of 
young adult FRC and 24 week HRLF rats (HRLF 24W). (A) Serum osteocalcin levels. (B) Number 
of osteoblasts per bone surface (N.Ob/BS) in the distal radial trabecular region. (C) Serum 
sclerostin levels. (D) Quantification of sclerostin immunohistochemistry in the distal radial 
trabecular region. (E&F) Sclerostin immunohistochemistry (brown DAB precipitate) in the distal 
radial trabecular region of a FRC rat. Arrowheads indicate sclerostin within the bone matrix, while 
arrows indicate sclerostin immunoexpression in osteocytes. (G&H) Sclerostin 
immunohistochemistry in the distal radial trabecular region of a HRLF 24W rat.   Mean ± SEM 
shown. * and **: p<0.05 and p<0.01, compared to FRC rats. n.s. = not significant. 

 



 93 

 

  
Figure 3.5. Serum levels of biomarkers of bone resorption (CTX-1) and RANKL, and osteoclast 
numbers and RANKL immunohistochemistry in the distal trabeculae of the radius of young adult 
FRC and 24 week HRLF rats (HRLF 24W). (A) Serum CTX1 levels. (B) Number of osteoclasts 
per bone surface (N.Oc/BS) in the distal radial trabecular region. (C) Serum RANKL levels. (D) 
Quantification of RANKL immunohistochemistry in the distal radial trabecular region. (E) RANKL 
immunohistochemistry in the distal radial trabecular region of a FRC rat. Arrows indicate RANKL 
immunoexpression in osteocytes. (F) RANKL immunohistochemistry in the distal radial 
trabecular region of a HRLF 24W rat. Mean ± SEM shown. *: p<0.05, compared to FRC rats. 
n.s. = not significant. 
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Flexor digitorum muscle cross-sectional area and voluntary reach force loads  

 Prolonged performance of the HRLF task did not increase the cross-sectional area of the 

flexor digitorum muscle belly of HRLF 24W rats, compared to FRC rats (Fig. 3.6A). Analysis of 

voluntary reach force loads on the lever bar showed that the HRLF 24W rats had learned to pull 

the lever bar at the target of 15% of their maximum pulling force, which is equal to 30 grams (0.23 

Newtons) of force on this bar (Fig 3.6B). 

 

 

  Figure 3.6. Flexor digitorum muscle size and voluntary reach force on the lever bar. (A) 
Quantification of the total muscle cross-sectional area (CSA), reported as Mean ± SEM for FRC 
and 24 week HRLF rats (HRLF 24W). (B) Voluntary reach force on the lever bar, assayed using 
force transducer data collected during task performance. HRLF 24W pulled at the target 15% of 
their maximum pulling force (MPF). n.s. = not significant. 
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Serum estrogen levels similar in each group 

Serum estrogen estradiol levels did not differ between the two groups: FRC: 3.23 ± 0.94, and 

HRLF 24W: 2.56 ± 0.41, mean ± SEM.  

DISCUSSION  

We previously reported that performance of a moderate demand reaching and pulling 

task of high repetition low force (HRLF) for 12 weeks triggers trabecular bone formation, despite 

(or perhaps because of) low grade levels of pro-inflammatory cytokines [98, 101] known to affect 

osteogenesis and encourage bone resorption [39, 151-153]. The current study is the first study 

examining the effects of repetitive reaching and grasping for > 12 weeks on forelimb bone 

microarchitecture and bone inflammatory cytokine levels. This is also the first investigation of 

effects of repetitive reaching and grasping on RANKL, a cytokine essential for osteoclast 

differentiation during remodeling [36, 37, 87, 157], and sclerostin, a protein responsive to bone 

mechanical stimuli [44, 281] and a negative regulator of osteoblast differentiation and function 

[82, 282]. We found that a 24 week HRLF task increased trabecular bone volume, compared to 

control rats, and increased periosteal and endosteal apposition in the mid-diaphyseal cortical 

bone, although accommodation to the task was also evident in these bones regions. There was a 

low-grade increase in bone inflammatory cytokines, and no alteration in RANKL 

immunoexpression yet decreased sclerostin immunoexpression in distal radial trabeculae of 

HRLF 24W rats.  

The increase of bone volume density (BV/TV) and trabecular thickness (Tb.Th) in the 

HRLF 24W rats indicates bone adaptation to the task, as does the decreased degree of 

anisotropy (DA), indicative of evenly distributed trabecular bone associated with improved 

strength, quality and resistance to mechanical loading [206]. Improved structure in HRLF 24W 

rats is also supported by the decreased SMI, indicative of a transition to plate-like shaped 

trabeculae associated with higher mechanical strength [192, 205, 206, 245]. However, trabecular 

number and separation were unchanged between the two groups. In 1998, Turner et al. reported 

that increased duration of skeletal loading is not proportional to osteogenesis, but that the initial 
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‘abnormal’ strain of a new task eventually becomes ‘normal’, as does loading frequency and 

magnitude when maintained at consistent levels, and that bones accommodate to routine 

demands [125]. Since we observed increased trabecular numbers and decreased trabecular 

separation in HRLF 12W rats, as well as increased trabecular bone volume density (Massicotte et 

al, submitted and Chapter 2, Figure 2-4), the absence of other trabecular bone changes suggests 

that the radius is accommodating to the HRLF task by week 24. This hypothesis of 

accommodation is further supported by decreased numbers of osteoblasts and osteoclasts on the 

bone surface of radial trabeculae in HRLF 24W rats, compared to control rats.  

In the mid-diaphyseal region of HRLF rats, we observed increased total area (Tt.Ar), 

cortical area (Ct.Ar), marrow area (Ma.Ar, albeit as a trend only of p=0.06), and periosteal 

perimeter (Ps.Pm) in HRLF 24W rats, compared to control rats. The increase in Ps.Pm is a form 

of bone adaptation to resist bone fracture [11, 231]. The Ps.Pm increase compensated for the 

marginal increase in marrow area (Ma.Ar), so that radial bone cortical thickness (Ct.Th) was not 

altered from control levels in HRLF 24W rats. These findings indicate adaptation in the mid-

diaphyseal cortical bone of the radius with continued performance of the HRLF task. We did not 

evaluate bone mass density (BMD) in this study. BMD correlates with multiple factors such a grip 

strength, body weight, muscle mass, age, fat content, activity levels, and force of loading 

[231, 268-270, 283-285]. A recent study indicates that microstructure is more relevant than 

mineral content when evaluating adaptation and improvements in bone morphometry [286].   

Low-grade inflammatory cytokine increases were present in forelimb bones of HRLF 24W 

rats, compared to control rats. The levels observed were slightly higher than previously found in 

young adult HRLF 12W rats [278] and (Chapter 2, Figure 2-6), but 4 fold or more fold lower than 

in rats performing a high repetition high force task for 12 weeks [101]. TNF- and IL-1β are 

produced by osteoclasts and interfere with osteoblast differentiation and proliferation [152, 153] in 

a dose-dependent manner [151, 169]. Other reports stipulate that low doses of TNF-α or IL-1β 

stimulate osteoblast proliferation and osteogenic differentiation [165, 250, 251]. Thus, some of the 

observed bone changes are likely due to the continued presence of low levels of bone 

inflammatory cytokines that activate both osteoclasts and osteoblasts for damage removal and 
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repair [153, 287].  

Sclerostin immunoexpression was reduced the distal radial trabeculae of HRLF 24W rats, 

compared to FRC rats, although local radial bone changes in sclerostin were not reflected in the 

serum. Sclerostin production is responsive to mechanical stimuli [44, 281]. Applied mechanical 

loads have been shown repress sclerostin production, releasing its antagonism of Wnt/beta-

cantenin signaling [281, 288] so that mechanical loading-induced bone formation occurs [79]. Our 

data of reduced sclerostin in the radial trabeculae of HRLF rats, compared to control rats, 

combined with indices of bone formation, are consistent with these other loading studies. 

RANKL was unchanged in HRLF 24W rats, compared to FRC rats, in both serum and in 

radial trabeculae. RANKL plays a key role in the modulation of bone remodeling, especially 

during loading and periods of bone repair [37, 70, 72, 289]. Increased osteocyte apoptosis after 

bone microdamage induces the release of RANKL from neighboring osteocytes [36, 38, 157]. 

Perhaps we missed an earlier loading induced increase in RANKL since we only assessed the 24 

week time point, or perhaps the absence of bone microdamage in this low loading protocol did 

not lead to increased RANKL production. 

The cross-sectional area of the flexor digitorum muscle was not different in HRLF 24W rats 

compared to FRC rats. This HRLF task is not an exercise training program designed to induce 

muscle mass or strength gains, but instead requires rats to pull at a consistent low force 

equivalent to 15% of their maximum pulling force (30 grams) in order to receive a food reward. 

The voluntary reach force data shown in Figure 3-6 shows that the HRLF 24W rats met this goal. 

While many cell types and tissues adapt to new demands [46, 55, 101, 125], the lack of change in 

the cross-sectional area of the flexor digitorum muscle suggests that the HRLF task did not 

stimulate functional gains in this muscle, as previously reported in our model [101]. We have 

reported the presence of significant muscle fibrosis and reduced reflexive grip strength (tested 

with a rat grip strength meter) in the same HRLF 24W rats used in this study [290]. The current 

findings indicate that despite the increase in muscle fibrosis in these HRLF 24W rats, they are 

able to maintain a voluntary reach force of 15% on a lever bar for a food reward. 



 98 

There are a number of limitations in this study. For the cytokine analyses, we collected and 

homogenized together both ulna and radial bones. Therefore, the inflammatory cytokine data is 

representative of changes in both bones, rather than just the radius. Also, serum levels of 

osteocalcin, CTX-1, sclerostin and RANKL are representative of bone formation and resorption, 

respectively, occurring in all bones involved in performing the task, not just the radius. Tissue 

ELISA for both RANKL and sclerostin were attempted (data not reported), but the data was 

inconclusive as their concentration in the bone supernatants were out of detectable range of the 

kits used. Lastly, and unfortunately, calcein injections were omitted for these rats, which 

prevented us from measuring mineral apposition rate or bone formation rate.  

In conclusion, both trabecular and mid-diaphyseal regions of radii of young adult female rats 

showed changes consistent with bone adaptation to prolonged performance of this high repetition 

low force repetitive task. Bone cytokines were increased in HRLF 24W rats, compared to FRC 

rats, but at low-grade levels only that were apparently below the level needed to stimulate 

osteoclast proliferation and activity. The decrease in sclerostin was likely a result of mechanical 

loading induced repression of this protein, a change that likely contributed to the net bone 

formation. Thus, repetitive low force occupational tasks by young adult animals appear to benefit 

forelimb bone structure.  
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CHAPTER 4 

PROLONGED HIGH REPETITION HIGH FORCE TASK INDUCES BONE DEGRADATION IN 

YOUNG ADULT RATS DUE TO OSTEOCYTE APOPTOSIS AND RANKL INCREASE 

INTRODUCTION 

Hand and wrist injuries are prevalent in occupations and activities requiring upper extremity 

repetitive motions. Several recent studies have identified detrimental changes occurring in upper 

extremity bones as a consequence of occupational tasks.  For example, increased incidence of 

hand/wrist osteoarthritis and reduced bone mass has been identified in female dentists and 

teachers with heavy or one-sided hand workloads [221-223]. Bone scan studies of patients with 

upper extremity musculoskeletal disorders show increased blood flow and pooling (suggestive of 

inflammation) in affected forearm bones [224, 225], which is important since presence of chronic 

inflammatory processes in bones is known to reduce bone quality by increased osteoclastic 

activity [273, 274]. In a large study examining job-related osteoarthritis, a significant association 

was found between hand osteoarthritis in females and high impact “jolting” of the hand [213].  The 

2010 National Manufacturing Agenda of the National Institute of Occupational Safety and Health 

cites the need for etiologic research in determining the contribution of biomechanical mechanisms 

towards the development of tissue injuries and increase following work-related musculoskeletal 

disorders (WMSDs) [220]. 

We have developed an operant rat model of upper extremity WMSDs in which rats learn a 

reaching and grasping task for a food reward. With this model, prolonged performance of 

repetitive tasks leads to either bone adaptation or pathological bone changes, dependent on the 

repetition rate, force load, and duration of task [98, 101, 109, 111, 123]. We have found a 

significant interaction between the critical musculoskeletal risk factors of force and repetition, 

consistent with a fatigue failure process in musculoskeletal tissues [101].  Young adult rats 

performing a high repetition low force task for 12 weeks show increased trabecular bone volume 

in distal radial bones [101, 278] and as presented in Chapter 2 of this Dissertation. In contrast, 

young adult rats performing a high repetition high force (HRHF) task for 12 weeks show 
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significantly decreased trabecular bone volume, numbers and thickness in the distal radius, as 

well as increased osteoclast numbers and serum levels of CTX-1 [291]. We hypothesize that 

longer work periods will lead to more bone catabolism in the distal radius, consistent with the 

fatigue-loading theory. One cause may be that prolonged fatigue loading of bone leads to matrix 

and cellular disruption, and changes in proteins known to influence bone formation and 

resorption. 

Although not yet investigated with occupational overuse injuries, RANKL (Receptor activator 

of nuclear factor kappa-B ligand) is a cytokine essential for osteoclast differentiation during 

remodeling [36, 37, 87, 157]. RANKL is part of the TNF superfamily of ligands (TNFSF11), and 

stimulates differentiation and activation of osteoclasts by binding to its receptor RANK (Receptor 

Activator of Nuclear Factor κ B) located on osteoclast precursor cells. RANKL can circulate in 

blood and is expressed in three different forms:  as a transmembrane protein that is expressed on 

the surface of osteoblasts, synovial cells and osteocytes, as a truncated cleaved trans-membrane 

form that is then secreted, or as a primary secreted form produced by activated T cells [292].  

Osteocytes are the main source of bone RANKL [87, 156]. This is interesting because osteocytes 

serve as bone mechanosensors because of their dense network of cytoplasmic extensions within 

bone’s lacuna-canalicular structure [293], and their metabolic responsiveness to bone loading or 

unloading [281, 294]. Increased osteocyte apoptosis after bone microdamage or the conditional 

ablation of osteocytes in experimental models, induces an increased release of RANKL from 

neighboring osteocytes [36, 38, 157]. This has a catabolic effect on bones by promoting 

osteoclast formation and activity in a RANKL-dependent manner [80]. Osteoprotegerin is a RANK 

decoy receptor that binds RANKL, segregating the ligand and preventing activation of the 

RANKL/RANK pathway [69]. A shift in the RANKL and osteoprotegerin ratio towards more 

RANKL results in increased osteoclastogenesis and bone resorption. It is now believed that 

osteocyte apoptosis, and their subsequent release of RANKL, is essential for regulating the 

RANKL/osteoprotegerin ratio to allow for bone remodeling following bone fatigue [157]. 

Therefore, RANKL plays a key role in the modulation of bone remodeling, especially during 

loading and periods of bone repair [37, 70, 72, 289]. 



 101 

Like RANKL, sclerostin is also expressed by osteocytes [87]. It is a secreted cysteine-knot 

protein, the product of the SOST gene, a negative regulator of osteoblast differentiation and 

function, and a potent inhibitor of bone formation [82, 282]. Although the exact mechanisms by 

which sclerostin inhibits bone formation has not been fully identified, SOST deletion leads to a 

high bone mass phenotype because sclerostin selectively inhibits Wnt proteins from binding to 

low-density lipoprotein receptor-related protein 5/6 (LPR5/6) receptors, a change that 

antagonizes Wnt/beta-catenin signaling [43, 295]. Since the Wnt pathway is essential for loading-

induced osteogenesis [88], its inhibition by sclerostin suppresses the activity of osteoblasts and 

reduces the viability of both osteoblasts and osteocytes [295]. SOST expression and sclerostin 

production are responsive to mechanical stimulus [44, 281]. Applied mechanical loads repress 

sclerostin production, releasing the break on Wnt/beta-cantenin signaling and allows for bone 

formation [281, 288]. On the other hand, loading-induced matrix microdamage, results in 

osteocyte apoptosis and increased RANKL, as discussed above, as well as increased sclerostin 

[82], are changes that would promote targeted bone catabolism in the region of osteocyte 

apoptosis.   

Thus, it is necessary to consider if long-term loading at high cyclical and high force in an in 

vivo physiological system will lead to net bone formation (i.e. bone adaptation), or increased 

loading-induced matrix microdamage and net bone resorption sites. Our goal here was to 

examine for the first time in our model, the effects of prolongation of the HRHF task to 18 weeks 

on radial bone microarchitecture and cellularity, and to determine if changes in RANKL and 

sclerostin may be contributing to any observed changes. We hypothesized that performance of 

HRHF task for 18 weeks would induce detrimental bone remodeling concomitant with increased 

RANKL and sclerostin, along with increased osteoclast numbers, osteocyte apoptosis and 

decreased osteoblast numbers.  
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MATERIALS AND METHODS 

 Animals and Overview  

The Temple University Institutional Animal Care and Use Committee approved all 

experiments in compliance with NIH guidelines for the care and use of laboratory animals. A total 

of 62 young (2.5 months of age at onset of experiment) female Sprague-Dawley rats were used 

(Fig. 4.1A). Female rats were used in this study because: 1) Human females have a higher 

incidence of work-related musculoskeletal disorders than males [8], and 2) for comparison to data 

from our past studies on female rats using this model. All rats were housed in a central animal 

facility in separate cages with a 12 hour light:dark cycle, with free access to water and 

environment enrichment toys. Prior to the initiation of the experiments, all naive rats were handled 

for 10 minutes/day for 1 week. All rats were initially food-restricted for 7 days to no more than 10-

15% less than their naive weight to encourage training and initiate interest in 45 mg food reward 

pellets (a 1:1 mix of purified grain and banana flavored pellets; Bioserve, NJ, USA). After that 

week, all food-restricted rats (n=25 FRC, and n=37 HRHF rats) were given extra rat chow to gain 

weight back to no more than 5% less than their initial naïve weight. Rats were allowed to gain 

weight thereafter across the weeks of the experiments, since they were still growing rats, to no 

more than 5% less than age-matched normal control rats (used for weight comparison only and 

not included in this study). The high repetition high force (HRHF) rats first trained to learn the task 

in a 6-week training period of 10 min/day for 5 days/week, before performing the task for 2 

hours/day, 3 days/week for up to 18 weeks, as shown in Figure 4.1A and as described further 

below. All rats were inspected weekly and again post-mortem for presence of illness or tumors in 

order to reduce confounders. One rat was removed from the study and euthanized during the 

training period when a tumor growth was detected, reducing the total number of rats used to 61. 

To further reduce illness related confounders, additional sentinel rats were examined for 

presence of viral infections or other illnesses as part of the regular veterinary care (none were 

detected).  
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Figure 4.1. Experimental design and animal model. (A) Young adult (2.5 months at onset) 
Sprague-Dawley rats were randomly assigned to food restricted control (FRC), or high 
repetition high force task (HRHF) groups for 6, 8, 10, 12 or 18 weeks. Number of rats per 
group is shown at the right. (B) Metaphyseal trabeculae and diaphyseal cortical bone 
regions in the radius (R) that were analyzed using micro-computerized tomography 
(MicroCT) in subcohorts of rats from each group. Locations of regions of interest (ROI) are 
as indicated. The ulna (U) was not analyzed in this study, as we have previously shown it to 
be less affected than the radius. (C) Transaxial views of trabecular and cortical bones 
showing the volumes of interest used for MicroCT are highlighted in red. Radius (R) and 
ulna (U) are indicated. (D) Representative transaxial 3D images of trabecular bone area 
analyzed in the radius for each group. 
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Task Apparatuses  

The operant behavioral apparatuses used were as previously described 

[67, 100, 112, 113, 278, 296]. Briefly, rats reached through a shoulder height portal and then 

isometrically pulled on a horizontal 1.5 mm metal bar attached to a load cell (Futek Advanced 

Sensor Technology, Irvine, CA) positioned 2.5 cm outside of the chamber wall. The bar was 

oriented horizontally. The load cell output was interfaced with a signal conditioner (Analog 

Devices, Norwood, MA), which amplified and filtered the signal before it was sampled digitally at 

100 Hz with Force Lever software (Med Associates, St. Albans, VT). The load cell was interfaced 

with custom written Force-Lever software that allowed us to choose a set force level before a 

food reward was provided (version 1.03.02, Med Associates, St. Albans, VT). Every 15 seconds, 

a series of auditory indicators (Stimulus Clicker; Med Associates, St. Albans, VT) lasting 5 

seconds cued the animal to attempt a reach.  

Training and Task Regimens 

HRHF rats were first trained to learn the reaching and handle-pulling task during a 6-week 

period for 10 min/day, 5 days/wk, in which they ramped upwards from naïve towards a HRHF 

task level (Fig. 4.1A). During this period, the rats moved through several stages of training, as 

previously described [101, 123, 278]. Briefly, in week 1, rats learned to grasp and pull on the 

force lever bar without any specified repetition rate or force, for a food reward (cueing was 

provided). In week 2, rats were required to pull at 0.01 Newtons (N), which was 5% of their 

maximum pulling force (MPF), without any specified repetition rate.  By the end of week 3, they 

were required to pull at 0.23 N (15% of their MPF), without any specified repetition rate. By the 

end of the week 4, rats were required to pull at 0.58 N (30% of their MPF), without any specified 

repetition rate. By the end of the week 6, rats were required to pull at 1.02 N (55% of their MPF), 

without any specified repetition rate. At that time, they moved on to the HRHF task.   

The HRHF task consisted of pulling at a force of 1.02 Newtons, and a rate of 4 

reaches/minute, for 2 hours/day, 3 days/week for up to 18 weeks. The daily task was divided into 

four 30-minute sessions separated by 1.5 hours each, to avoid satiation. The rats had to grasp 

the force handle and exert an isometric pull for at least 50 milliseconds with a graded force effort 
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of 55% ± 5% of their naïve maximum voluntary pulling force (MPF; which was 105.5-115.5 grams 

and equivalent to 1.02 N). If these criteria were met within a 5 second cueing grace period, a 45 

mg purified formula food pellet reward (Bioserve, NJ) was dispensed into a trough located at floor 

height for the animal to lick up. Rats were allowed to use their preferred limb to reach (the 

‘‘reach’’ limb), as described and depicted previously [101, 297]. For the purpose of this study, 

tissues were collected and assayed from the reach forelimb.  

Tissue collection  

Animals were deeply anesthetized with 5% isofluorane using oxygen as a carrier, and 

euthanized by cardiac puncture for blood collection using an 18-gauge needle at 36 hours after 

their last task session (in order to avoid activity-dependent cytokine changes). Blood was kept on 

ice for 30 min, and allowed to clot before being centrifuged. Serum was harvested and frozen at -

80oC until use.  Thereafter, cohorts of rats were either perfused transcardially with 0.9% saline 

and then fixed with 4% paraformaldehyde in 0.1M PO4 buffer, pH 7.4, for micro-computerized 

tomography (microCT) and then histomorphometry (n=6-8/group), or tissues were flash frozen for 

mRNA or protein assays (n=8-12/group).  

Serum analysis  

The blood collected during cardiac puncture euthanasia was used to assay serum for 

biomarkers of bone turnover, RANKL and sclerostin using ELISA (n=7-9/group). After 

centrifugation of blood and collection of serum, as described above, serum was assayed using 

commercially available ELISA kits for osteocalcin (Immunodiagnosticsystems, Rat-MID 

Osteocalcin EIA, # AC-12F1) and CTX-1 (Immunodiagnosticsystems, RatLaps EIA, # AC-06F1). 

Osteocalcin is a non-collagenous protein of the bone matrix that is synthesized by osteoblasts, 

and that is considered an indicator of bone formation [280].  Serum CTX-1 is a measure of C-

telopeptide fragments of collagen type I generated during osteoclastic bone resorption [279].  

Serum was also analyzed for RANKL and sclerostin levels using a rat specific RANKL Single Plex 

Magnetic Bead Kit (Millipore Corporation, Billerica, MA, # RRNKLMAG-31K-01) and an ELISA kit 

for sclerostin (R&D Systems, Minneapolis, MN, # MSST00), following manufacturer protocols. For 

the RANKL bead assay, each sample was run in duplicate and analyzed using a Bio-Rad Bio-
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Plex System with a Bioplex manager 4.0 software (Hercules, CA) as recommended and needed 

for this bead assay method.  For the other ELISA assays, duplicate samples were analyzed using 

a VersaMax microplate reader using a SoftmaxPro Version 5 software (Molecular Devices LLC, 

Sunnyvale, CA). The individual carrying out these analyses was blinded to treatment. 

MicroCT Imaging and Analysis 

After fixation, as described above, forelimb bones were collected (n=8/group), cleaned of soft 

tissues, and stored in phosphate buffered saline (PBS) with sodium azide until micro-CT analysis 

of the radius. Skyscan volume rendering software (CTVox) and analysis software (CTAn) was 

used to render the 3D models and transaxial sections (Fig. 4.1B,C). MicroCT analysis was 

performed according to recent guidelines [235], and as previously described [123, 278]. The 

microCT analysis of the trabecular bone in the distal metaphyseal region of the radius, and the 

cortical bone in the mid-diaphyseal region of the radius, were the same as described in detail in 

the Methods section of Chapter 2 of this dissertation. An additional data parameter was analyzed 

using 3D in the same regions of the distal radial metaphyseal trabeculae to determine open pore 

volume (Po. V(op)) that can show increased trabecular porosity and fenestration [245]. 

Histomorphometry  

Bones assayed for microCT as well as bones from additional rats, as indicated below, were 

used for histomorphometry (n=8/group) according to the recommendations of the American 

Society for Bone and Mineral Research [237, 298]. To measure dynamic bone formation 

parameters, calcein (i.p., 10 mg/kg body weight) had been previously injected at 9 and 2 days 

before euthanasia. Half of the bones from each group underwent plastic embedding (n=4/group), 

while the other half underwent paraffin embedding (n=4/group), as described in the Methods 

section of Chapter 2 of this Dissertation. For all histomorphometric analysis of the distal radius to 

assess changes in bone structure and remodeling, radial sections were measured in the distal 

metaphysis beginning 100 μm below the chondro-osseous junction of the secondary spongiosa 

and 100 μm in from the surrounding cortical bone using a 20x objective and image analysis 

software (BIOQUANT Osteo II, Bioquant Image Analysis Corp., Nashville, TN), using methods 

described by Parfitt et al. [25]. All cortical bone histomorphometric analyses were assessed in a 
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radial diaphysis area located 5 mm below the middle of the epiphyseal plate, extending proximally 

for 0.5 mm. The histomorphometric analysis of the trabecular bone in the distal metaphyseal 

region of the radius, and the cortical bone in the mid-diaphyseal region of the radius, were the 

same as described in detail in the Methods section of Chapter 2 of this Dissertation. 

Additional assay was performed in the same regions of the distal radial metaphyseal 

trabeculae and mid-diaphyseal radial cortical bone for this study. The percentage of empty 

lacunae was determined by manually counting only empty osteocyte lacunae and then dividing by 

the total number of lacunae with or without evidence of cell nucleus [141, 145]. Three consecutive 

and sequential trabeculae were quantified by animal. The person carrying out these analyses was 

blinded to treatment. 

Flexor forelimb tissues were collected from the same rats and limbs as above as a flexor 

mass, postfixed “en bloc” by immersion overnight in 5% paraformaldehyde in phosphate buffer for 

at least 24 hours (pH .4). A cross-sectional piece of the flexor digitorum muscle, of 3 mm in 

thickness, was removed with a scalpel from the mid-region of the muscle at its widest point. This 

cross-sectional piece was equilibrated in sucrose for 3 days, cryosectioned into cross-sectional 

slices of 12 μm thick each, and placed onto charged and coated slides (Fisher Scientific, Tissue 

Path Superfrost Plus Gold Slides). These sections were mounted on slides, dried and stained 

with H&E. An image analysis program (Bioquant) was used to measure the cross-sectional area 

(CSA) of the entire muscle belly in mm2 using a 2X objective. The person carrying out these 

analyses was blinded to treatment. 

Quantitative real-time PCR analysis 

 RNA was isolated from flash-frozen powered radial bones (using liquid nitrogen, a mortar 

and pestle) with Trizol (Life Technologies, Cat. # 15596-026. Grand Island, NY, USA) and 

chloroform, and then precipitated with 2-propanol (n=4-6/group). After clean-up and isolation, 

RNA was quantified using a Beckman spectrophotometer (Beckman Coulter, Jersey City, NJ, 

USA).  cDNA was then synthesized using a cDNA kit (Thermo Scientific Verso, Cat. # A-B1453/A. 

Pittsburgh, PA, USA) and a GeneAmp PCR 9700 system (Applied Biosystem, Grand Island, NY, 

USA). Quantification was achieved by Real Time PCR using SYBR Green PCR Master Mix 



 108 

(Applied Biosystems/ Life Technologies, Cat. # 4309155, Grand Island, NY, USA), ran in 

duplicate using a Real-Time PCR 7500 Instrument and analyzed with sequence detection 

software (V:1.2.3) from Applied Biosystems. Beta-actin was selected as the housekeeping gene. 

Primer’s sequences used are provided in Table 4.1. Values reported are fold difference compared 

to Beta-actin using the ΔΔCT method. The person carrying out the qPCR analysis and calculations 

was blinded to treatment. 

 
Table 4.1. - Primer sequences for RT PCR 

  

Protein Sense Antisense BP Publication source 

Beta-Actin  CACCCGCGAGTACAACCTTC CCCATACCCACCATCACACC 207 NM_031144.3 
RANK ACCTGTCTTCTAAATGCACTC CTTGCCTGCATCACAGACTT 125 PMID: 21327437  
RANKL CATCGGGTTCCCATAAAG GAAGCAAATGTTGGCGTA 140 PMID: 21327437 
Osteoprotegerin TTGGCTGAGTGTTCTGGT TTGGGAAAGTGGTATGCT 423 PMID: 22027774  
Sclerostin GAGAACAACCAGACCATGAAC GCTCGCGGCAGCTGTACT 97 PMID 20188226 

    
 

TUNEL assay for osteocytes apoptosis 

The paraffin embedded bone sections were deparaffinized with xylene and rehydrated 

through a series of alcohol washes (n=7/group), and then washed in a 0.9% NaCl solution, 

followed by a PBS wash. Sections were permeabilized with a proteinase K buffer, followed by a 

rTdT enzyme, nucleotide mix and equilibration buffer solution incubation for 60 minutes at 37oC 

protected from light (Promega DeadEnd Fluorometric, Cat. #G3250, Madison, WI, USA). Positive 

control staining was achieved by pre-treating supplemental tissue sections with DNAse, 

according to the manufacturer’s guideline to generate DNA fragments. For the negative control, 

the rTdT enzyme was omitted during incubation. Slides were cover slipped with Vectashield + 

DAPI (4',6-diamidino-2-phenylindole, Vector Lab, Cat. # H-1200. Burlingame, CA, USA). The 

number of TUNEL-positive osteocytes and DAPI-stained osteocytes was counted in similar 

trabecular regions as described above, and in 3 adjacent cortical bone regions located 5 mm 

below the middle of the growth plate. Three areas were counted per section, and two sections 

counted per reach limb, per rat. The percentage of TUNEL positive osteocytes per area was 

determined by dividing the number of TUNEL-positive osteocytes by the total number of DAPI-
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stained osteocytes, and multiplying by 100. Magnification of 20X was used. The person 

performing cell counts was blinded to the treatment.  

Immunohistochemistry for bone RANKL and sclerostin 

Immunohistochemistry for RANKL and sclerostin was performed on paraffin-embedded serial 

bone sections, after deparaffinization with xylene and rehydration through a series of alcohol 

washes, 0.5% pepsin antigen retrieval, and 4% serum/blotto blocking steps. Secondary 

antibodies tagged with horseradish peroxidase were used (See Table 4.2 for antibodies used). 

The horseradish peroxidase was visualized using diaminobenzidine (DAB) with a metal enhancer 

substrate system (SigmaFast D0426, Sigma-Aldrich). A batched immunostaining method was 

used in which all sections were stained in one run for each antibody to reduce variability. Radial 

bone sections were used to quantify and localize RANKL and sclerostin protein expression in the 

same distal trabecular metaphyseal region of the radius, as described above for the 

histomorphometry. The percentage area of trabecular bone matrix with positive immunostaining 

(number of pixels of staining, divided by the total number of pixels) was quantified using the 

Bioquant program and a thresholded pixel count methods, as previously described [104]. At least 

3 adjacent trabeculae were quantified in at least two sections of the reach limb per rat, using a 

20X objective. The person carrying out the quantification was blinded to treatment. 

 

Table 4.2. - Antibodies used for Immunohistochemistry. 
Protein Target Cat. # Host Type Diluti

on 
Incubation  
 (h) 

Temp. Source 

Primary Abs         
RANKL sc-7628 Goat Polyclonal  1:400 24 hours 4C Santa Cruz Biotechnology, 

Dallas, TX, USA. 
Sclerostin Ab99340 Rabbit Polyclonal  1:200 24 hours 4C Abcam, Cambridge, MA, USA. 
Secondary Abs         
Donkey 
anti-goat 

705-035-
003 

Donkey IgG H+L 1:100 2 hours RT Jackson ImmunoResearch, 
West Grove, PA, USA 

Goat anti-
rabbit 

111-035-
144 

Goat  IgG H+L 1:100 2 hours RT Jackson ImmunoResearch, 
West Grove, PA, USA 
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Statistical Analyses 

To determine differences between the FRC and 18-week HRHF rats, Student t-tests were 

performed using Prism 5 (Graphpad). To determine differences in serum levels of sclerostin 

between the FRC and 6, 8, 10, 12 and 18-week HRHF rats, a one-way ANOVA was performed, 

followed by Bonferroni post-hoc for multiple comparisons between various task duration groups 

compared to FRC and various HRHF weeks.  A p value of < 0.05 was considered statistically 

different. All data are expressed as mean ± standard error (SEM). The p values for the ANOVAs 

are reported in individual graphs, as are post hoc findings. 

RESULTS 

18 week HRHF task leads to trabecular bone loss and detrimental remodeling 

Analyses of trabecular bone located in the distal metaphysis of the radius showed 

significantly decreased BV/TV, Tb.N and Tb.Th, and increased BS/BV in HRHF 18W rats (Table 

4.3).  An increase in Tb.Sp was also evident, along with an increase in degree of anisotropy, the 

latter indicative of a more scattered distribution of trabeculae. Task performance also initiated a 

detrimental transition from the more favorable plate-like trabeculae to the rod-shape trabeculae, 

indicated by the increased SMI. Figure 4.1D shows representative 3 dimensional images of distal 

radial trabeculae from each group, and shows reduced trabecular bone in HRHF 18W rats. Each 

of these changes is indicative of increased trabecular bone resorption with prolonged 

performance of the HRHF task. 

18 week HRHF task did not significantly affect diaphyseal radial cortical bone 

All cortical bone parameters analyzed at the mid-diaphyseal region  (5 mm proximally from 

the center of the growth plate) were statically unchanged after prolonged performance of the 

HRHF task. Specifically, the Tt.Ar, Ct.Ar, Ct.Th, Porosity and Ma.Ar parameters remained similar 

in HRHF 18W rats, compared to FRC rats (Table 4.3).   
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Table 4.3. - Micro-CT analysis of radial bone microarchitecture in FRC and HRHF 18W rats 

Bone site and parameter                     

                      

Radial distal metaphysis (1.5 mm below the GP)   FRC   HRHF 18W   HRHF 
18W / FRCa 

Trabecular Bone Microarchitecture   n=6   n=8   (%) 
Bone volume fraction BV/TV (%) 42.16 ± 5.989   32.31 ± 1.290 * 77% 
Bone surface density BS/TV 

mm2/mm3 
18.75 ± 0.934   17.53 ± 0.909   93% 

Specific bone surface BS/BV 
mm2/mm3 

40.60 ± 6.120   55.71 ± 1.909 * 137% 

Trabecular number Tb.N (1/mm) 5.71 ± 0.423   4.34 ± 0.185 ** 76% 
Trabecular thickness Tb.Th (mm) 0.09 ± 0.010   0.08 ± 0.002 * 83% 
Trabecular separation Tb.Sp (mm) 0.12 ± 0.014   0.15 ± 0.012 * 129% 
Degree of anisotropy 0=isotropic 1=anisotropic DA  0.46 ± 0.039   0.59 ± 0.066 ** 128% 
Structure model index 0= perfect plate  SMI 1.42 ± 0.390   2.26 ± 0.066 * 159% 
Volume of open pores Po.V(op) mm3 0.02 ± 0.024   0.21 ± 0.021 ** 863% 
                     

Radial diaphysis (5 mm below the GP)   FRC   HRHF 18W   HRHF  
18W / FRCa 

Cortical Bone Morphology   n=6   n=8   (%) 
Total cross-sectional area inside periosteal envelope Tt.Ar (mm2) 1.56 ± 0.080   1.50 ± 0.028   96% 

Cortical bone area Ct.Ar(mm2) 1.46 ± 0.062   1.45 ± 0.028   100% 
Cortical area fraction Ct.Ar/Tt.Ar(%) 94.86 ± 1.219   96.66 ± 0.302   102% 
Marrow area Ma.Ar(mm2) 0.06 ± 0.015   0.05 ± 0.005   81% 
Average cortical thickness Ct.Th (mm) 0.13 ± 0.014   0.13 ± 0.006   100% 
Pore density Po.Dn mm-3 1.38 ± 0.073   1.48 ± 0.051   107% 
                      

Mean (±SEM) reported. Bold denotes statistically significant data. * p < 0.05, ** p<0.01 compared to FRC 
a HRHF18W  to FRC ratios are shown (HRHF 18W/FRC; expressed as percentage)  
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Flexor digitorum muscle cross-sectional area is not affected by task  

We measured and compared the cross-sectional area (CSA) of flexor digitorum muscles at 

their widest point. There was only a trend for a reduction in muscle size in the HRHF 18W rats 

(mean area of 43.84 ± 2.508 mm2), compared to FRC rats (50.84 ± 3.174 mm2), p=0.0640.  

Indices of bone turnover show decreased osteoblast, increased osteoclast  

activity and osteocyte apoptosis 

ELISA analysis of serum for bone turnover markers showed that levels of serum osteocalcin, 

a biomarker of bone formation, were reduced after 18 weeks of HRHF task, compared to FRC 

rats (Fig. 4.2A). Histomorphometry showed decreased numbers of osteoblasts per bone surface 

in distal radial trabeculae of HRHF 18W rats, compared to FRC rats (Fig. 4.2B). ELISA for serum 

CTX1, a biomarker for bone resorption, was significantly higher in HRHF 18W rats, compared to 

FRC rats (Fig. 4.2C). Histomorphometry showed increased numbers of osteoclast cells per bone 

surface in distal radial trabeculae of HRHF 18W rats, compared to FRC rats (Fig. 4.2D).  

HRHF 18W rats also had increased numbers of empty osteocyte lacunae in distal radial 

trabeculae (Fig. 4.2E, and Fig. 4.2I, arrowheads). Therefore, we next assayed for apoptosis using 

a fluorescent terminal uridine nucleotide end-labeling system (TUNEL), and found that the 

percentage of TUNEL positive cells was increased threefold in distal radial trabeculae of HRHF 

18W rats, compared to FRC rats (Fig. 4.2F). Areas of abnormal and disorganized matrix ), devoid 

of osteocytes, were observed in HRHF 18W rats in the distal radial trabeculae, as shown in figure 

4.2G and H when stained with H&E.  Negative and positive controls for TUNEL demonstrated that 

the staining was specific to apoptotic cells with typical DNA fragmentation. No significant change 

in osteocyte apoptosis was noted in the mid-diaphysis.  
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Figure 4.2. Serum levels of biomarkers of bone formation (osteocalcin) and resorption (CTX-1), and 
cell counts in the distal radial trabeculae of food restricted control (FRC) rats and rats that have 
performed a high repetition high force task for 18 weeks (HRHF 18W). (A) Serum osteocalcin levels. 
(B) Number of osteoblasts per bone surface (N.Ob/BS) in the distal radial trabecular region. (C) 
Serum CTX-1 levels. (D) Number of osteoclasts per bone surface (N.Oc/BS) in the distal radial 
trabecular region. (E) Percentage of empty lacunae in the distal radial trabecular region. (F) 
Percentage of TUNEL positive cells compared to all DAPI stained cells.  (G) Trabecular bone image 
from a FRC rat; H&E staining; scale bar = 50 micrometers. (H) Trabecular bone image from a HRHF 
18W; H&E staining; scale bar = 50 micrometers. (I) Higher magnification of HRHF trabecular bone. 
Arrows indicate empty lacunae. H&E staining; scale bar = 20 micrometers. Mean ± SEM shown. * and 
**: p<0.05 and p<0.01, compared to FRC. 
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Fluorescent microscopy for calcein showed minimal bone apposition in the distal 

metaphyseal trabecular and mid-diaphyseal cortical regions of the radius in both groups (Fig. 

4.3A and C), and even some woven bone formation in trabeculae of HRHF 18W rats (Fig. 4.3B). 

In FRC, double line labeling was observed, compared to single line labeling in HRHF 18W 

(Arrowhead. Fig. 4.3A and C). No significant differences were observed in MAR or BFR between 

the two groups (p>0.05; data not shown).  

 

 

  
Figure 4.3. Representative calcein incorporation in distal radial trabeculae. FRC rats and 
HRHF 18W rats.  (A) FRC rat trabeculae. Arrowheads show calcein lines. (B) HRHF 18W 
rat trabeculae. (C) HRHF 18W rat trabeculae. Arrowhead shows calcein single line. 
Arrows show evidence of woven bone. 600X Magnification. 
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RANKL and its receptor RANK increase in HRHF 18W rats 

 ELISA showed increased serum RANKL levels in HRHF 18W rats, compared to FRC rats 

(Fig. 4.4A). RANKL mRNA expression levels were increased in radial bones of HRHF 18W rats, 

compared to FRC rats (Fig. 4.4B). Immunohistochemistry and its quantification showed increased 

RANKL protein immunoexpression in osteocytes and matrix in the distal radial trabeculae of 

HRHF 18W rats, compared to FRC rats (Fig. 4.4 C-E). In contrast, no significant changes in 

RANKL immunoexpression were observed in the mid-diaphyseal radial cortical bone (data not 

shown). Fold changes of RANK receptor mRNA expression, using qPCR, also increased in 

HRHF 18W rats, compared to FRC rats (Fig. 4.4F). Osteoprotegerin, known to interfere with 

RANKL/RANK activation by acting as a decoy receptor and to protect osteocyte from apoptosis 

[299], showed no significant change in bone mRNA levels with task performance (Fig. 4.4G). 

Calculations of the ratio of RANKL/OPG showed an increase in HRHF 18W with a mean of 2.02 

SEM 0.89, compared to FRC which had a ratio of 0.46 SEM 0.40 (p= 0.048) 

 

  



 116 

 

  Figure 4.4. RANKL (Receptor activator of nuclear factor kappa-B ligand) analyses in FRC 
rats and HRHF 18W rats.  (A) Serum RANKL protein quantification by ELISA. (B) 
Quantitative real-time PCR results for RANKL mRNA in forelimb bones. Fold changes 
compared to housekeeping gene beta-actin are reported. (C) Immunohistochemical 
quantification reporting sclerostin percent area with RANKL immunoexpression, compared 
to total trabecular bone area.  (D-E) Representative microscopic images of the data reported 
in (C) for FRC (D) and HRHF 18W (E). Arrowheads show RANKL immunoreactive areas. 
Arrows show empty lacunae. (F) Quantitative real-time PCR results for RANK (receptor 
activator of nuclear factor kappa-B) mRNA in forelimb bones. Fold changes compared to 
housekeeping gene beta-actin are reported. (G) Quantitative real-time PCR results for 
osteoprotegerin mRNA in forelimb bones. Fold changes compared to housekeeping gene 
beta-actin are reported. Mean ± SEM shown. * and **: p<0.05 and p<0.01, compared to 
FRC. 
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Sclerostin/SOST decrease in HRHF 18W rats 

 ELISA showed decreased serum sclerostin levels in HRHF 18W rats, compared to FRC 

rats (Fig 4.5A). In light of prior findings that osteocyte apoptosis leads to increased sclerostin 

levels [82], in order to determine if we had missed an earlier increase in serum sclerostin levels, 

serum obtained from prior studies in the lab from rats that had performed the HRHF task for 6, 8, 

10 or 12 weeks and examined. ELISA showed a marginal decrease of serum sclerostin levels in 

HRHF 6W rats, a significant increase in week 10, and then a marginal decline again in week 12, 

with the lowest levels present in HRHF 18W rats, compared to FRC rats (Fig. 4.5B).  

These results were explored further using qPCR analysis of radial bones, which showed 

reduced radial bone SOST mRNA expression levels in HRHF 18W rats, compared to FRC rats  

(Fig. 4.5C). Immunohistochemistry and its quantification showed decreased sclerostin 

immunoexpression in osteocytes and matrix of distal radial trabeculae of HRHF 18W rats, 

compared to FRC rats (Fig. 4.5D-H). For example, more diffuse sclerostin staining was evident in 

the trabecular matrix of FRC rats than in HRHF 18W rats (Fig. 4.5D and G). Sclerostin 

immunoexpression was also less in osteocytes of FRC rats, compared to HRHF 18W rats (Fig. 

4.5 G and H).  
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Figure 4-5. Sclerostin (SOST) analyses in FRC rats and HRHF 18W rats.  (A) Serum sclerostin 
protein quantification by ELISA. (B) Serum ELISA at different time points of HRHF task 
performance. (C)  Quantitative real-time PCR results for SOST mRNA in forelimb bones. Fold 
changes compared to housekeeping gene beta-actin are reported. (D-E) Microscopic images 
representative of data reported in (C) for FRC (D) and HRHF 18W (E). Magnification 20X. (F) 
Immunohistochemical quantification reporting sclerostin percent area with sclerostin 
immunoexpression, compared to total trabecular bone area.  (G-H) Microscopic images 
representative of data reported in (C) for FRC (G) and HRHF 18W (H). Arrows indicate empty 
lacunae. * indicates matrix immunoreactive for sclerostin. 
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DISCUSSION 

This is the first time that we have examined the effects of performing a reaching and grasping 

task at high repetition high force levels for more than 12 weeks in our overuse injury model. Our 

hypothesis that performance of a HRHF task for 18 weeks would induce further detrimental 

trabecular bone remodeling than previously reported after 12 weeks [123] was supported in the 

distal metaphyseal trabecular bone of the radius which showed net bone resorption. MicroCT 

analysis results showed significant reductions in trabecular bone volume density (BV/TV), 

trabecular number and thickness, as well as increased trabecular bone surface area (BS/BV), 

trabecular separation, degree of anisotropy (DA) and structural model index (SMI), each 

indicative of increased bone resorption and reduced bone quality [10, 199, 210].  A reduction in 

the trabecular number and thickness, combined with increased trabecular separation are 

associated with a more brittle bone and increased fracture risk [199, 210, 245]. An increase in 

bone surface area is indicative of active remodeling and is often associated with osteopenia and 

osteoporosis [25]. The increased degree of anisotropy indicates a more scattered volume of 

trabeculae that can weaken bone [206], while an increased structural model index indicates a 

detrimental transition towards rod-shaped trabeculae, which are predisposed to bone resorption 

by osteoclasts due to their increased surface [241].  

In contrast, the cortical bone changes were not in line with our original hypothesis, since no 

significant morphometric differences were observed in FRC rats versus HRHF 18W rats in any 

parameter analyzed using microCT. This was not entirely surprising since muscle-triggered bone 

remodeling normally occurs at the enthesis (i.e., at the site of insertion of a tendon on a bone) 

[300], yet the principal muscles involved in reaching and grasping in this animal model attaches 

attach either on the distal radius rather than the mid-diaphysis, or on carpal bones located further 

distally. These results match those of several other groups reporting that trabecular bone is more 

sensitive to loading-induced remodeling than cortical bone [241-244]. 

Levels of serum biomarkers of bone remodeling matched our original hypothesis that a HRHF 

18W task would induce increased bone resorption, indicated by the increase of serum CTX-1, 

and reduced bone formation, indicated by the decrease in serum osteocalcin. It is important to 
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note that serum findings could be the result of bone remodeling occurring anywhere within an 

animal’s skeletal system, such as in the ulna, humerus or scapula in this upper limb model of 

reaching and grasping, rather than just the analyzed radial bone. That said, the increased serum 

CTX-1 matched the increased osteoclast numbers in the distal radius, and the decreased serum 

osteocalcin matched the decreased osteoblast numbers in this same region, suggesting that the 

radial bone changes contributed to the serum biomarker changes.  

Large areas of acellular and abnormal matrix were present in trabeculae of the distal radius. 

Mechanical loading at high force loads can induce stress fractures and then woven bone 

formation rather than organized lamellar bone [155]. The observed abnormal matrix in the 

trabecular region could an early stage of woven bone that had not yet calcified.  These areas of 

cartilaginous matrix also stained positive for TUNEL. It has been reported that extracellular bone 

matrix can stain with TUNEL due to leftover DNA fragment after osteocyte apoptosis, since their 

location in deeper layers of the bone matrix makes it difficult for osteoclasts or macrophages to 

reach them for phagocytosis [301]. The reduced bone volume (BV/TV) within the trabeculae of 

HRHF 18W rats prompted us to also investigate trabecular pore volume (Po.V(op), , using 

microCT, since increased and excessive resorption can lead to trabecular fenestration [302].  

RANKL was increased in serum and bone with prolonged loading in our model, matching 

results from other loading studies [63, 66, 157]. We also observed RANKL immunoexpression 

primarily in osteocytes.  Until recently, it was thought that RANKL was produced primarily by 

osteoblasts. Many bone researchers now recognize osteocytes as the primary source of RANKL 

post-embryogenesis [37, 72, 84, 87, 156]. Osteocyte production of RANKL increases in bones 

after mechanical loading intense enough to cause microdamage, such as matrix microcracks and 

stress fractures [63, 66, 157]. Osteocytes adjacent to apoptotic osteocytes or sites of matrix 

damage increase their production of RANKL, a response that encourages RANKL-dependent 

osteoclast activity and removal of the damaged matrix for bone repair [36, 37, 80, 84, 157]. The 

production of RANKL and osteoprotegerin, its receptor decoy, is responsive to the severity of 

matrix damage and disruption of the osteocytic network [303]. We observed increased RANK 

receptor mRNA expression, a protein produced by osteoclasts, with HRHF task performance, but 
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unaltered osteoprotegerin mRNA levels. This increase in RANK mRNA could be due to the 

increase in osteoclast number. Since osteoprotegerin is a RANK decoy receptor that binds 

RANKL and prevents activation of the RANKL/RANK pathway [69], this would shift the RANKL 

and osteoprotegerin ratio towards more RANKL leading to increased bone resorption. Ratio of 

RANKL/OPG indicated a shift towards RANKL and increased resorption, due to HRHF 18 W task 

performance. Taken together, the 18W of HRHF task performance appears to be disruptive to 

osteocytes, leading to their apoptosis, a change that increased RANKL production in neighboring 

osteocytes, matching previous studies examining the effects of fatigue loading 

[66, 84, 157, 179, 303].  If the HRHF rats had been allowed a long rest break at this point (more 

than the 1.5 hours between each task session, or the 1-2 days of rest between the Monday, 

Wednesday and Friday work days provided in our model),  bone remodeling to repair would likely 

have occurred [157].  

In contrast to RANKL, SOST mRNA and sclerostin protein levels decreased in serum and 

bone with prolonged loading in our model, matching prior reports of its decrease in bone after 

mechanical loading [45, 79, 172, 176, 186, 202]. However, our results of increased osteocyte 

apoptosis in conjunction with decreased sclerostin differ from a previous report demonstrating 

that increased osteocyte apoptosis leads to increased sclerostin expression [82]. A mathematical 

model proposes otherwise [142], using an inhibitory protein mechanism theory for how sclerostin 

modulates bone turnover. They proposed that a reduction in the number of osteocytes by 

apoptosis would result in a decline in sclerostin, especially if bone resorption within the trabeculae 

was increased as remaining struts receive the continued loading [142]. Our observed three-fold 

increase in empty osteocyte lacunae in trabeculae of HRHF 18W rats, compared to FRC rats, 

might be contributing to the decline in sclerostin despite the increase in osteocyte apoptosis. It 

has also been reported that during bone repair, at 4 days post-fracture, that levels of SOST 

mRNA decrease significantly at the end of the early inflammation phase [287]. Since we have 

previously reported transient increases in inflammatory cytokines in forelimb bones in our model 

[98], and no increased pro-inflammatory cytokines in serum and tissues of these HRHF 18W rats 

(unpublished data), perhaps the inflammatory stage had just ended in these HRHF 18W rats. Our 
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examination of serum from rats performing the HRHF task across several weeks, showed a 

significant increase in serum sclerostin levels in HRHF 10W rats, and a significant decrease in 

HRHF 18W rats, compared to FRC rats. Perhaps inflammatory processes are contributing to the 

serum and bone sclerostin levels, although further studies using anti-inflammatory drugs during 

the loading period are needed to clarify this question. On the other hand, since sclerostin is a 

potent inhibitor of bone formation [82, 282], the reduction in sclerostin production could be an 

attempt by osteocytes to trigger bone formation, or a self-protective mechanism to reduce levels 

of RANKL as it is known that sclerostin increases this osteoclastic factor, and therefore osteoclast 

differentiation and activity [80].  

We have several limitations in this study, including that serum level of osteocalcin, CTX-1, 

RANKL and sclerostin could represent bone changes occurring in any bone or bone region 

involved in performing this reaching and grasping task. Also, for mRNA analyses, we collected 

and homogenized together both ulna and radial bones. Therefore, the qPCR data is 

representative of changes in both bones, not just the radius. Lastly, due to limited tissue samples 

available as a consequence of the length of this study (26 weeks/rat when handling, food 

restriction, training and task performance are included, as well as the manpower needed for a 26 

week training paradigm), en bloc basic fushin staining of microcracks could not be performed.  

In conclusion, a prolonged high demand upper extremity reaching and grasping task of high 

repetition high force lead to degradative bone changes in the distal radial trabeculae, changes 

that could increase fracture risk in this bone if left untreated. The increase in the osteoclastic 

mediator RANKL likely contributed to these changes. The 18 week HRHF task increased 

osteocyte apoptosis, potentially generating the observed increases in RANKL. Since bone 

resorption is an initial mandatory step of bone repair necessary for the removal of damaged bone 

matrix and cells, the reduction in sclerostin could be an attempt of the bone to regenerate since 

this reduction releases its break on Wnt activation required for osteogenesis. In future studies 

with the overuse model, it could be interesting to investigate if treatment with an inhibitor of bone 

resorption could prevent the observed bone loss and detrimental bone remodeling.  
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CHAPTER 5 
 

CONCLUSION AND FUTURE DIRECTIONS 

CONCLUSION 

 
Prior work from our lab using a rat model of voluntary repetitive reaching and grasping 

showed that forelimb bones undergo exposure dependent adaptation or degradation 

[67, 98, 101, 109]. We observed bone changes that were concomitant with increases in pro-

inflammatory cytokine known to affect bone cell differentiation and activity [152, 153, 166].  The 

impact of work related musculoskeletal disorders (WMSDs) on bones has only been investigated 

in a few studies [98, 101, 111, 123, 126, 212-214, 221-223, 276, 304, 305]. Bone scan studies in 

patients with upper extremity WMSD have shown increased blood flow and pooling (indicative of 

inflammation) in affected forearms bones [224, 225]. This is important as chronic inflammation in 

bones reduces bone quality by increasing osteoclastic activity.  Increased hand/wrist 

osteoarthritis with reduced bone mass has been shown in female dentists and teachers with 

heavy one-sided hand workloads [221-223], and CTS in pre-menopausal women was also shown 

to led to reduced bone mass [94]. A large study examining job-related WMSDs found a significant 

association between hand osteoarthritis in females and high impact “jolting” of the hand [213].  

Bone remodeling is a normal biological process that allows bones to adjust to strains. 

Both aging and inflammation can deregulate the balance between bone resorption and formation. 

Aging mammals display increased baseline inflammatory-cytokine levels, both systemically and 

at the tissue level, warranting further examination of whether aged rats performing these 

repetitive work tasks have net bone resorptive changes. 

It is known that chronic cyclical tissue loading affects bone quality and morphometry, with 

low loads typically leading to bone formation and high loads near or at the tissue fatigue level 

leading to bone catabolism. Although not yet investigated with occupational overuse injuries, 

RANKL is a cytokine essential to bone resorption, and plays a key role in modulating bone 

remodeling during loading or repair [37, 70, 72, 289].  RANKL is released by osteocytes after their 

apoptosis following bone matrix microdamage [36, 38, 157]. This has a catabolic effect on bones 
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by promoting osteoclast formation and activity in a RANKL-dependent manner [80]. Sclerostin is 

also produced by osteocytes [87], and is a negative regulator of osteoblast differentiation and 

function and a potent inhibitor of bone formation [82, 282]. Although the exact mechanisms by 

which sclerostin inhibits bone formation is still under investigation, applied mechanical loads 

repress sclerostin production, releasing its inhibitory break on Wnt/beta-cantenin signaling, 

allowing for bone formation [281, 288]. Loading-induced matrix microdamage and osteocyte 

apoptosis lead to increased sclerostin [82], interfering with bone formation. The possibility that 

sclerostin has both anabolic and catabolic roles during bone loading is under investigation by 

other groups currently. Sclerostin, RANKL, bone matrix damage and osteocyte apoptosis have 

not yet been investigated in our animal model, or in any voluntary operant animal model of 

loading, to our knowledge.  

Conclusion for Aim 1  

Since inflammation is known to normally increase with aging, even in the absence of 

tissue injury, we sought to investigate the impact of task performance on mature aging bones and 

inflammation. This work is presented in Chapter Two. The increase in inflammation with aging in 

termed "inflamm-aging", and is characterized by chronic inflammation due to dysregulation of the 

immune system [10-12]. Age is a known risk factor for WMSDs. As the median age of the 

American workforce increases rapidly, it is predicted that WMSD cases will increase [13-15]. 

Thus, the effect of performing repetitive tasks on bone architecture needs further evaluation to 

assess if aging, combined with long-term performance of a moderate demand repetitive task, is 

detrimental to mature bones. We hypothesized that bone degradation in mature rats would 

parallel increased bone inflammation, osteoclastogenesis and activity reduced osteoblast 

numbers and activity.  

Using rats from 2 different age groups (3.5 months and 15 months of age at the onset of 

the experiments), our hypothesis was upheld by findings that performance of a high repetition low 

force (HRLF) task induced bone growth and adaptation in young adult rats; yet bone degradation 

in mature rats.  Specifically, after 12 weeks of the HRLF task in young adult rats, we observed 

adaptation in the distal radial trabecular bone, evidenced by increased bone volume and 
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trabecular numbers, and decreased trabecular separation. The quality of the mid-diaphyseal 

cortical bone was modestly improved, denoted by an increase in periosteal perimeter and marrow 

area, both of which improve tensile bending [16]. In contrast, mature HRLF rats showed minimal 

bone trabecular changes, yet mid-diaphyseal cortical bone degradation, observed as increased 

porosity, and increased marrow area without growth of the periosteal perimeter, and thus cortical 

thinning. Serum biomarkers of remodeling were altered by task week 12 in both age groups. In 

young adult HRLF rats, both serum osteocalcin and CTX1 were increased, as were numbers of 

both osteoblasts and osteoclasts, indicating active bone remodeling. In contrast, in mature HRLF 

rats, only serum CTX1 and osteoclast numbers were increased, indicating increased bone 

resorption without task-induced bone formation. Bone inflammatory cytokines increased with the 

task in both age groups, although more in mature rats, perhaps due to reduced levels of a key 

anti-inflammatory cytokine, IL-10, in the mature rats.  

In summary, a moderate demand reaching and grasping task that was performed for 12 

weeks induced bone adaptation in young adults rats, but indices of reduced cortical bone quality 

in mature rats, changes paralleled by increased bone inflammatory cytokines. 

Conclusion for Aim 2.  

After observing adaptation in bones of young adult rats that had performed a HRLF upper 

extremity muscle loading task for 12 weeks, despite the presence of low-grade local 

inflammation, we extended our studies using the HRLF task as a moderate loading paradigm to 

24 weeks. This work is presented in Chapter Three. Our goal was to determine if continued 

performance of this moderate demand task would trigger continued growth or stabilized 

adaptation. Muscle force place greater loads on bones than gravitational forces such as body 

weight, and bone quality is enhanced by exercise and other forms of repeated muscle loading 

[266, 267]. We hypothesized that performance of a HRLF task for 24 weeks would continue to 

stimulate bone formation since these were young adult rats, with reduced inflammatory cytokines, 

biomarkers of bone remodeling, RANKL and sclerostin levels as the bone reached homeostasis.   

Our hypothesis was fairly supported as prolongation of the HRLF task for an additional 12 

weeks led to further increases in trabecular bone volume and improved micro-architecture in the 
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distal metaphyseal trabeculae and mid-diaphyseal cortical bone of the radius, although other 

structural parameters of the trabeculae remained stable after week 12. Cortical bone parameters 

showed consistent improvements in 24 week HRLF rats, compared to 12 week HRLF and control 

rats. Serum biomarkers of active bone remodeling, which were increased in week 12 of the HRLF 

task, returned to baseline levels by week 24, as did the osteoclast and osteoblast numbers. The 

latter findings are indicative of accommodation to the demands of the HRLF task by week 24. We 

also found that inflammatory bone cytokines were significantly higher in 24 week HRLF rats than 

in control rats, although these increases were considerably lower than observed in the mature 

HRLF rats in Chapter Two, and than in the young adult HRHF rats in Chapter Four. Lastly, both 

RANKL and sclerostin were reduced by 24 weeks of task performance; the latter in accordance 

with prior reports that decreases in sclerostin are essential for loading-induce bone formation [17]. 

Taken all together, this indicate that bones adapts to low force task over time, even if repetitive, 

and this is consistent with studies showing a biomechanical link between muscles and bones 

would adapt to increased loads imparted by muscles [306, 307]. 

 

Conclusion for Aim 3.  

We next extended our studies to determine the effects of prolonged high repetition high 

force muscle loading on forelimb bone morphometry, a task load that we have previously 

determined in shorter experiments of three months or less, produced significant bone 

degradation. We suspect that sclerostin (a potent inhibitor of bone formation) and RANKL (a 

stimulator of osteoclastogenesis), both produced by osteocytes, are upregulated with prolonged 

high repetition high force loading due to high force and inflammation-induced osteocyte 

apoptosis. We present this work in Chapter Four. We hypothesized that performance of the 

HRHF task for 18 weeks would induce detrimental bone remodeling due to increased RANKL and 

sclerostin, along with increased osteoclast numbers, osteocyte apoptosis and decreased 

osteoblast numbers.   

As above, our hypothesis was fairly but not completely supported. The distal radial 

trabeculae showed several indices of bone resorption, including decreased trabecular bone 
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volume, trabecular numbers and thickness, as well as increases in the bone surface to bone 

volume ratio, structural model index and degree of anisotropy. In contrast to the cortical bone 

changes observed in the aged task rats in Chapter Two, there were no significant cortical bone 

changes in these younger adult rats. Static and dynamic histomorphometry confirmed the 

increased bone resorption and decreased bone formation, as did serum analysis of bone turnover 

biomarkers, with observations such as low bone volume to tissue volume and increased 

osteoclast numbers, a low mineral apposition rate and low osteoblast numbers, and increased 

serum CTX1, yet low osteocalcin levels, respectfully.  Increased osteocyte apoptosis evidenced 

by increased TUNEL stained osteocytes and increased empty osteocyte lacunae were also 

observed, as was an increase in cartilaginous bone matrix in the radial trabecular bone. RANKL 

mRNA and protein expression were increased 18 week HRHF rats, as was RANK receptor 

mRNA, compared to control rats. Surprisingly, sclerostin mRNA and protein expression was 

decreased in the 18 week HRHF rats, compared to control rats, perhaps due to the continued 

loading or the loss of its main cellular source, osteocytes, to apoptosis [18-21].   Apparently, the 

amount produced still enough to antagonize the Wnt pathway, matching a prior study's 

conclusions that sclerostin levels do not block anabolic bone changes in a linear manner [79]. 

In summary, bone degradation can occur with prolonged high repetition high force 

demand due RANKL increase.  

 

Taken all together, we conclude that: 

• Aging can worsen task-induced bone inflammation and the negative effects of long-term 

repetitive reaching and grasping on forelimb bones; 

• This further confirms aging as a risk factor for WMSDs, and shows for the first time that 

moderate repetitive tasks may increase the risk of fracture in the radius; 

• Prolonged performance of a moderate demand upper extremity task of high repetition low 

force for up to 24 weeks by young adult rats enhances forelimb bone quality and formation; 

• Prolonged upper extremity muscular loading of bones reduces sclerostin protein levels, a 

mechanosensitive protein that inhibits bone formation, allowing for bone repair; 
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• Prolonged performance of a high demand upper extremity task of high repetition high force 

for 18 weeks by young adult rats is detrimental to forelimb trabecular bones, increasing 

trabecular resorption and osteocyte apoptosis, and reducing bone formation, thus also 

increasing radial bone fracture risk; 

•  Prolonged upper extremity muscular loading of bones at high loads increases RANKL and 

bone catabolism, yet reduced sclerostin levels, without rescuing bone formation; 

• Osteoclast receptor RANK is increased by HRHF task performance in forelimb bones by an 

unknown mechanism, probably due to the increased number of osteoclast.  

 

Figure 5.1. Impact of High Repetition Low Force Task Performance on Bone 
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Figure 5.2. Impact of High Repetition High Force Task Performance on Bone 

 

Collectively, this data suggest that bones of young adult rats adapt to low force repetitive 

motions, even in the presence of low levels of pro-inflammatory cytokines, and this adaptation 

continued until bone homeostasis was achieved. In contrast, low force repetitive motions were 

detrimental to mature and aging bones, enhancing bone resorption without bone formation. Bone 

degradation occurs with prolonged high force repetitive motions due to increased RANKL, RANK 

and osteocyte apoptosis leading to excessive resorption. Prolonged muscle loading of the radius 

at low force or high force loads reduced levels of sclerostin, a decrease that should promote bone 

formation at each loading level, yet bone catabolic changes were quite evident in rats performing 

a prolonged high repetition high force task. 

Future Directions 

It would be interesting in a future study to determine the effects of rest, for both short and 

extended time periods, after these loading regimens. Since physical activity and exercise are 

known to increase and maintain bone quality only if continued  [22-24], we would expect these 

reaching and grasping tasks to affect bine formation similarly. Would discontinuation of the HRLF 
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task trigger resorption of the newly acquired bone and return to its initial morphometry?  

Sclerostin was decreased with both low force and high force task, suggesting that sclerostin does 

not discriminate between loading forces. It would be interesting to also examine levels of bone 

morphogenetic proteins (BMP) in this overuse injury animal model, since BMPs (BMP-2, -4 and -

6) can increase sclerostin levels [19], which would negatively affect bone formation.  Prophylactic 

treatment with anti-sclerostin prior to HRHF task performance could potentially rescue or 

decrease the previously observed bone loss, by maintaining bone formation.  Furthermore, as 

RANKL increased with high force and decreased with low force, it would be of interest to 

investigate if blocking RANKL (with an antibody or siRNA) during prolonged task performance 

would prevent the observed bone degradation by excessive resorption. HRHF bones should also 

be investigated for microfractures and microcracks to determine if an interruption of the osteocyte 

lacuna-canaliculi network is contributing to the increased osteocyte apoptosis, or undergo 

biomechanical testing to fully understand the extent of fragility caused by the numerous 

resorptive/degradative changes.  
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