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ABSTRACT 

 
Perisotin-like-factor (PLF) is a member of the Fasciclin family of proteins, which 

are characterized by the presence of 150 amino acid long conserved Fasciclin domains. 

Members of this family have been implicated in numerous cellular processes like 

adhesion, migration, axonal guidance and growth cone extension (1-3). PLF plays an 

important role during embryonic development, however very low levels are present in 

adults. PLF is up regulated in adult tissues when they are exposed to stress or insult. We 

have previously shown  that PLF is up regulated in heart when they are mechanically 

overloaded and in lung when exposed to cigarette smoke (4; unpublished results). 

Similarly in bone, PLF is highly up regulated in fractured bone calli, albeit not present in 

normal adult bone. Furthermore PLF leads to increased bone formation in vivo in the 

bone marrow cavity when over expressed adenovirally. These results suggest that PLF 

promotes bone formation and healing after injury. Additionally, PLF expression was up 

regulated in musculoskeletal tissues in our innovative model of Upper extremity-Work 

Related Musculoskeletal Disorder (WMSD). In this model, which draws parallels 

between the exposure to risk factors and development of associated disorders in humans 

(56, 57) PLF was expressed in bone, skeletal muscle, tendon and nerves. Coincidentally, 

these are the same tissues in which PLF is expressed during embryonic development (58). 

Molecules like PLF which play important roles during development, reappear when the 

tissues require them, promoting their remodeling and recovery can be targeted as 

therapeutic agents. Such molecules can be targeted after injury or disease. In this study 
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we focus our attention on the role of PLF in musculoskeletal (muscle and bone) 

remodeling in our animal model of WMSD.  
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CHAPTER 1 

INTRODUCTION 

1.1 Bone Formation 

Bone, the major component of the skeleton is formed by two distinct ossification 

processes, intramembranous and endochondral. Intramembranous bone arises from 

mesenchymal cells condensing directly at ossification centers and maturing into 

osteoblasts. This type of bone formation gives rise to flat bones of the skull, parts of the 

clavicle and periosteal surfaces of long bones. Endochondral ossification differs from 

intramembranous ossification in that it arises from a cartilaginous blastema. It is a 

complex, multistep process that requires systematic formation and degradation of 

cartilaginous structures that serve as a template for developing axial and appedicular 

bone. The formation of calcified matrix into bone occurs not only during skeletogenesis 

but is an integral part of post natal development and fracture healing. 

At the onset of skeletal development, undifferentiated mesenchymal cells come 

together to form condensations that have the shapes of the skeletal elements they 

prefigure. This is followed by differentiation of cells along the chondrocytic 

(endochondral) or osteoblastic (intramembranous) pathways.  The formation of bone 

directly from fibrous tissue, without the use of a cartilaginous model, is called  

intramemebranous bone formation. During this process, mesenchymal cells that arise 

from the neural crest proliferate and condense to give rise to compact nodules. When 

these cells become committed to the osteogenic lineage, they secrete a collagen-

proteoglycan matrix (osteoid). This matrix can affix calcium salts and lead to 
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mineralization through this binding of salts. The osteoblasts that lay this matrix get 

trapped in and become mature bone cells, osteocytes. As calclification progresses, bony 

spicules are formed and slowly the entire region of calcified spicules gets surrounded by 

the periosteum. Periosteum is a membrane that lines the outer surface of all bones, except 

at the joints of long bones. It is composed of an outer, fibrous layer and an inner, cellular 

layer. The outer layer mostly consists of collagen and contains nerve fibers and blood 

vessels. The inner layer is composed of progenitor cells that have the potential to become 

osteoblasts. Upon differentiation, these osteoblasts deposit osteoid matrix parallel to that 

of the existing spicules. The spicules eventually fuse with each other and become 

trabeculae, and growth continues at the surface of these trabeculae. Continued growth of 

trabeculae results in interconnection and formation of a network which is referred to as  

woven bone. Eventually, woven bone is replaced by lamellar bone.

  

 

 

 

 

 

 

                                           Gartner and Hiatt, Color Textbook of Histology. 
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  Figure 1.1: Schematic diagram of intramembranous ossification. 

Mesenchymal cells differentiate to produce osteoblasts, which deposit osteoid matrix. 

These osteoblasts become arrayed along the calcified region of the matrix. Osteoblasts 

that are trapped within the bone matrix become osteocytes. 

During endochondral ossification a cartilage template is first formed from 

aggregated mesenchymal cells (Horton et al 1999). Following proliferation, chondrocytes 

exit the cell cycle, undergo differentiation and start depositing an extracellular matrix 

composed of type IIb, IX and XI collagen, aggrecan and several other matrix proteins that 

are cartilage specific. The hypertrophic stage is characterized by decreased expression of 

type II collagen, expression of type X collagen, calcification of extracellular matrix and 

apoptic death. After hypertrophic chondrocytes die by apoptosis, bone marrow is formed. 

At about the same time, the connective tissue sheath or perichondrium, which surrounds 

the chondrocytes differentiates into periosteum. It is the periosteum that contains the 

mesenchymal cells that have the potential to differentiate into osteoblasts. These 

osteoblasts surround the cartilage mold and form bone matrix on the partially degraded 

cartilage (Bruder et al 1989; Hatori et al 1995), while osteoclasts derived from 

hemotopoietic stem cells with the invasion of blood vessel absorb the cartilage mold. 

Finally, bone replaces the cartilage.  Mineralization of the extracellular matrix produced 

and deposited by osteoblasts plays a key role in the replacement of chondrocytes by cells 

that form bone. It includes the following steps viz. matrix modification, crystal 

nucleation, crystal growth, and remodeling. During matrix modification enzymes such as 

alkaline phosphatase and others involved in releasing phosphate to the environment 
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increase and change the composition of proteoglycans in the preexisting matrix. 

Mineralization is initiated by small membrane-bound vesicles which are secreted by 

hypertrophic chondrocytes. These vesicles contain enzymes actively generating calcium 

and phosphate ions (Wu et al 1997). During the crystal nucleation stage, several 

extracellular matrix proteins, such as bone sialoprotein (Hunter et al 1993; 1994) and 

osteonectin (Termine et al 1981), function as nucleators.  Hydroxyapatite (HA) crystals 

are nucleated on their surface at multiple sites on collagen fibrils. The crystal growth 

stage is marked by increase in size of crystals by the addition of ions to the smallest 

crystals, by secondary nucleation, and by fusion or agglomeration of existing crystals 

(Boskey A 2003). During the remodeling stage, mineralized cartilage is resorbed by 

osteoclasts, and new bone matrix is laid down by osteoblasts.   

 

 

 

 

 

 

                                                                   Developmental Biology, 6th edition 
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Figure 1.2: Schematic diagram of endochondral ossification. (A, B) Mesenchymal 

cells condense and differentiate into chondrocytes to form the cartilaginous model of the 

bone. (C) Chondrocytes in the center of the shaft undergo hypertrophy and apoptosis 

while they change and mineralize their extracellular matrix. Their death allows blood 

vessels to enter. (D, E) Blood vessels bring in osteoblasts, which bind to the degenerating 

cartilaginous matrix and deposit bone matrix. (F-H) Bone formation and growth consist 

of ordered arrays of proliferating, hypertrophic, and mineralizing chondrocytes. 

Secondary ossification centers also form as blood vessels enter near the tips of the bone 

(Horton 1990). 

Bone remodeling is a process which requires a delicate balance between 

resorption of bone matrix by osteoclasts and laying down of new bone matrix by 

osteoblasts.  An imbalance in the activity or number of osteoblasts or osteoclasts may 

result in diseases of the skeletal system, such as osteoporosis, osteopetrosis, 

osteomalacia, rickets, etc. (Watt et al 2000). Therefore the identification and 

understanding of the role of molecules that may regulate this process is of extreme 

clinical significance.   

The in vitro system provides an excellent tool for identifying the role of various 

regulatory molecules under controlled culture conditions. Although, the results obtained 

from studies in vitro may not always be applicable to the in vivo situation. Well 

established cell culture systems follow recognizably similar patterns as are observed in 

vivo and are used to recapitulate the process of bone formation in vivo. Primary 

osteoblasts isolated from neonatal rat or mouse pups, immortalized cell lines such as the 
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MC3T3-E1 osteoblast-like-cells, or mesenchymal stem cells isolated from bone marrow 

are superb models to study the process of proliferation and differentiation (Owen et al 

1990; Quarles et al 1992; Wang et al 2006).  

Osteoblast maturation in vivo is a continuous process, but for the purpose of 

studying differentiation using cells in culture it is divided into three distinct stages (Owen 

et al 1990; Choi et al 1996). Cells in vitro undergo an initial period of proliferation 

between days 1 through 7 until they reach confluence.  Next is the stage of matrix 

production and cell maturation between days 7 and 14, which is followed by the final 

phase of mineral deposition, which continues until day 28.  Distinct proteins are 

expressed between days 0 and 28 and are used as differentiation markers to classify cells 

into the various stages of differentiation.   The work presented in this dissertation makes 

use of some of these markers like Runx2, alkaline phosphatase and osteocalcin to assess 

the effects of our protein of interest, Periostin-Like-Factor (PLF) on osteoblasts. 

PLF is a matricellular protein that belongs to the fasciclin family of proteins and 

was identified in our studies on heart development and disease (Litvin et al 2004; 2005; 

2006; 2007). Other members of this family of proteins are Fasciclin 1, Algal-CAM, 

MBP-70, Stabilin 1 & 2, BIGH3, and Periostin. These are described below briefly.  

 

1.2 Fasciclin Family of Proteins  

Proteins in the fasciclin family share homology in multiple ‘repeat domains’ 

known as Fasciclin domains.  Fasciclin was first identified in insects by Zinn et al., in 
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1988 (Zinn et al 1988). Subsequently other members including βig-H3, Stabilin I, 

Stabilin II, MBP-70, Algal-CAM, and Periostin were identified (Skonier et al 1992, 

Politz et al 2002; Terasaka et al 1989, Huber et al 1994, Takeshita et al 1993).  Each 

contain different number of repeat domains, described briefly below. The significance of 

the variance in repeat domains however, is not known. The repeat domains are 150 amino 

acid conserved sequences which harbor smaller conserved regions known as fas domains 

(Horiuchi et al 1999). The function of Fasciclin domains is largely unknown; however, 

previous studies indicate their involvement in cell adhesion, cell migration, and axonal 

guidance. This family of proteins has also been reported to interact with integrins via a 

YH motif, anon RGD domain, which mediates spreading, adhesion, proliferation and 

migration of various cell types (Jeong et al 2004). Recently members of this family have 

been linked to diseases like cancer, heart failure, bone diseases and vascular occlusions.  

As these diseases affect a significant portion of the population, these proteins become 

important therapeutic target s (LeBaron et al 1995; Ulstrup et al 1995; Lal A 1999; Sasaki 

H 2001). The most recent member Periostin-Like-Factor (PLF) was identified by our 

laboratory while studying heart development.  PLF shares highest homology to Periostin 

at the nucleotide and protein levels (Litvin et al 2004; 2005; 2006).  Periostin has been 

shown to play a vital role in adult cardiac myocyte growth, cardiac hypertrophy and 

ventricular remodeling following mechanical overload (Litvin et al 2005; 2006). We have 

also demonstrated a similar role for PLF in bone remodeling after fracture and injury 

(Zhu et al 2008). In this study we focus on the role of PLF in inflammation induced 

musculoskeletal remodeling in an animal model of work related musculoskeletal 
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disorder.  In addition, we used in vitro systems to study and the effect of recombinant 

PLF on bone formation.  

 

1.2.1 Fasciclin 

First identified in insects, the fasciclin family includes four members: Fasciclin I, 

II, III, and neuroglian. All are lipid linked membrane-associated glycoproteins and have 

several features in common.  They are expressed on different subsets of axon fascicles 

during development, are regionally expressed on particular portions of embryonic 

neurons where their axons fasciculate and are dynamically expressed during axon 

outgrowth. Although all four proteins share some homology and are known to mediate 

cell adhesion (Hortsch et al., 1998; Forni et al., 2004 Patel et al., 1987; Snow et al., 1989; 

Chiba et al., 1995), Fasciclin I is structurally most closely related to PLF, and contains 

three 150 amino acid fasciclin domains, which are the common characteristic of this 

family of proteins. Multiple isoforms are generated, through alternative splicing, and are 

temporally regulated during embryonic development (McAllister et al., 1992b). Fasciclin 

I is expressed on the surface of a subset of commissural axon pathways in the embryonic 

central nervous system and on sensory axonal pathways in the peripheral nervous system 

in both Drosophila and  grasshoppers (McAllister et al., 1992a).  These proteins are 

present at very low levels in adults. 

 

1.2.2 βIG-H3 
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Also known as transforming growth factor-beta-induced protein ig-h3, βig-h3 or 

BIG-H3, is an extracellular matrix protein with 683 amino-acid protein containing an 

RGD motif and four internal fasciclin domains. It was first detected in a human lung 

adenocarcinoma cell line upon stimulation with TGF-ß (Akhtar S, 2001) and since has 

been found to be  involved in numerous human diseases such as corneal dystrophies 

(Munier  et al 1997), melorheostosis, osteogenesis (Kim JE, 2000), diabetic angiopathy, 

atherothrombosis and restenosis (Lee  et al 2006). BIGH3 expression is prevalent in 

various tissues including cartilage and bone, in mouse  and zebrafish embryos 

(Schorderet et al., 2000; Hirate et al, 2003). Its expression is minimal in adults except in 

disease and tissue repair. However, despite the broad tissue distribution of BIG-H3 

during vertebrate embryonic development, its function is poorly understood. BIG-H3 is 

known to interact with extracellular matrix proteins (ECM) like collagen types I, II and 

IV, and fibronectin (Hashimoto et al., 1997). Proteoglycans such as small leucine-rich 

biglycan and decorins are another group of ECM proteins that bind directly to BIG-H3 

and affect collagen VI aggregation and possibly the interaction between integrin and 

collagen VI (Reinboth et al 2006). 

The major function of BIG-H3 is to mediate cell spreading,adhesion, 

proliferation, and migration (LeBaron et al., 1995; Billings et al., 2000; Kim JE et al., 

2000, 2002; Bae et al., 2002; Ferguson et al., 2003a, 2003b; Kim MO et al., 2003; Nam et 

al., 2003; Jeong and Kim, 2004; Park et al., 2004). These functions are mediated through 

interactions between the Fas domains and integrin receptors, such as α3β1, αvβ5, αvβ3, and 
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α6β4 (Bae et al., 2002; KimJE et al., 2002; Kim MO et al., 2003; Nam et al., 2003;Jeong 

and Kim, 2004; Park et al., 2004). 

1.2.3 Stabilin 1 

The multifunctional scavenger receptor stabilin-1 was originally identified as MS-

1 antigen. It is expressed by sinusoidal endothelial cells in the human spleen as well as by 

non-continuous and angiogenic endothelial cells in wound healing and malignant tumors 

(Goerdt et al. 1993; Politz et al. 2002). It is a 275kD protein expressed by tissue 

macrophages and sinusoidal endothelial cells in healthy organisms and its expression on 

different subtypes of endothelial cells is induced during chronic inflammation and 

tumorigenesis. In vitro induction of stabilin-1 in macrophages requires the presence of 

glucocorticoids (Kzhyshkowska et al 2006). Stabilin 1 contains seven fasciclin domains, 

an EGF-like domain and a Link domain (Politz 2002) and is involved in intracellular 

trafficking pathways. Evidence suggests that stabilin-1 is involved in adhesion and 

transmigration in various cell types including tumor cells, leukocytes, and lymphocytes. 

Scanty surface expression of stabilin 1 however, argues against its universal role in cell 

adhesion. Unlike other members of this family, Stabilin 1 expression is detected in 

normal adults. 

 

1.2.4 Stabilin 2 

Stabilin-2 is also a large 273 kD multi-functional glycoprotein that contains a 

extracellular region encompassing seven fasciclin domains, 23 EGF-like domains and a 
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Link domain. Stabilin-2 also known as FEEL-2 and HARE was originally reported as an 

endocytic hyaluronan receptor of hepatic sinusoidal endothelial cells (McCourt et al 

1999). An assessment of the temporal and spatial localization in organ systems showed 

expression of stabilin 2 in hepatic and lymph node sinusoidal, splenic and bone marrow 

venous endothelial cells, heart valve mesenchymal cells, brain ependymal cells, and 

epithelial cells of the renal papillae (Falkowski et al., 2003). It has been demonstrated 

that stabilin-2 mediates lymphocyte adhesion to hepatic sinusoidal endothelial cells (Jung 

et al 2007) and is a phosphatidylserine receptor that is involved in clearance of apoptotic 

cells (Park et al 2008).  

 

 
1.2.5 Periostin  

Periostin was identified by Takeshita et al., in 1993 in MC3T3 osteoblast-like 

cells and has recently been added to the novel vitamin K dependent γ carboxylated family 

of proteins (Coutu et al 2008). The cDNA is 3,187 bp, which encodes a protein of 811 

amino acids with a molecular weight of 90.2 kD (Takeshita et al., in 1993). Alternative 

splicing gives rise to periostin isoforms, which differ primarily at the C-terminus 

(Takeshita et al., 1993). Studies in which the C terminus was deleted suggested that lack 

of entire carboxyl domain inhibits cell motility and migration (Kim et al 2005).  Periostin 

contains an N-terminal secretory signal sequence, adjacent to a cysteine-rich domain, 

followed by four internal homologous repeat regions which precede the C-terminal 

hydrophilic domain (Takeshita et al., in 1993; Horiuchi K, 1999). The four internal 

homologous repeats are thought to be important for periostin’s adhesive activity. In 
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addition, the Y-H motif in Periostin mediates its interaction with integrins αvβ3 and αvβ5 

and supports cellular adhesion and spreading in vitro (Gillan et al 2002; Yoshioka et al 

2002).  Each repeat domain interacts with other ECM proteins, such as fibronectin, 

tenascin-C, collagen V, and periostin itself (Norris et al, 2007; Takayama et al, 2006). It 

has been shown that Periostin colocalizes with some of these proteins like fibronectin, 

tenascin-C, and collagen, in subepithelial fibrosis of bronchial asthma. This suggests that 

periostin forms a reticular structure by binding to these ECM proteins (Takayama et al, 

2006). Functionally, periostin interacts with integrins to support cell adhesion and the 

spreading of chondrocytes, fibroblasts, and cancer cells. Periostin expression is reported 

to be associated with both tumor suppression and tumor progression, and its role in 

tumorigenesis remains controversial; i.e., the expression of periostin by mammary tumors 

and colon cancer cells themselves has been linked to an invasive phenotype in 

vivo (Bao et al 2004; Shao et al 2004). Recently, Erkan et al. demonstrated that 

pancreatic stellate cells produced periostin, which created a tumor-supportive 

microenvironment (Erkan et al 2007). In contrast, several groups found that periostin is 

expressed by not almost all tumors themselves but also by surrounding stromal cells or 

cancer-associated fibroblasts (Erkan et al 2007; Kikuchi et al 2008; Kim et al 2005). Kim 

et al. and Yoshioka et al. reported that periostin overexpression suppressed the 

invasiveness and metastasis of tumor cells in bladder cancer and osteosarcoma cell lines 

(Kim et al 2005; 200; Yoshioka et al 2002). Although this protein is expressed only 

during injury or pathology in adulthood, it is widely expressed during fetal development.  
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During embryogenesis Periostin is expressed in multiple tissues including bone, 

teeth, periodontal ligament, heart and cartilage (Zhu et al 2008).  Current studies have 

focused on periostins’ expression and function in bones, teeth, heart, nerve and axons. It 

is highly expressed in early osteoblasts in vitro and in the periosteum and periodontal 

ligaments in vivo. Although Periostin has been shown to be expressed in these multiple 

tissue during embryogenesis, periostin null mice have survived well into adulthood, 

although with smaller overall body weights. Two periostin knockouts, one in which first 

exon was replaced with a lacZ reporter gene (Rios et al 2005) or exons 4 through 10 

encoding three of the 4 fasciclin domains were deleted by insertion of a neomycin 

cassette (Oka et al 2007) have been reported.  Both mutants produced null alleles and 

developed an early-onset periodontal ligament (PDL) phenotype, with profound 

ultrastructural and histological changes in ameloblasts and enamel defects. Ensuing 

analysis indicated that these mice exhibited severe periodontal defects after tooth 

eruption (Rios et al 2008). In addition, mice lacking periostin exhibited postnatal defects 

in the adult periosteum, cartilage and cardiac valves, (Rios et al, 2005, Oka et al 2007).  

Deletion of complete periostin gene by Kii et al also revealed a similar phenotype of 

smaller body size, as well as defective tooth development (Kii et al, 2006). Interestingly, 

tooth clipping to remove masticatory forces rescued the periodontal defects.  

 

 
1.2.6 Periostin-like-factor 

 
PLF and periostin are alternatively spliced products of the same gene. PLF varies 

from Periostin in that it has exon 17 and lacks exon 21, only present in Periostin. Many 
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proteins for eg, Runx, Collagen, Alkaline Phosphatase and transforming growth factor 

(TGF) are expressed as isoforms and have been reported to play unique roles. Studies by 

our group show that Periostin and PLF have different temporal and spatial patterns of 

expression during development and thereby possibly different roles.   

PLF was identified using the READS differential display of mRNA from 

developing mouse heart at various stages of development (Litvin et al 2004). Sequence 

analysis of the PLF cDNA predicts a 89.9 kD protein with four repeat domains, an N 

terminal signal sequence and a putative nuclear localization signal, suggestive of a 

secreted form as well as of an intracellular /nuclear protein. Bioinformatics analysis 

identified a potential N linked glycosylation site, and four putative phosphorylation sites 

(Litvin et al 2004). Glycosylated proteins have been implicated in various cellular 

functions like intracellular degradation, stabilization of protein conformation, assembly 

of oligomeric structures, sorting of proteins, binding sites for intercellular interactions, 

and determinants of immunological specificity (Barbosa et al 1987). Phosphorylation on 

the other hand aids molecular interactions and affects signaling properties. While these 

aspects of PLF remain to be investigated we have shown that PLF is expressed in heart, 

bone, cartilage, ribs, central neural tissues, pituitary gland, adrenal glands, tongue and 

teeth during embryogenesis (Zhu et al 2008).  It is expressed at very low levels in adults, 

but is induced under conditions of stress and injury.  Studies from our lab have shown 

that PLF is up regulated in failing human hearts and in mechanically overloaded rat 

hearts where it plays a crucial role in heart pathology and promotes its remodeling. 

(Litvin et al 2006). Additionally, PLF was detected in lungs of adult mice after they had 
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been exposed to the stress of cigarette smoke in vivo (unpublished data). PLF was also 

detected at high levels in adult bone under conditions of fracture repair. In addition, 

adenoviral overexpression leads to bone formation in the marrow cavity of long bone 

When studied in vitro it was shown to increase proliferation and differentiation of 

primary osteoblasts. (Zhu et al 2009). The expression of PLF by injured tissues, suggests 

that it may have a role in recovery and repair.  Together, these characteristics make this 

protein a potential candidate, which is worthwhile investigating as a target molecule for 

bone repair and remodeling.  

In this study  we analyzed the expression of PLF in an animal model of work 

related musculoskeletal disorder (WMSDs), in which several tissues  including bones are 

exposed to stress in response to performance of a voluntary repetitive motion task (Barr 

et al 2003).  This animal model of WMSD is a novel and innovative model, in which 

animals perform a voluntary task, for a food reward (Barr and Barbe 2003). Performance 

of the voluntary task makes this model unique and comparable to a work place situation 

for humans. The work related musculoskeletal disorders and its animal model are 

described briefly in the following paragraphs. 

 

1.3 Work Related Musculoskeletal Disorders 

Work-related musculoskeletal disorders are a group of painful disorders of 

muscles, tendons, and nerves and supporting skeletal structures. Carpal tunnel syndrome, 

tendonitis, thoracic outlet syndrome, and tension neck syndrome are some examples of 
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WMSD. These disorders differ in severity from mild periodic symptoms to severe 

chronic and debilitating conditions (BLS). Work activities which are frequent and 

repetitive, or activities with awkward postures cause these disorders which can be painful 

during work or at rest. Almost all work requires the use of arms and hands. Therefore, 

most WMSD affect the hands, wrists, elbows, neck, and shoulders. Work using the legs 

can lead to WMSD of the legs, hips, ankles, and feet. Some back problems also result 

from repetitive activities. WMSDs are recognized as leading causes of significant human 

suffering, loss of productivity, and economic burdens on society.  In US industry, upper 

extremity WMSD alone account for 29 percent of injuries and illnesses with 465 cases, of 

days away from work per 10,000 workers as reported by the Bureau of Labor statistics in 

2008 (BLS, 2008). This disorder not only accounts for discomfort, lost work time but 

also accounts for huge compensation amounts for the health industry.  

WMSDs arise from ordinary arm and hand movements such as bending, 

straightening, gripping, and holding, twisting, clenching and reaching. These common 

movements are not harmful in ordinary activities of daily life but become hazardous in 

work situations of continual repetitive motion, often in a forceful manner, and most of all, 

the speed of the movements and the lack of time for recovery. WMSDs are associated 

with work patterns that include: fixed or constrained body positions, continued repetition 

of movements, force concentrated on small parts of the body, such as the hand or wrist, 

or a pace of work that does not allow sufficient recovery between movements. Generally, 

a combination of and interaction between these factors leads to the development of 

WMSDs and the etiology of these diseases is multifactorial (NRC, 1998, 2001). Heat, 
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cold and vibration are other factors that contribute to the development of these disorders. 

Temperature and humidity affect the worker performing repetitive work, while high 

temperatures tire the workers quickly and thereby make them more susceptible to injury; 

cold temperatures decrease the flexibility of muscles and joints, increasing the likelihood 

of injury of any kind. Vibration affects tendons, muscles, joints, and nerves. Workers 

using vibrating tools may experience numbness of the fingers, loss of touch and grip, and 

pain. WMSDs do not happen as a result of a single accident or injury. Rather, they 

develop gradually as a result of repeated trauma. Excessive stretching of muscles and 

tendons can cause injuries that only last a short time but repeated episodes of stretching 

can cause tissue inflammation leading to long-lasting injury or WMSDs. As with most 

chronic diseases, MSDs have other multiple risk factors that are non-occupational in 

nature. These include other aspects of daily life, such as sports and housework (NRC, 

1998, 2001). The musculoskeletal and peripheral nerve tissues are also affected by other 

systemic diseases such as rheumatoid arthritis, gout, lupus, and diabetes. Risk varies by 

age, gender, socioeconomic status, and ethnicity. Other suspected risk factors include 

obesity, smoking, muscle strength and other aspects of work capacity. 

 

1.3.1 Development of WMSD 

 
WMSD development occurs in response to risk factors when their effects exceed the 

tolerance level of tissues. Epidemiological studies suggest that combinations of risk 

factors are more than additive in exceeding tissue tolerance thresholds (Bernard BP 1997; 

NRC 2001; Silverstein et al 1987). The over-exertion theory of WMSD development 
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suggests that tissue tolerance may be adequate only up to a certain threshold above which 

injury results (Kumar S, 2001). Tissue injury could be mild and short lived, if cells are 

able to withstand the stress and completely return to normal. If the injury is persistent, a 

structural or functional change may occur within cells and surrounding tissues so that the 

cell/tissue is able to withstand the persistent stress which is then referred to as adaptation. 

However, injury and inflammation occur when the stress is above the threshold of the 

affected tissue. Repair or regeneration may also start appearing in the injured tissue, and 

can be overlapping, although the repair in such cases is a fibrotic collagen replacement of 

the original tissue rather than full regeneration. Inflammation can also be beneficial in 

that it assists in repair of damaged cells and surrounding tissues and promotes clearance 

of dead cells and debris. While the ultimate outcome of the inflammatory process is to 

replace injured tissue with healthy regenerated tissue or a fibrous scar, or both, continued 

stress leads to a vicious cycle of injury/inflammation, tissue degeneration, and 

sensorimotor dysfunction (Barr et al 2004). The inflammatory process can either be acute 

or chronic. Following cell injury, a localized acute inflammatory response is initiated to 

sequester and phagocytose injured cells. The typical sequence of injury-to-inflammation 

is increased endothelial permeability, exudation of fluid, and transmigration of leukocytes 

into injured tissues. Which cells transmigrate depends on the stimulus and on the 

chemotactic agents released. Macrophages are the predominant immune cells responding 

to tissue injuries (Barbe et al 2003, Barr et al 2003; Clarke et al 2003, 2004). Chemotactic 

factors for macrophages include cytokines, such as IL-1α (Malone et al 1991; Norris et al 

1982).  
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Long-term activity of phagocytes contributes directly to tissue injury through the 

release of cytotoxic proteolytic enzymes, complement factors, cytokines, and oxygen free 

radicals such as nitric oxide (MacIntyre et al 1995). Both acute and chronic inflammation 

can become systemic when locally secreted cytokines enter the bloodstream. This in turn 

affects other limbs or parts of the body which were previously not directly affected by the 

repetitive motion tasks. There are a number of studies that have examined the 

characteristics of tissues in patients with WMSD the challenge however, lies in 

determining the mechanisms leading to observed changes, which are typically examined 

late in the process of WMSD.  

 
1.3.2 Role of Injury and Inflammation in the Development of WMSD 

 
Studies of patients with long-term chronic overuse syndromes show evidence of bone 

stress reactions such as cortical stress fractures and periosteal edema (Fredericson et al 

1995). Muscle biopsy studies in human patients show evidence of muscle tissue damage, 

including myopathic changes such as inflammation, muscle fiber necrosis and cell 

metabolic changes consistent with injury, denervation and/or ischemic loss of muscle 

fibers (Dennet et al 1988; Larsson et al 1990; Ljung et al 1999). Serum markers of injury 

have also been found in patients with WMSD. Increased serum malondialdehyde, an 

indicator of cell stress, was detected in patients with carpal tunnel syndrome (Freeland et 

al 2002).  Higher levels of biomarkers of collagen degradation and synthesis were 

detected in a group of nurses with high numbers of patient handling tasks (Kuiper et al 

2002). However, in case of human patients the injury is only presented after it has existed 

for a long duration, thereby making it difficult to determine the underlying mechanisms 
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leading to these disorders. Therefore, it is difficult to conclude whether biochemical 

changes, for example, cause or follow the physiological mechanisms leading to the 

present clinical presentation of the patient.  

Although the prevalence of these disorders are very high and affect a significant 

proportion of the population, the molecular mechanisms underlying these disorders are 

not completely understood. Animal models are of extreme significance, and provide an in 

vivo system for the analysis of mechanisms underlying these disorders. We have used an 

innovative and novel model of upper extremity WMSD to understand the cellular and 

molecular events that lead to the development of these disorders (Barr and Barbe 2003; 

Clarke et al 2004). In this model, the animals perform a voluntary reaching and grasping 

task for up to 12 weeks and are then examined for the development of WMSD. Using this 

model, we have characterized short-term effects of repetitive-forceful tasks on tissue 

pathophysiology. Our findings indicate that performance of a low repetition, low force 

task for 8-12 weeks leads to a low-grade, transient inflammatory response, which then 

stimulates tissue adaptation. Performance of a high repetitive, low force task leads to 

tissue injury and transient inflammation, with tissue adaptation or repair stimulated 

thereafter, albeit fibrotic repair in several tissues (Clark et al 2003; Barr et al 2003; Barbe 

et al 2003; 2008; Eliott et al 2008; Al-Shatti et al 2005; Ruggeiri et al 2006; Barr et al 

2002; Barr et al 2004a; Barr et al 2004b; Barr et al 2004c) whereas, after performance of 

a high repetitive, high force task, we find persistent tissue damage, inflammation, and 

fibrosis by week(wk) 12 (Barr et al 2004). We have also observed exposure dependent 

declines in nerve conduction velocity (NCV). Our results with this model are consistent 
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with the body of clinical research literature concerning these disorders and are 

corroborated by us in a clinical study (Carp et al 2007). While a number of studies have 

examined the characteristics of tissues in patients with WMSD, the challenge lies in 

surmising the mechanisms leading to observed changes.  In studies, of male forest-

harvesting machine operators with work-related trapezius myalgia, Kadi, et al. (Kadi et al 

1998) found hypertrophy of myofibers, developmental myosin isoform expression, 

motheaten fibers, and centralization of nuclei in trapezius muscle biopsies. While the last 

2 findings are indicative of pathology, the myofiber hypertrophy and myosin changes 

were also observed in occupational controls without myalgia. Thus, they indicate 

adaptive hypertrophy from chronic exposure to low level static loading, but pathological 

changes at the point when myalgia develops. Muscle adaptation versus degenerative 

muscle changes to repetitive tasks has also been studied in an acute animal model where 

repeated muscle strains at slow velocities results in an increase in muscle mass, but 

repeated muscle strains at fast velocities led to extracellular matrix deposition, fibrosis 

and necrosis (Stauber et al 1998; 2000) This indicates an inability of the normal repair 

process to keep pace with fast strain repeated muscle injury. Bone also responds along a 

continuum ranging from anabolism, with low magnitude brief cyclical strains (Rubin et al 

2001), to catabolism, with high magnitude long cyclical strains (Bourrin et al 1994; 

1995). Studies of rats running on treadmills (Forwood et al 1991; Newhall et al 1991) or 

performing repetitive jumping (Umemura et al 1999) show that increasing intensity of 

weight-bearing exercise is associated with diminishing returns in biomechanical 

competence, mass, and morphology. In a primate model, rope climbing for 1 hr/day for 5 
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months resulted in decreased hip bone mass and increased trabecular separation (Bourrin 

et al 1992). It is noteworthy that carpal tunnel syndrome (CTS) is associated with 

decreased carpal and radial bone mineral density, worsening with longer disease 

durations (Erselcan et al 2001). With HRHF task performance in our model, forelimb 

tendons are infiltrated by inflammatory cells, increased Substance P and CTGF 

immunostained cells, increased peritendon fibroblasts and thickening indicative of 

fibrotic hyperplagia, and collagen fibril disorganization by 12 weeks (Fedrocyzk et al 

2009). Also in our model, the median nerve undergoes intra- and extraneural fibrosis, 

following an inflammatory episode (Clark et al 2003; 2004).  These findings represent the 

essence of repetitive motion injury: the persistence of an injury stimulus or an increase in 

task demands that induce tissue damage, which can outpace tissue repair. 

 
1.3.3 Behavioral Changes Associated with WMSD 

Various indicators in our rat model offer insights into the behavioral consequences of 

the underlying tissue responses. The first indicator of behavioral consequences of the 

pathophysiology of WMSD measures dose-dependent decreases in task duration (the 

minutes (min)/day that rats voluntarily participate in performing the task) over weeks of 

task performance. The low demand task group has no decline; the moderate group has a 

decline in week 3 and recovery toward baseline by week 6 (Clark et al 2003; Barbe et al 

2008) whereas, the HRHF group declines precipitously and continually in duration 

through week 12 (Clark et al 2004). Reach rate (RR; reaches/min) another indicator, 

measures the animals’ ability to maintain task pace. Although the lowest demand group 

does not exhibit any change in RR over weeks, the moderate demand group undergoes a 
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significant decline in RR in week 6, which coincides with the peak inflammatory 

response, and a return of both towards baseline in weeks 8-12 (Clark et al 2003; Barbe et 

al 2003; 2008, Elliott et al 2008; Al-Shatti et al 2005; Ruggieri et al 2006) Our HRHF 

group undergoes a significant decline in RR in weeks 3-6 and a significant decrease in 

sensation, grip strength and NCV in week 12.  

We have also found that tissue-level changes often underlie sensorimotor behavioral 

changes. For example, our observed declines in task duration, a behavioral outcome that 

is most likely an indicator of discomfort, correlates significantly with declines in NCV 

(Clark et al 2004). Declines in NCV can stem from both fibrosis-induced nerve 

compression and degenerative nerve processes, such as degraded myelin, each observed 

in our WMSD model. In humans with carpal tunnel syndrome and repetitive strain animal 

models, declines in NCV correlate with declines in motor performance including grip 

strength and pinch (Sommerich et al 2007a; 2007b). Also, while more severe nerve 

compression results in hyposensation (Clark et al 2004), milder cases of nerve 

compression are characterized by nerve inflammation, which is well known in the 

literature to induce increased mechanical sensitivity (Elliott et al 2009). Inflammatory 

responses in a number of tissues following repetitive task performance also correlated 

strongly with declines in grip strength (Elliott et al 2009; Fedrocyzk et al 2009; Barbe et 

al 2003; Elliott et al 2008), a finding that agrees with studies by Kehl et al. that decline in 

grip strength is a result of tissue inflammatory changes (Kehl et al 2003a; 2003b) 

However, there is also literature showing that grip strength is predictive of radial bone 

mineral density (Aydin et al 2006; Tsuji et al 1995), since the muscles involved in grip 
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attach to the radius. Maximum muscle strength was developed by gripping activities, 

while declines in grip strength developed as a result of inflammation or degradative 

changes.  These may be determinants of mechanical characteristics of forelimb bones.   

In order to generate proper interventions for these conditions it is essential that we 

understand the molecular sequence of events occurring in response to performing high 

demand tasks, and identify molecules that could be targeted as possible therapeutic 

agents. In this study, the role of PLF and its isoform periostin was explored in this animal 

model in musculoskeletal tissues.    
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CHAPTER 2 

PERIOSTIN-LIKE-FACTOR AND PERIOSTIN IN AN ANIMAL MODEL 
OF WORK-RELATED MUSCULOSKELETAL DISORDER 

 

 

 
2.1 Introduction 

Periostin and periostin-like-factor (PLF) are part of a family of vitamin K-

dependent gamma carboxylated proteins that contain 150 amino acid long repeat domains 

(RDs)  and are evolutionarily conserved (Zinn et al 1988; Litvin et al 2005; Coutu et al 

2008). Members of this family include Fasciclin I identified in insects (Zinn et al 1988), 

Algal-CAM in the algae Volvox (Huber et al 1994), MPB-70 in bacteria Mycobacterium 

bovis (Terasaka et al 1989), and Stabilins I & II, βigH3, Periostin and Periostin-like-

factor (PLF) in higher order vertebrates (Politz et al 2002; Skonier et al 1992; Horiuchi et 

al 1999; Litvin et al 2004), Differences between isoforms in this family of proteins, 

determined using nucleic acid and predicted amino acid sequence analyses, are located in 

the COOH-terminus (Horiuchi et al 1999; Litvin et al 2004; 2005).  Periostin and PLF, 

the two most commonly studied members of this family are induced in various 

pathologies, making them potential targets and/or markers in disease. These two proteins 

are single gene products and differ in their COOH terminal region (Horiuchi et al 1999; 

Litvin et al 2004; 2005).  Neither PLF nor Periostin are expressed in most adult tissues 

under normal conditions, but is expressed under conditions of mechanical overload or 

injury and repair of the musculoskeletal system, and in disease of the cardiovascular 

system (Litvin et al 2004, 2006, 2007; Katsuragi et al 2004; Kii et al 2006; Kruzynska et 
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al 2001, 2004; Lallier et al 2007; Suzuki et al 2004; Norris et al 2004, 2005; Kern et al 

2005; Lindsley et al 2005).  Both isoforms are induced in adult tissues and cells under 

adverse conditions such as hypoxia, UV exposure, serum starvation, abnormal cell 

growth and pressure or volume and mechanical overload.  Periostin is also induced under 

various pathological conditions like cardiovascular disease, oncogenesis and fibrogenesis. 

For example, Periostin is expressed in adult after balloon injury in carotid arteries, at sites 

of pathologic myocardial remodeling, and when the heart is subjected to pressure 

overload (Katsuragi et al 2004; Kruzynska et al 2004; Litvin et al 2006, 2007; Linder et 

al 2005; Stanton et al 2000; wang et al 2003).  With respect to oncogenesis, Periostin is 

increased in oral squamous cell carcinoma, pancreatic ductal adenocarcinoma, head and 

neck cancer, stage IV thymoma, pancreatic cancer, liver cancer, and in melanoma cells 

(Choi et al 2008; Fukushima et al 2008; Kudo et al 2006; Sasaki et al 2001; Crnogorac-

Jurcevic et al 2003; Tilman et al 2007).  Several human brain tumors, breast cancers, non-

small cell lung carcinomas, ovary and colon cancers also show up regulation of Periostin 

(Lal et al 1999; Sasaki et al 2003; Shao et al 2004; Puglisi et al 2008; Sasaki et al 2001; 

Matei et al 2002; Bao et al 2004; Kikuchi et al 2008) and its tumor suppressor activity 

lies in the COOH-terminus (Yoshioka et al 2002). In pancreatic tumors, Periostin 

promotes fibrogenic activity and supports tumor cell growth under conditions of serum 

deprivation and hypoxia (Erkan et al 2007). With respect to fibrotic conditions, Periostin 

plays a role in bone marrow fibrosis and is a component of sub-epithelial fibrosis in 

bronchial asthma in which it regulates collagen fibrillogenesis and determines the 

biomechanical properties of connective tissues by regulating collagen fiber diameter and 



27 
 

 

cross-linking (Oku et al 2008; Takayama et al 2006; Norris et al 2007). Thus, Periostin is 

induced and plays varied roles in adult tissues under pathological conditions or 

mechanical stress.  

The isoform PLF is expressed in adult tissues only after exposure to trauma or 

pathology. For example, PLF is induced in failing human hearts, and in rat hearts under 

volume overload (Litvin et al 2006).  Similarly, in adult bone PLF is up regulated under 

conditions of fracture healing (Zhu et al 2008).  In general, it appears that PLF is up 

regulated in adult tissues exposed to damage, tissue trauma, overload, and/or stress.  

With this in mind, we sought to examine the temporal and spatial presence of 

these  two proteins in a rat model of work-related musculoskeletal disorders (WMSDs), 

which are also known as overuse injuries or repetitive strain injuries, that account for a 

substantial proportion of work injuries and workers' compensation claims in the United 

States (BLS 2005).  The US Department of Labor defines WMSDs as injuries or 

disorders of muscles, nerves, tendons, ligaments, bone, joints, cartilage, and spinal discs 

associated with exposure to risk factors in the workplace. Factors associated with the 

development of these injuries include physical, biomechanical and/or genetic factors 

(Bernard et al 1997; NRC 2001). Examples of overuse injuries include sprains, strains, 

tears, stress fractures and carpal tunnel syndrome (BLS 2005). The key to controlling the 

impact of such disorders is prevention or early intervention. However, to plan effective 

treatments or interventions the pathophysiological mechanisms underlying WMSDs must 

be understood, especially the early events in their development. Animal models provide 

an ideal system to study the initiation and progress of these events at all stages.  One such 
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animal model of upper extremity WMSD in which rats perform a voluntary repetitive 

reaching and grasping task for a food reward was developed by Barr and Barbe (Barbe et 

al 2003).  Using this model, it has already been shown that performance of repetitive 

motion tasks leads to injury of musculotendinous tissues and peripheral nerves, carpal 

tunnel syndrome with extraneural fibrosis and decreased nerve conduction, and motor 

declines ( Clark et al 2003, 2004; Barr et al 2003, 2004; Al-Shatti et al 2005; Barbe et al 

2008; Elliott et al 2008). This innovative model provides us with an opportunity to 

investigate the role of molecules which may be used either as markers of early diagnosis 

of these disorders, and/or could be targeted for therapeutic purposes in the future.  

Since both PLF and Periostin are induced under conditions of overload, we 

hypothesize that they may be used as markers of musculoskeletal overload and/or 

pathology. We further hypothesize that both PLF and Periostin levels will increase after 

the performance of high demand repetitive tasks.  In this study, we explore the presence 

of PLF and Periostin in forelimb bones after performance of a high repetition, high force 

reaching and pulling task and show that each has a unique spatial and temporal 

localization pattern in the reach limb in this animal model of WMSD. We also show that 

PLF increases during the early adaptive stage of bone remodeling.
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2.2  Materials and Methods 

        2.2.1  Subjects 

 Adult female Sprague–Dawley rats (3.5 months of age at onset of experiments) 

were obtained from ACE, PA. The animals were housed in the Central Animal Facility 

on the Health Sciences Campus at Temple University. Animal care and use was 

monitored by the University Animal Care and Use Committee to assure compliance with 

the provisions of Federal Regulations and the NIH “Guide for the Care and Use of 

Laboratory Animals”. Experimental and age-and-weight yoked trained control rats were 

weighed two to three times per week, provided rat chow daily to supplement the purified 

formula pellets (Bioserve, Frenchtown, NJ) used for food reward to maintain their 

weight, and given free access to water throughout the experiment. 

 

2.2.2  Behavioral apparatus and repetitive motion task requirements 

The force apparatus was custom-designed (by Dr. Ann Barr and Custom Medical 

Research Equipment, Glendora, NJ) and integrated into an existing commercially 

available operant training system (Med Associates, Georgia, VT). Detailed 

specifications of the testing chamber and force apparatus are as described previously 

[49]. Experimental rats performed a high repetition high force task regimen of 12 

reaches/min at 60 ± 5% maximum pulling force (MPF). Using auditory and light 

cues, rats were cued to reach every 7.5 sec, which is a target rate of 8 reaches/min; 
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however, most of the animals tended to overreach and averaged 12 reaches/min. In 

terms of force criteria, rats were trained to pull a force handle between minimum 

(55% of maximum pulling force (MPF), as determined in control rats, and maximum 

(65% MPF) force criterion for at least 50 ms. If these force and time criteria were 

met, a reward light was turned on and a food pellet was dispensed into a trough, 

which the rat could only reach by releasing the handle. MPF was determined on the 

last day of the initial training period during a 5 min session in which the force 

criterion for a food reward was gradually increased. Animals were observed carefully 

for their maximum force generating ability during this 5 minute session, and MPF 

was selected as the highest force resulting in a successful reach (i.e., food pellet 

reward) that could be repeated 3 times.  

 

2.2.3  Training and repetitive motion task performance 

Fifty rats were randomized into one of 3 groups: A high repetition high force 

group (HRHF; n=32), a normal control group (NC; n=9), or a trained control group (TC; 

n=9). A power analysis was performed using prior published data from our laboratory, 

which indicated that n=4 was sufficient for 80% power. The HRHF and trained control 

rats learned to reach for the food during an initial 4 to 6 week training period. Rats were 

trained to perform a repetitive handle-pulling task with food reward using standard 

operant conditioning procedures during the training period in which access to food was 

restricted in order to motivate them to learn the task. Some animals may have undergone 

a short period (no more than 7 days) of weight reduction to no less than 80% of the 
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weights of the age-matched normal control group with free access to food. Once the 

animals learned the task, they rapidly gained weight and were maintained at ± 5% of age-

matched control rats’ weights (rats with free access to food). Rats were weighed at least 

twice weekly and rat chow adjusted accordingly.  

  During an initial training period, the animals were first encouraged to 

reach through open bars for food pellets placed on an elevated platform for 5 min/day.  

When they began to reach freely for the food, they were transferred to the test chamber 

until they could reach into the tube dispenser with no specified reach rate for 10 to 20 

min/day.  Both trained controls and experimental task rats were trained to achieve at least 

8 reaches/min for 10 to 20 min/day; however, to repeat from above, most tended to 

overreach and averaged 12 reaches/min. The TC rats were age and weight-matched to 

HRHF task rats, but did not perform beyond this initial training period. The TC rats were 

euthanized at the 12 week endpoint at time points matched to the 12 week HRHF rats. 

Once the animals were able to perform the task consistently, typically after a total 

training period of 4 to 6 weeks, the HRHF experimental animals began the task regimen 

at the rate of 12 reaches/min at 60 ± 5% maximum pulling force (MPF), for 2 hr/day, 3 

days/week (Monday, Wednesday, Friday) for 3, 6, 8 or 12 weeks.  The daily task was 

divided into four, 0.5-hr training sessions separated by 1.5 hr. Animals were allowed to 

use their preferred limb to reach.  The side used to reach was recorded for each session.  

 

 2.2.4  Collection of serum for biomarker analyses 
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Serum was collected from 34 rats: normal controls (NC, n =8), trained controls rats 

(TC; n=6), and rats that performed the HRHF task for 6 (n=8) or 12 weeks (n=6). 

Following euthanasia (Nembutal, 120 mg/kg body weight), 18-36 hours after completion 

of the final task session, blood was collected by cardiac puncture using a 23-gauge 

needle. The blood was centrifuged immediately at 1000 g for 20 min at 4oC. Serum was 

collected, separated into 200 µl aliquots, flash-frozen, and stored at -80oC until analyzed. 

Levels of osteocalcin and tartrate-resistant acid phosphatase 5b (Trap5b) were analyzed 

in serum using commercially available ELISA kits (NB Bioscience and 

Immunodiagnostics) according to the manufacturer’s protocols. 

 

2.2.5  Collection of tissues for immunohistochemical and morphological analyses 

Animals were euthanized (Nembutal, 120 mg/kg body weight) and perfused 

transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). These 

methods are consistent with the recommendations of the Panel on Euthanasia of the 

American Veterinary Medical Association. Rats performing the HRHF task were 

euthanized at 3 (n = 4), 6 (n = 4), 8 (n = 4) or 12 (n = 4) weeks, as were normal control 

(NC; n = 4) and trained control (TC; n = 4) rats. Tissues from the preferred reach limbs 

were collected and postfixed “en bloc” by immersion overnight. Forearm radius and ulna 

bones were collected; decalcified, paraffin embedded, and sectioned as described 

previously [44, 51]. 

          2.2.6 Immunohistochemistry and quantification 
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Longitudinal sections through the center of the radius and ulna were treated with 

3% H2O2 in methanol for 30 min, washed, and then blocked with 4% goat serum in 

phosphate buffered saline and 0.1% Triton-X100 (PBST) for 30 min at room temperature. 

Sections were then incubated overnight at 4 °C with primary antibody diluted in 5% goat 

serum/PBS. Primary anti-PLF and Periostin were used at a 1:1000 and 1:750 dilution, 

respectively.  Specificity of the primary antibodies has been previously described (Zhu et 

al 2008). After washing, sections were incubated with secondary antibody, diluted 1:500 

for 30 min at room temperature. The sections were then washed and treated for 30 min 

with signal amplification kit, (ABC kit, Vector laboratories), signal was visualized using 

diaminobenzidine (DAB). DAB-treated sections were counterstained with hematoxylin 

and examined using bright field microscopy. Negative control staining was performed by 

omitting the primary antibody.   

   Positive stain for PLF or Periostin was quantified using a microscope interfaced 

with an image analysis system (Bioquant Osteo II) using a videocount thresholding 

method described previously (Al-Shatti et al 2005). Briefly, immunohistochemical (DAB) 

stained slides were analyzed using the videocount area, irregular region of interest tool, 

and field mode options of Bioquant Osteo II using similar videocount thresholding 

methods as described previously (Al-Shatti et al 2005). The video count area is the number 

of pixels in a field that meet a user defined criterion multiplied by the area of a pixel at the 

selected magnification. The mean area fraction of thresholded immunoreactive product in 

a selected region of interest was determined by dividing the videocount area of pixels 

above background thresholds by the videocount area of all pixels in the entire chosen field. 
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Two field counts were made of each tissue of interest in 3 sections per rat using a 20X 

objective for a total of 6 field counts per tissue/rat. Four rats were analyzed using this 

approach per group giving n=4/group for statistical analysis. Group means and standard 

error of the mean were plotted against weeks of task performance and are expressed as 

percent area fraction of immunostaining.  Univariate ANOVAs (Prism Software) were 

used to determine whether weeks of task performance had an effect on PLF levels in 

bones. A p value of < 0.05 was considered significant for all analyses.  

2.2.7 Morphological analysis 

  Longitudinal sections through the center of the radius and ulna were analyzed, 

after collection and preparation as described above, using the auto width measurement tool 

combined with irregular region of interest tool of Bioquant Osteo II to measure mean 

cortical thickness and mean growth plate height of the distal radius and ulna. Three fields 

were measured using a 20x objective in at least two, typically three, nonadjacent sections 

from each animal. An average of 18 measurements were made per field at 20 µm intervals 

using the Bioquant auto width measurement tool, and averaged. The proximal growth plate 

was not analyzed since it had already undergone closure, and was no longer present in 

these young adult rats. Only bones from the reach limb were analyzed. Hematoxylin and 

eosin stained sections were used for these analyses. 

2.2.8  Western blot analysis 

Additional cohorts of rats from those used for immunohistochemistry were 

euthanized with an overdose of sodium pentobarbital (Nembutal; 120 mg/kg body 
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weight). Forearm bones (radius and ulna) were collected from rats that had performed the 

HRHF task for 3, (n=3), 6 (n =3) or 8 (n =3), or 12 weeks (n =3), and normal controls 

(n=3) and trained control rats (n=3). The forearm bones were further divided into distal 

and proximal portions (the distal part consisting of the radius/ulna metaphyses and 

epiphyses and first row of carpal bones; the proximal part consisting of radius/ulna 

diaphyses). Bones pieces were homogenized in RIPA buffer [25 mM Tris•HCl pH 7.6, 

150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor 

cocktail (Sigma)], incubated overnight at 40C, supernatant collected and stored at -800C. 

For western blot analysis 25 µg of protein sample was mixed with 5X Laemmli sample 

buffer (10% SDS, 50% Glycerol, 25% β mercaptoethanol, 300mM Tris HCl pH 6.8, and 

0.04% Bromophenol blue), boiled for 5 minutes, and resolved by 10% SDS-PAGE.  

Protein samples were transferred to a nitrocellulose membrane  at 90Volts for 1 hr at 40C, 

the membrane was blocked in 5% non-fat dry milk in phosphate-buffered saline (PBS) 

with 0.1% Tween-20 (PBST) for 1 hour and incubated in 0.3µg/ml Periostin-specific 

primary antibody overnight at 40C (Zhu et al 2008).  The membrane was washed with 

PBST, incubated with 0.2µg/ml of HRP-conjugated goat anti-rabbit IgG secondary 

antibody (Pierce, Rockford, IL) for 1 hour at room temperature, and the 

chemiluminescent signal was detected using the ECL kit (Pierce, Rockford, IL). Blots 

were stripped, washed and reprobed with 0.2 µg/ml GAPDH-specific primary antibodies 

overnight at 40C. The membrane was washed with PBST and incubated with 0.2µg/ml of 

HRP-conjugated goat anti-mouse IgG secondary antibody (Pierce, Rockford, IL) for 1 
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hour at room temperature, and the chemiluminescent signal was detected using the ECL 

kit (Pierce, Rockford, IL).  
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2.3  Results 

2.3.1 Task Performance leads to up regulation of PLF but not Periostin in the 

epiphyseal plate 

PLF and Periostin levels are up regulated under conditions of tissue overload and 

stress (Kern et al 2005; Lindsley et al 2005; Litvin et al 2006; Chambers et al 1993). 

Therefore, we hypothesized that PLF and Periostin may be induced in our animal model 

of upper-extremity WMSD and by immunohistochemical analyses we determined the 

temporal and spatial location of these proteins. 

  PLF was not detected in the epiphyseal plates of the radius and ulna from 

normal control animals (Fig 2.1A). However, the protein was present at low levels in 

these bones of trained control animals in both the epiphyseal plate and bony trabeculae in 

the bone marrow cavity (Fig 2.1B). When animals performed the HRHF task, PLF was 

detected at significantly high levels at weeks 3, 6 and 12 in the radius and ulna epiphyseal 

plates but was not detected at 8 weeks (Figs 2.1C, D, and F versus 2.1E).   At 3 weeks of 

task performance, it was secreted by proliferating chondrocytes (Fig 2.1C), at 6 weeks by 

prehypertrophy and hypertrophy chondrocytes (Fig 2.1D) and at 12 weeks by 

hypertrophied chondrocytes (Fig 2.1F). PLF was also detected in distal bony trabeculae 

in the bone marrow cavity of these same bones at 3, 6 and 12 weeks of task performance 

(Fig 2.1C, D, F) and at lower levels at week 8 (Fig 2.1E).  Thus, PLF localization in the 

distal epiphyseal plate and trabecular bone of radii and ulna had a distinct temporal and 

spatial pattern in response to task performance. Bioquant analysis confirmed that PLF 

was induced in the epiphyseal plate at low levels during the training period, increased at 3  
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Fig. 2.1: A–F: Immunolocalization of PLF in the forelimb epiphyseal plate of 

radii and ulna of normal control (N Con), Trained control (T Con), or HRHF task (3, 6, 8, 

and 12 weeks) animals. Forelimb bone sections were immunoreacted with PLF antibody 

(brown color indicates positive staining) and counterstained with haematoxylin (a nuclear 

stain). PLF was (A) not detected in bones of N Con animals as indicated by the lack of 

brown color, but (B) was detected at low levels in T Con animals in trabeculae and in 

proliferating, prehypertrophy, and hypertrophy zones of the epiphyseal plate (inset: cells 

in the epiphyseal plate shown at higher magnification, staining detected in the matrix 

surrounding cells). (C) PLF was detected at 3 weeks in trabeculae and proliferating, 

prehypertrophy, and hypertrophy zones in the epiphyseal plate, and (D) at 6 weeks in the 

nuclei of prehypertrophy chondrocytes (left and right inset), and in the matrix around 

hypertrophied chondrocytes (right inset) in the epiphyseal plate. (E) PLF was not 

detected at 8 weeks in the epiphyseal plate, but (F) was detected at 12 weeks in 

hypertrophied chondrocytes in the epiphyseal plate (inset). G–H: PLF levels in the 

epiphyseal plate (G) and trabeculae (H) was quantified using a microscope interfaced 

with an image analysis system (Bioquant Osteo II) and plotted as percent area of PLF 

immunostaining against weeks of task performance. Ep=epiphyseal plate, 

NCon/NC=normal control, Tb=trabeculae, TC=trained control.  

 

and 6 weeks of task performance, dropped at 8 wks, but was up regulated again at 

12 weeks of task performance compared to normal controls (Fig 2.1G).  Bony trabeculae 

showed a similar pattern of PLF during the task performance, except that the level at 8 
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weeks was higher when compared to that in the epiphyseal plate (Fig 2.1H versus 2.1G). 

Results were consistent within each group for these analyses. Periostin, on the other hand, 

was not detected in the distal epiphyseal plate of radii and ulna between 3 and 12 wks of 

task performance, but was present at much higher levels in distal trabecular bone 

compared to PLF (Figs 2.5A, B; data for weeks 8 and 12 not shown). 

 

2.3.2  Changes in PLF and Periostin levels in distal forearm bone periosteum with 

task performance  

 PLF was not detected in the periosteum of radii and ulna from normal 

control and trained controls animals (Fig 2.2A, C), but was induced at low levels in these 

same bones in animals performing the task for three weeks, and greatly increased by 6 

and 8 weeks compared to controls (Figs 2.2D-H). Twelve weeks of task performance 

resulted in decreased immunostaining of PLF protein in the periosteum compared to 6 

and 8 weeks (Fig 2.2I, J).  Quantification of PLF immunoreactivity in the distal 

diaphyseal periosteum showed highest levels at 6 and 8 wks of task performance 

compared to normal controls (Fig 2.3A, the distal diaphyseal periosteum refers to the 

periosteum at the distal end of the shaft and adjacent to the metaphysis).  In the 

metaphyseal periosteum, PLF was highest at 6 and 8 weeks in the radius and at 6 weeks 

in the ulna compared to normal controls, suggesting that the two bones are affected 

differently by task performance (Fig 2.3B, C). Results were consistent within each group 

for these analyses. In contrast to the absence of Periostin immunostaining in the distal 

epiphyseal plate (Fig 2.5A, B), robust levels of Periostin were observed in the distal 
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periosteum of radii and ulna at all weeks of task performance (Fig 2.5C, D; data for 

weeks 3 and 6 not shown).  Periostin was not detected in the periosteum of normal 

control or trained control animals (data not shown). 
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Fig. 2.2: A–J: Immunolocalization of PLF in the distal diaphyses and periosteum 

of radii and ulna of normal control (N Con), trained control (T Con), and HRHF (3, 6, 8, 

and 12 weeks) animals. Forelimb bone sections were immunoreacted with PLF antibody 

(brown color) and counterstained with haematoxylin. PLF was (A) not detected in the 

periosteum of N Con, (B) not detected in a HRHF negative staining control, in which 

primary antibody was omitted, (C) not detected in T Con, (D) detected at low levels at 3 

weeks (E, F) detected at high levels at 6 weeks, (G,H) and detected at high levels at 8 

weeks. (I, J) PLF was not detected at 12 weeks. Ps=Periosteum, NCon=normal control, 

Tb=trabeculae, TCon=trained control, Neg Con=Negative (no antibody) control. 

 

2.3.3  PLF and Periostin levels in the major bone cell types in response to task 

performance  

Bone is formed and remodeled by three major cell types, osteoblasts, osteocytes 

and osteoclasts.  Osteoblasts are responsible for laying down bone matrix, osteocytes 

support and maintain this matrix, whereas osteoclasts resorb the old bone matrix and 

make room for new matrix to be laid down. Presence or absence of PLF protein was 

investigated using immunolocalization techniques in these cell types. PLF was not 

detected in these cell types in normal control (Fig 2.4A, B) or trained control animals 

(data not shown).  Although PLF was detected in trabeculae (Figs 2.1C; 2.4C) in animals 

performing the task for 3 weeks, no staining was detected in osteoblasts, osteocytes or 

osteoclasts (Fig 2.4C, D).  In contrast, PLF was considerably up regulated in all these cell 

types by 6 and 8 weeks of task performance (Fig 2.4E-H), but was absent again by 12 
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weeks of task performance (Fig 2.4I, 2.4J). Results were consistent within each group for 

these analyses. 
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Fig. 2.3: A–C: PLF levels determined by immunolocalization were quantified by 

BioquantOsteo II in the (A) distal diaphyseal periosteum of radii and ulna, (B) radius 

metaphyseal junction and (C) ulna metaphyseal junction of bones and plotted as PLF 

immunoexpression against weeks of HRHF task performance. NC=normal control, 

TC=trained control. 

A major impact of repetitive task performance is in the forelimb wrist joints 

(Driban et al 2008). Therefore, we examined PLF localization in the distal articular 

cartilage of the ulna and radius of the preferred reach limb. Quantification of PLF 

immunostaining using Bioquant Osteo II software demonstrated a transient pattern of 

immunoexpression in which PLF was induced at 3 and 6 weeks of task performance 

compared to normal controls, after which point it decreased back to baseline levels (Fig 

2.4K, L). Results were consistent within each group for these analyses.  Periostin was 

present in osteoblasts and osteocytes (Fig 2.5E, F) at all times after task performance but 

remained undetected in the osteoclasts throughout the 12 weeks task performance period 

(data not shown). 

 

2.3.4  Detection of Periostin by western blot analysis in reach limb bones 

Total protein from bones of NC, TC and HRHF (n=3 per group) reach limbs was 

analyzed by western blot.  Periostin was not detected in normal controls, was very low in 

the trained controls but once induced, levels remained high and unchanged with weeks of 

task performance (Fig 2.5G).  Results were consistent within each group for the three 

repetitions of these western blot analyses.  
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Fig. 2.4: A–J: Localization of PLF in the osteoblasts, osteoclasts and osteocytes 

of normal control (N con) or HRHF (3, 6, 8, and 12 weeks) animals. Forelimb bone 

sections were immunoreacted with PLF antibody (brown color) and counterstained with 

hematoxylin. No PLFwas detected in osteoblasts (A), osteoclasts or osteocytes (B, C, D) 

in normal control or 3 weeks HRHF animals. Animals that performed the task for 6 and 8 

weeks had robust expression of PLF in osteoblasts and osteocytes (E, G) and in 
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osteoclasts (F, H). PLF was downregulated in these cell types in 12 HRHF rats (I, J). K–

L: PLF levels in distal ulna (K) and radius articular cartilage (L) was quantified using a 

microscope interfaced with an image analysis system (Bioquant Osteo II) and plotted as 

PLF immunostaining against weeks of task performance. Ob=osteoblast, Oc=osteoclast, 

Ot=osteocyte, N Con/NC=normal control, TC=trained control. 

 

Fig. 2.5: A–I: Immunolocalization of Periostin in the epiphyseal plate and 

periosteum and in osteoblasts and osteocytes of HRHF rats (3, 6, 8, and 12 weeks). 

Forelimb bone sections (radii and ulna) were immunoreacted with Periostin antibody 

(brown color) and counterstained with haematoxylin. Periostin was detected in the 
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periosteum, osteoblasts and osteocytes at all time points, but was not detected in the 

epiphyseal plate. Representative data for epiphyseal plate at 3 and 6 weeks (A, B), 

periosteum at 8 and 12 weeks (C, D), and osteoblasts and osteocytes at 8 and 12 weeks 

(E, F). Normal control (NCon) section reacted with anti-Periostin (G) and negative 

control (NegCon; no primary antibody, H). Detection of Periostin by western blot 

analysis (I). Ep=epiphyseal plate, Ps=periosteum, Tb=trabeculae, Ob=osteoblast, 

Ot=osteocyte. 

 

2.3.5   Detection of serum osteocalcin and TRAP5b 

Serum from NC, TC and HRHF (n=6-8 per group) rats was analyzed using 

ELISA for a biomarker of bone formation, osteocalcin, and a biomarker of bone 

resorption, Trap5b.  Serum levels of Osteocalcin were significantly higher in week 6 

HRHF rats compared to normal controls and compared to week 12 HRHF rats (Fig 2.6A). 

In contrast, serum levels of Trap5b were significantly higher in week 12 HRHF rats 

compared to normal controls (Fig 2.6B). 

 

2.3.6   Morphometry of distal forearm bones of the reach limb 

The distal epiphyseal plates of the radius and ulna of the reach limbs of HRHF 

animals showed epiphyseal plate thinning in week 12, compared to normal control 

animals (Fig 2.7A, B). The distal epiphyseal plate of the radius was also thinner in week 

8 and week 12 HRHF rats, compared to trained controls (Fig 2.7A). The distal cortical 

wall of the radius and ulna was thinner in the reach limbs of HRHF animals in weeks 8 
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and 12 compared to normal controls (Fig 2.7C). In contrast, distal cortical wall of the 

ulna was thinner in weeks 3, 8 and 12 compared to normal controls, and thinner in weeks 

8 and 12 compared to trained control rats (Fig 2.7D). 

 

Fig. 2.6: ELISA detection of serum levels of osteocalcin and Trap5b in normal 

control (NC), trained control (TC), and HRHF (6 and 12 weeks) animals. (A) Serum 

osteocalcin was increased significantly in week 6 HRHF animals compared to normal 

control (**:p< 0.001) and compared to week 12 HRHF rats (&: p<0.05). (B) Serum 

Trap5b was increased significantly in week 12 HRHF animals compared to normal 

control (&: p< 0.05). 
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Fig. 2.7: A–D: Morphological quantification of epiphyseal plate height and 

cortical wall thickness of the distal radius and ulna of normal control (NC), trained 

control (TC), and HRHF (3, 6, 8 and 12 weeks) animals. (A) Epiphyseal plate height was 

decreased in the distal radius in week 12 compared to normal control (*: p<0.05), and in 

weeks 8 and 12 compared to trained control (&: p<0.05; &&: p<0.01). (B) Epiphyseal 

plate height in the distal ulna was decreased in week 12 compared to normal control (*: 

p<0.05). (C) Distal radius cortical thickness was decreased in weeks 8 and 12 compared 

to normal control (*: p<0.05; **: p<0.01). (D) Distal ulna cortical thickness was 
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decreased in weeks 3, 8 and 12 compared to normal control (*: p<0.05; **: p<0.01), and 

compared to trained control (&: p<0.05; &&: p<0.01). 

 

2.4  Discussion 

Bone formation in response to mechanical loading is considered to be a means by 

which bone adapts to changes in its mechanical environment. An increase in moderate 

work load (8 reaches/min at <5% MPF) for a short period of time (12 weeks) appears to 

be beneficial to bone tissue, as it promotes adaptive remodeling in our animal model (Al-

Shatti et al 2005) and in other models in which brief cyclical loading of bone at low 

magnitude similarly results in anabolic effects (Chow et al 1993; Chambers et al 1993; 

Wheeler et al 1995; Barr et al 2002; Bourrin et al 1995).  In studies by others, increased 

osteogenesis was reported in both cancellous and periosteal regions of rat vertebrae after 

mechanical loading (Chambers et al 1993; Wheeler et al 1995). Also, when rats were run 

on a treadmill at low intensity and for short durations, their bones adapted by increasing 

bone mineral density, cortical bone area and stiffness, and by decreasing energy absorbed 

and twist angle (Wheeler et al 1995). However, we show here that if work demands are 

high (12 reaches/min at 60% MPF) and continue for more than 2 months, that apparently 

the tissues’ threshold of adaptive capacity are surpassed and pathological degenerative 

responses are induced. This agrees with our previous findings in other tissues examining 

low to high repetition and force paradigms (Clark et al 2003, 2004; Barbe et al 2008; 

Driban et al 2008). This also agrees with results from another model in which continued 

treadmill running at lower magnitudes (90 min/day at a speed of 20 m/min for 9 weeks; 
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60% VO2 max) resulted in bone formation (Bourrin et al 1995), while high magnitudes 

(105 min/day at a speed of 30 m/day for 11 weeks; 80% VO2 max) resulted in catabolism 

and microfracture of bones (Bourrin et al 1994).  In these cases of pathological 

remodeling, bone weakening due to catabolic effects is probably a consequence of 

constant remodeling and continued loading (Maclean et al 2004; Stokes et al 2002).   In 

yet another rat model of increased loading, there was an increase in anabolic mRNAs 

(collagen-1A1, collagen-2A1 and aggrecan) in intervertebral discs at low frequency 

loading and an increase in catabolic mRNAs (MMP-3, MMP-13 and ADAMTs-4) after 

high frequency loading (Stokes et al 2007). 

Strategies to improve or alleviate symptoms that result from pathological over 

load require the identification of molecules that are part of the signaling pathways that 

mediate these responses.   The change in the temporal and spatial pattern of PLF 

localization over time in our animal model suggested that it might be associated 

temporally with the adaptive response and thereby worthy of further investigation. The 

temporal and spatial variation in immunolocalization of PLF to specific regions, tissues 

and cells within the reach forelimb also suggested that PLF was induced by constant 

loading of forelimb bones.   Furthermore, since PLF was induced in other tissues and 

organ systems under conditions of stress and increased load (Horiuchi et al 1999; Barr et 

al 2003; Barr et al 2004), the data presented here may suggest a role for PLF in the early 

adaptive response to loading.   

A low level of induction of PLF was observed in the epiphyseal plate and 

trabeculae of trained control animals, although at much lower levels than after 3-12 
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weeks of task performance (PLF was never observed in normal control animals).  The 4-6 

weeks of initial training at a HRHF level, even for only 10-20 minutes per day, clearly 

had an effect on distal forearm bones in that levels of PLF increased. These results 

suggest that there is a training effect in rats learning to perform a high repetition, high 

demand task that requires the rats to pull at 60% of their maximum grasp force for 10-20 

minutes per day. No training effect has been observed in our previous studies examining 

the effects of less demanding tasks on musculoskeletal tissues, such as a high repetition 

low force (HRLF) task (Barbe et al 2003; Barr et al 2003; Maclean et al 2004).  

In our rat model, PLF changes occurring at the epiphysis-diaphysis junction by 3 

weeks of task performance may be attributed to an increase in compressive load 

generated across the metaphysis by the combined contraction of both wrist and forepaw 

flexors and extensors. Similarly, Stokes et al. showed that mechanical loading of tail 

vertebrae modulated their growth rate, by changing the size of the hypertrophic 

chondrocytes in the epiphyseal plate (Stokes et al 2002).  In addition, sustained 

mechanical load is known to modulate endochondral growth in the immature skeleton, by 

altering growth rates and numbers of proliferative chondrocytes, their rate of 

proliferation, and the amount of chondrocytic enlargement occurring in the hypertrophic 

zone (Stokes et al 2007). PLF is present in chondrocytes during skeletal embryonic 

development (Zhu et al 2008).  Therefore, in our rat model, it may be induced in response 

to loading in the epiphyseal plate, although an adaptive response is of course limited in 

epiphyseal plates of young adult rats.  Our observed increase of PLF in week 6 in all bone 

regions examined coincided temporally with an increase in serum osteocalcin, a 
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biomarker of bone formation. Also, our observed decrease in PLF in week 12 in the 

periosteum and metaphyseal regions coincided temporally with an increase in serum 

TRAP5b, a biomarker of bone resorption. This decrease in PLF also coincided temporally 

with thinning of the distal epiphyseal plates and cortical walls, the latter change also 

suggestive of bone resorption. These results support our hypothesis that PLF is anabolic 

between weeks 3 and 6 of task performance. Interestingly, its spatial location in the 

epiphyseal plate and trabeculae at 12 weeks of task performance, where it increased again 

after a decrease at 8 weeks, was very different than at 3 and 6. In week 12, it was no 

longer intracellular, but only within the matrix surrounding hypertrophied chondrocytes. 

This latter finding suggests that PLF may also be involved in catabolic events, although 

longer periods of task performance are needed to explore this question.   

In addition, PLF was also detected in the cellular layer of the periosteum at 3 – 8 

weeks of task performance, but not at 12 weeks. It was never detected in the periosteum 

of normal or trained control animals over the 12 weeks of task performance.  Since the 

cellular layer of the periosteum contains osteoblast progenitor cells, we interpret 

localization to this layer to mean that PLF is playing an anabolic role. This hypothesis is 

supported by our recent findings that PLF promotes bone formation in vivo and in vitro 

(Zhu et al 2008). The recruitment of periosteal stem cells to the osteogenic lineage is not 

well studied. Thus, it would be interesting to determine if PLF plays a role in this regard. 

As to the absence of PLF in the periosteum in week 12, we suggest that this may be 

explained by the presence of a pathologic inflammatory response in week 12 in which 
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periosteal bone resorption and degradation far exceed bone anabolic events due to 

continued task performance (Barr et al 2003; Barbe et al 2008; Driban et al 2008).   

PLF was also highly induced by 6 and 8 weeks of task performance in osteoblasts, 

osteocytes, and osteoclasts, cells involved in remodeling, further suggesting a role for 

PLF in the adaptive remodeling process of bone.  At 6 and 8 weeks of task performance, 

PLF was clearly present in both flattened as well as in cubodial osteoblasts lining cortical 

and trabecular bone. This difference in osteoblast phenotype is routinely used to classify 

them as inactive (flattened) or active (cubodial).  After mechanical stimulation, trabecular 

bone surface cells (flattened) develop ultrastructural features of osteoblast differentiation 

and activity. They acquire a cuboidal shape with abundant rough endoplasmic reticulum 

and rounded nuclei, which correlate temporally with bone matrix production. Together 

these data support our idea that PLF has an anabolic role in promoting bone formation, 

possibly by increasing proliferation and differentiation of osteoblasts (Zhu et al 2009) or 

by recruiting osteoblast progenitor cells to the osteogenic lineage.  In addition, PLF 

appears to be located in the nuclei of bone cells (Fig. 2.4G), a finding that correlates with 

PLF having a nuclear localization signal (Litvin et al 2004). Interestingly, PLF expression 

in these cell types is absent by 12 weeks of HRHF task performance, a time when 

adaptive remodeling has given way to frank inflammation and degeneration (Driban et al 

2008). Significant inflammation and an increase in activated osteoclasts were also 

observed in our previous studies examining the effects of lower demand tasks on bone 

tissues (Barr et al 2003; Barbe et al 2008, Al-Shatti et al 2008).  
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Periostin was not detected in normal control animals but was induced at low 

levels in trained control animals. However, unlike PLF, once Periostin was induced by 

task performance, it continued to be present at a uniformly high level. Because it was 

constitutively expressed at high levels in the periosteum, trabeculae and bone forming 

and resorbing cells, the level of Periostin was not quantified by Bioquant Osteo II.  Since 

others have shown that Periostin is produced by fibroblasts, we expected to see it 

localized to both the inner and outer layers of the periosteum. Its presence throughout the 

periosteum after induction suggests that it plays a role as a matrix protein (Norris et al 

2007).  Unlike PLF, Periostin was not detected between weeks 3 and 12 in the epiphyseal 

plate or in osteoclasts. However, it was always present at high levels in trabecular bone, 

again suggesting that it is a matrix protein. This variation in the spatial pattern of 

immunolocalization of Periostin versus PLF suggests that even though they are single 

gene products of alternatively spliced mRNAs, they respond to loading differently. The 

differences in the spatial and temporal location of the two isoforms also suggest that they 

have different roles in tissue remodeling. We hypothesize that PLF might be a marker of 

early adaptive remodeling to repetitive overloading while Periostin may be involved in 

matrix deposition. 

In summary, PLF is present primarily in the periosteum, articular cartilage, 

metaphyses’, and osteoblasts, osteocytes and osteoclasts during the adaptive phase of 

remodeling in WMSD. In general, the data on these tissues suggest that the pattern of 

PLF localization varies considerably; both in space and time so that it is located in tissues 

in the early adaptive stage but disappear once tissues are in the pathological phase of 
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response. In addition, since the level of PLF peaks at 6 weeks of HRHF task performance 

in bone, a time point associated with increased serum osteocalcin, but down regulates 

thereafter, we suggest that it may be a marker of adaptive bone remodeling. In contrast, 

since Periostin does not alter its expression pattern across weeks of task performance, it 

serves instead as a marker of constant high loading. 
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CHAPTER 3 

ROLE OF TNF ALPHA AND PLF IN BONE REMODELING IN A RAT 

MODEL OF REPETITIVE REACHING AND GRASPING. 

 

3.1  Introduction  

We have developed a voluntary rat model of repetitive reaching and grasping that 

permits the examination of both tissue and behavioural responses to non-weight bearing 

muscular loads on bone and mechanisms of naturally occurring inflammation in upper 

limb tissues (Barbe et al., 2003; Barbe et al., 2008; Barr et al., 2003; Elliott et al., 2009b; 

Elliott et al., 2008).  Thus far, we have reported evidence of early local tissue and 

systemic inflammatory responses and then fibrosis with performance of high repetition 

low force tasks using this model (Al-Shatti et al., 2005; Barbe et al., 2003; Barr et al., 

2003; Clark et al., 2003; Elliott et al., 2009b; Elliott et al., 2008) and that performance of 

higher demand tasks (e.g. high repetition high force tasks) leads to further inflammation 

and fibrosis(Clark et al., 2004; Fedorczyk et al., 2009). With performance of high 

repetition tasks, with or without high force, early bone and muscle adaptive remodeling 

was observed, which was then followed by pathological remodeling with continued task 

performance  (Barr et al., 2003; Rani et al., 2009a; Rani et al., 2009b), although we have 

yet to examine possible mechanisms underlying these changes. In addition, we also found 

increased fibroblast production of collagen type I and Connective Tissue Growth factor 

(CTGF), the latter a matricellular protein, in the fibrotic repair process in nerve and 

tendons (Clark et al., 2004; Clark et al., 2003; Fedorczyk et al., 2009), but have yet to 
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examine its increase in other tissues in this model. Finally, we have reported an early but 

transient increase in Periostin-like-factor (PLF), also a matricellular protein, in loaded 

forelimb bones in this model.  This increase was associated temporally with a transient 

increase in bone formation. Both PLF and markers of bone formation decreased as 

inflammatory processes continued to increase with continued task performance (Rani et 

al., 2009b). These latter findings are suggestive of a reactive response of musculoskeletal 

tissues to repetitive movement that may involve PLF. Therefore in this study, we 

explored the early adaptive remodeling response in bone and some of the underlying 

mechanisms, specifically, the relationship between inflammatory cytokines, two 

matricellular proteins and bone formation. 

The term ‘matricellular’ was coined in 1995 (Bornstein, 1995; Bornstein, 2009), 

to denote a subset of proteins that are extracellular matrix (ECM) proteins with properties 

that can be distinguished from structural macromolecules and bioactive proteins, such as 

growth factors, cytokines, and proteases, which are also part of the ECM. Matricellular 

proteins function mainly as adapters and modulators of cell–matrix interactions 

(Bornstein and Sage, 2002). They regulate cell function by interacting with cell-surface 

receptors, cytokines, growth factors, proteases, and extracellular matrix structural 

proteins. Some of the processes that they mediate are adhesion, differentiation, 

inflammation and fibrosis (Bornstein, 2009; Chen and Lau, 2009; Jugdutt et al., 2009; 

Rhee et al., 2009). Two matricellular proteins PLF/Periostin and CTGF, relevant to our 

studies are briefly described below. 
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Periostin is a member of the fasciclin family of proteins, classified together due to 

the presence of multiple 150 amino acid long fasciclin or repeat domains. These domains 

are involved in adhesion, migration and other cellular processes. Other family members 

include Fasciclin I, PLF, βig-H3 and Stabilin I and II (Litvin et al., 2005). Periostin and 

Periostin-like-factor are alternatively spliced forms of the same gene that differ only in 

one exon at the carboxy terminus (Litvin et al., 2005). Periostin is expressed in multiple 

tissues like heart, bone and periodontal ligament during development  (Kuhn et al., 2007; 

Lie-Venema et al., 2008; Norris et al., 2008), and is re-expressed in adults after bone 

fracture (Nakazawa et al., 2004) and myocardial, vascular, and skeletal muscle injuries 

(Goetsch et al., 2003; Kuhn et al., 2007; Lindner et al., 2005; Stanton et al., 2000). In 

addition, periostin is highly expressed in various types of cancers (Bao et al., 2004; 

Kanno et al., 2008; Kudo et al., 2006; Kudo et al., 2007; Puglisi et al., 2008; Sasaki et al., 

2003; Takanami et al., 2008; Tsunoda et al., 2009; Yoshioka et al., 2002).  We have 

reported that Periostin is also up regulated in forelimb bones, muscles and tendons in our 

animal model of repetitive strain injury with performance of high repetition high force 

tasks (Rani et al., 2009a; Rani et al., 2009b), although, once elevated early during the 

initial training period, the levels do not change with continued task performance. 

 

Similar to Periostin, PLF plays an important role in development of tissues like 

bone, cartilage, heart, brain and nerves during embryogenesis  (Zhu et al., 2008).  PLF is 

also expressed at very low levels in normal adults, and increases after incidences of 

cellular or tissue stress, and/or injury (Litvin et al., 2006; Zhu et al., 2009). In contrast to 
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Periostin, in animals performing a HRHF task for 12 weeks, levels of PLF progressively 

increase during training and early task performance in musculoskeletal tissues, peaking at 

week 6 in forelimb bones (Rani et al., 2009b). In our model we also observed increased 

pro-inflammatory cytokines, including TNFα, ILα and macrophage inflammatory 

proteins (MIPs) in serum, and TNFα in musculoskeletal tissues with performance of 

either a high repetition negligible force task or a moderate repetition high force task 

(Barbe et al., 2008; Elliott et al., 2009a). We have yet to examine the effects of 

performing a high demand task involving high repetition as well as high force on 

inflammatory cytokine levels in serum, bone or muscle.  We observed a temporal 

association between inflammatory responses and bone remodeling (Barr et al., 2003), and 

since PLF increased early in our model during a period of early adaptive bone formation, 

we focused here on finding a mechanistic link between inflammation, PLF, and anabolic 

bone changes occurring with performance of repetitive tasks. 

 

 CTGF is a secreted, extracellular matrix protein that belongs to the CCN 

family of immediate-early genes needed for differentiation and tissue repair (Arnott et al., 

2007; Brigstock, 2009; de Winter et al., 2008; Xu et al., 2000). CTGF mRNA and protein 

is expressed in fibroblasts, endothelial cells, hypertrophic chondrocytes, osteoblasts, 

vascular smooth muscle cells, Schwann cells, and epithelial cells, with varying functions 

by cell type (Clark et al., 2004; Clark et al., 2003; Igarashi et al., 1996; Igarashi et al., 

1993). CTGF is a mediator of profibrotic activity of transforming growth factor beta 1 

(TGFβ1), a known regulator of fibrosis, but also is abundant in fibrotic responses in the 
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absence of noticeably elevated levels of TGFβ1 (Brigstock, 2009; Chen and Lau, 2009; 

Shi-Wen et al., 2008).  Another regulator of CTGF is TNFα (Barrientos et al., 2008; 

Brigstock, 2009; Chen and Lau, 2009), a cytokine that increases in musculoskeletal and 

nerve tissues as well as serum in our repetitive strain injury model (Al-Shatti et al., 2005; 

Barbe et al., 2008; Elliott et al., 2009b). We have previously found increased production 

of CTGF in nerve and tendon after 12 weeks of performance of either high repetition low 

force or high repetition high force tasks,temporally associated with increased TNFα 

(Clark et al., 2004; Clark et al., 2003; Fedorczyk et al., 2009). These findings further 

suggest possible links between inflammatory responses and expression of matricellular 

proteins. 

TNFα is a pro-inflammatory cytokine that regulates proliferation of many cell 

types including osteoclasts and fibroblasts (Ochi et al., 2009; Yoshimatsu et al., 2009). 

The differentiation and function of osteoblasts is also affected by TNFα, which in turn 

alters the balance between bone formation and bone resorption (Minamitani et al., 2009; 

Ochi et al., 2009; Yamazaki et al., 2009).  TNFα directly promotes osteoclastogenesis via 

engagement of TNFR1 on osteoclast  precursor cells  (Huang et al., 2003; Ma et al., 

2004; Ritchlin et al., 2003; Zhang et al., 2001) or indirectly via induction of M-CSF and 

RANKL expression on mesenchymal cells (Hsu et al., 1999).  Moreover, TNFα is known 

to stimulate bone resorption and inhibit bone formation, with inflammatory bone loss 

partly due to its effect on osteoblasts, such as the induction of Smurf-mediated 

degradation of Runx2, which leads to the inhibition of osteoblasts (Kaneki et al., 2006).  

We hypothesize that the early adaptive remodeling of bone tissue undergoing repetitive 
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loading in our model would be modulated by the superimposed inflammatory response. 

Therefore, we examined the effect of a rat specific TNFαantibody, which binds both the 

membrane bound and soluble form of TNFα on the expression of key inflammatory 

cytokines and chemokines, matricellular proteins, osteocalcin (a bone formation marker), 

and behavioral indicators of inflammatory pain (grip strength, an indicator of movement-

related hyperalgesia, and forepaw cutaneous sensation).    

We hypothesize that inflammatory cytokine/chemokine increases occurring early 

in our in vivo model are associated with increased PLF, and therefore, anabolic bone 

remodeling, and that reducing inflammatory cytokine levels during this remodeling phase 

would reduce both PLF and possibly alter bone formation. We further sought to 

investigate how these responses might be mediated by examining the effect of increased 

PLF in vitro on proliferation, adhesion and differentiation of cultured primary osteoblasts 

and MC3T3E-1 cells. Additionally, since we have observed increased CTGF by 12 weeks 

of task performance, we also examined whether reducing inflammatory cytokine levels 

would alter levels of CTGF. 
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3.2  Materials and methods  

3.2.1  Source of animals 

For this study, the Temple University Institutional Animal Care and Use 

Committee approved the animal protocols in compliance with NIH guidelines for the 

humane care and use of laboratory animals. Studies were conducted on female Sprague-

Dawley rats (Ace, PA), housed in a central animal facility in separate cages on a 12-hour 

(hr) light: dark cycle with free access to water. 

Primary osteoblast cultures were derived from a colony of Sprague-Dawley rats 

maintained at Temple University School of Medicine (Philadelphia, PA). All animals 

were maintained and used according to the principles in the NIH Guide for the Care and 

Use of Laboratory Animals (U.S. Department of Health and Human Services, Publ. No. 

86-23, 1985) and guidelines established by the Institutional Animal Care and Use 

Committee at Temple University.   

 

3.2.2  Behavioral apparatus and repetitive motion task performance 

Rats were trained and performed a HRHF task in a force apparatus, which was 

custom-designed (by Dr. Ann Barr and Custom Medical Research Equipment, Glendora, 

NJ) and integrated into an existing commercially available operant training system (Med 

Associates, Georgia, VT). The testing chamber and force apparatus have been described 

in detail previously (Clark et al 2004; Rani et al, 2009). Experimental rats performed a 
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high repetition high force (HRHF) task regimen of 12 reaches/min at 60 ± 5% maximum 

pulling force (MPF).  

Fifty-three 3 month old, Sprague-Dawley rats were used for these experiments. 

Thirty-eight rats were trained to perform a repetitive handle-pulling task with food 

reward using standard operant conditioning procedures during a 5-week training period. 

During this training period, rats learned the HRHF task in the operant test chamber until 

they could reach into the tube dispenser with no specified reach rate at 60 ± 5% 

maximum pulling force for 10 min/day. Once the animals were able to perform the task 

consistently (usually after 5 weeks), rats were randomly divided into a trained only 

control group (TC) and a HRHF group. Then the HRHF experimental animals (n =19) 

began the task regimen at the rate of 12 reaches/min at 60 ± 5% maximum pulling force 

(MPF), for 2 h/day, 3 days/week (Monday, Wednesday, Friday) for 6 weeks. The daily 

task was divided into four, 0.5-hour training sessions separated by 1.5 h. The TC rats (n 

=19) were age and weight-matched to HRHF task rats, but did not perform beyond this 

initial training period. Fifteen age-matched, normal control (NC) rats were also included 

that were not exposed to task training or performance. 

3.2.3  Administration of anti-TNFαααα 

An anti-rat TNFα antibody (CNTO 1081; generously provided by Centocor R&D 

Inc.) was injected intraperitoneally (i.p., 15 mg/kg body wt) into HRHF rats (n=6), first at 

the beginning of task week 4.  A 2nd injection was administered at the end of task week 4, 

and a 3rd injection was administered at the end of task week 5. All HRHF rats were then 
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euthanized at the end of task week 6 (6-week HRHF without anti-TNFα (6HRHF), 

n =13;6 -week HRHF with anti-TNFα (6HRHF/αTNF),, n=6).  Six of the yoked TC rats 

received anti-TNFαtreatments on this same schedule. All TC rats were euthanized at 

matched time points to HRHF rats, i.e. they were trained for 5 weeks, and then rested for 

6 weeks before euthanasia (TC without anti-TNFα (TC), n =13; TC with anti-TNFα 

(TC/αTNF); n=6).  

 

3.2.4  Sensorimotor behavioral testing 

Maximum forearm grip strength and cutaneous sensation was determined in 

normal control rats (NC), and in trained controls (TC), and HRHF rats with or without 

CNTO 1081 treatment on the day of euthanasia. Briefly, for assessment of grip strength, 

rats were lifted gently by the tail and allowed to grasp a rigid bar attached to a force 

transducer and digital display unit (Stoelting, Wood Dale, IL), as described previously  

(Barbe et al, 2003; Clark et al 2003, 2004; Clark, 2003; Rani et al 2009). When the first 

signs of active grasp were observed, the rats are pulled upward slowly by the tail with 

increasing firmness until their grasp was overcome. The peak force was recorded as 

maximum grip strength. The test was repeated 3-5 times/limb and maximum grip strength 

per trial included in the statistical analysis. Mechanical cutaneous sensation in the 

forepaws of the preferred reach limb was assessed using the up-down method of Von 

Frey monofilament testing as described previously (Clark et al 2004). 

3.2.5  Serum biomarker analyses 
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Serum was collected from all rats following euthanasia (Nembutal, 120 mg/kg 

body weight), 18–36 h after completion of the final task session, blood was collected by 

cardiac puncture using a 23-gauge needle. The blood was centrifuged immediately at 

1000 g for 20 min at 4°C. Serum was collected, separated into 200 µl aliquots, flash-

frozen, and stored at -80 °C until analyzed. Levels of Cytokine Induced Neutrophil 

Chemoattractant 2a (CINC2a), IL-1α, IL1b, IL2, IL4, IL6, IL-10, Interferon Gamma 

(INFλ), granulocyte-macrophage-colong-stimulating factor (GMCSF), MIP-2, MIP3a, 

monocyte chemoattractant protein 1 (MCP1), Regulated on Activation, Normal T-cell 

Expressed and Secreted (RANTES) and TNFα, were analyzed in serum by Aushon 

Biosystems Searchlight multiplex ELISA according to manufacturer’s protocols, with 

pg/ml reported, as previously described in Barbe et al, 2009.  Serum levels of osteocalcin 

were analyzed using a commercially available ELISA kit (Nordic Bioscience) with ng/ml 

reported.   

 

3.2.6  ELISA and Western blot analysis of musculoskeletal tissues  

The distal end of forearm bones (radius and ulna) and flexor digitorum muscles 

were collected from 32 rats: 8 NC, 8 TC, 3 TC TC/αTNF, 10 6HRHF), and 3 

6HRHF/αTNF. The collected tissues were homogenized in RIPA buffer [25 mM Tris 

HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease 

inhibitor cocktail (Sigma)], incubated overnight at 4 °C, supernatant collected and stored 

at -80 °C. A bone powder was prepared from the radius and ulna bones by rapidly 

pulverizing frozen samples in a Bessman tissue pulverizer (Fisher Scientific) pre-cooled 
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in a bath of dry ice/ethanol, and then homogenized in RIPA buffer. For ELISA of 

muscles and bones, total protein was determined using BCA-200 protein assays (Bicin 

Choninic Acid, Pierce).  Tissue lysates were analyzed for TNFα using a commercially 

available ELISA kit according to manufacturer’s protocols (BioSource International).  

Each sample was run in duplicate. ELISA assay data (pg cytokine protein) were 

normalized to µg total protein.  

For western blot analysis (n=3/group), 25µl protein  sample was mixed with 5X 

Laemmli sample buffer (10% SDS, 50% Glycerol, 25% β-mercaptoethanol, 300 mM Tris 

HCl pH 6.8, and 0.04% Bromophenol blue), boiled for 5 min, and resolved by 10% SDS-

PAGE. Protein samples were electro blotted to a nitrocellulose membrane at 90 V for 1 h 

at 4 °C, membrane was blocked in 5% non-fat dry milk in phosphate-buffered saline 

(PBS) with 0.1% Tween-20 (PBST) for 1 h and incubated in 0.3µg/ml PLF (generated by 

Open Biosystems Inc.)  or 0.2 µg/ml  CTGF specific primary antibody (Santa Cruz) 

overnight at 4 °C. Specificity of the PLF primary antibody has been previously described 

(Zhu et al., 2008). The membrane was washed with PBST, incubated with 0.2 µg/ml  of 

HRP-conjugated goat anti-rabbit IgG secondary antibody (Pierce, Rockford, IL) for 1 h at 

room temperature, and the chemiluminescent signal was detected using the ECL kit 

(Pierce, Rockford, IL). Blots were stripped, washed and reprobed with 0.2 µg/ml 

GAPDH-specific primary antibodies overnight at 4 °C, using the method described 

above. Cell lysates were also analyzed for PLF as described above.  

3.2.7  Immunohistochemical analyses 
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In accordance with the recommendations of the Panel on Euthanasia of the 

American Veterinary Medical Association, animals were euthanized (Nembutal, 

120 mg/kg body weight) and perfused transcardially with 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.4). Tissues from limbs (n=3/group) were collected and postfixed 

“en bloc” by immersion overnight. Post fixation, flexor digitorum muscle and tendon, 

with the median nerve were separated en bloc as a flexor mass from the bones, 

cryoprotected in 30% sucrose in phosphate buffered saline (PBS) and then frozen-

sectioned on a cryostat into 15 µm longitudinal sections, as previously described (Barbe, 

et al 2003).  Forearm bones (radius and ulna) were collected; decalcified, paraffin 

embedded, and sectioned as described previously (Barbe et al, 2003; Rani et al, 2009).  

Longitudinal sections from the forelimb bone or flexor digitorum muscles were treated 

with 3% H2O2 in methanol for 30 min, washed, and then blocked with 4% goat serum in 

phosphate buffered saline and 0.1% Triton-X100 (PBST) for 30 min at room temperature. 

Sections were then incubated overnight at 4 °C with primary antibody diluted in 5% goat 

serum/PBS. Anti-PLF (custom made) was used at a 1:1000 dilution. Specificity of the 

anti-PLF primary antibody has been previously described (Zhu et al, 2008). After 

washing, sections were incubated with secondary antibody, diluted 1:500 for 30 min at 

room temperature. The sections were then washed and treated for 30 min with signal 

amplification kit, (ABC kit, Vector laboratories), signal was visualized using 

diaminobenzidine (DAB). DAB-treated sections were counterstained with hematoxylin 

and examined using bright field microscopy. Negative control staining was performed by 

omitting the primary antibody. 
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3.2.8  Recombinant Periostin-Like-Factor (rPLF) 

The complete mouse PLF cDNA insert from the pgem3zf- vector (Litvin et al, 

2004) was amplified using PLF specific primers, with EcoRI and SalI restriction enzyme 

sequences added to the 3’ and 5’ end of the primers, respectively to achieve a 

directionally placed insert in the expression vector, pGEX6P-1 (GE Healthcare Bio-

Sciences Corp., Piscataway, NJ, USA). Protein was expressed as directed by the 

manufacturer and the quality and specificity of the bacterially expressed protein was 

determined by western blot analysis.  The effect of rPLF on proliferation and 

differentiation of osteoblasts was determined as described below. 

 

3.2.9  Reagents to over express or knock down PLF:  Generation of adenovirus 

Small interfering RNA was directed at a region in exon 17, specific to PLF 

(AGTCATTCAAGGCAGTCTTCAG), and was inserted into the IMG-1200 adenoviral 

vector to obtain better infectivity. The adenovirus (AdsiPLF) was generated by Imgenex 

Corporation (San Diego, CA). Adenovirus used to over express PLF was generated as 

described by (Litvin et al, 2006; Zhu et al, 2009). Adenovirus overexpressing β-

galactosidase (AdLacZ) or GFP (AdGFP) was used as a control (Litvin et al, 2006; Zhu, 

et al 2009).   

 

3.2.10  Primary osteoblast cultures  



72 
 

 

Parietal calvaria were isolated from 2 day old neonatal rats and the periosteum 

and cranial sutures were removed to reduce contamination with non-osteoblast cells 

{Litvin et al, 2006; Xu et al 2000). Pieces of calvaria were then subjected to five 

sequential digestions with 2% collagenase-P/0.25% trypsin of 5, 15 (X2), and 25 (X2) 

min at 37°C in a shaking water-bath. Cells from the first two digestions were discarded to 

remove non-osteoblast cells. Osteoblast-enriched cell populations were obtained from the 

3rd to 5th digestions. These cells were plated in 10 mm2 dishes at a concentration of 

5 × 105 cells in Earle's Minimal Essential Medium ((Sigma, St. Louis, MO) supplemented 

with 10% fetal calf serum (FCS) and penicillin and streptomycin. Cells were incubated at 

37°C with 5% CO2, and the media was changed every 3 days until they were 80% 

confluent. Stocks were made and frozen in liquid nitrogen for future use.  

3.2.11 Treatment of primary osteoblasts with recombinant TNFα, MIP-2 or MIP3a. 

Primary osteoblasts were plated at a density of 1 × 104 cells/well in EMEM media 

containing 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin in 12-well plates. 

Serum was withdrawn the next day and total protein was collected from cells after 

treatment with increasing concentrations of TNFα (R& D systems), MIP-2 or MIP3a for 

48 hrs (Biosource, Camarillo CA, USA).  

 

3.2.12  Osteoblast proliferation  
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The effect of PLF over expression and knock down mediated by adenovirus was 

examined using the CyQUANT cell proliferation assay, bromodeoxyuridine 

incorporation and RT-PCR of cell cycle genes.  

  

3.2.12.1 CyQUANT Cell Proliferation Assay: Primary osteoblasts were plated in 24-well 

plates at a concentration of 1 × 104 cells/well in EMEM media containing 10% FBS, 100 

U/ml penicillin and 100 µg/ml streptomycin. Twenty-four hours later, cells were infected 

with AdPLF or AdLacZ or AdsiPLF (50 moi) and 72 h post-infection and plates were 

frozen at -80°C for lysis of cells. Proliferation was assessed using the CyQUANT Cell 

Proliferation Assay Kit (Invitrogen, Carlsbad, CA). The CyQuant GR dye shows strong 

fluorescence when bound to cellular nucleic acids. For the assay, 200 µl of the CyQuant 

GR solution was added to each well (for each treatment, n = 6) and incubated for 5 min at 

room temperature. Fluorescence was measured at an emission wavelength of 520 nm and 

excitation wavelength of 480 nm on the Wallac Plate Reader (Perkin-Elmer, Waltham, 

MA).  

The effect of rPLF or recombinant Periostin protein (rPN; R&D systems) on 

proliferation was also assessed using the CyQUANT and 5-bromo-2-deoxyuridine 

(BrdU) incorporation assay.  Primary osteoblasts were plated at a concentration of 

1 × 104 cells/well as described above. Serum was withdrawn the next day, followed by 

rPLF treatment at a concentration of 0, 1, 10, 50 and 100ng/ml and rPN treatment at a 

concentration of 100ng/ml. 48 hours post-treatment cells were frozen at -80°C and 
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proliferation was assessed using the CyQUANT Cell Proliferation Assay Kit as described 

above or the BrdU assay as below. 

3.2.12.2 Bromodeoxyuridine (BrdU) incorporation assay: Primary osteoblasts were 

cultured in 96 well dishes at a concentration of 2,500 cells/well. Serum was withdrawn 

the next day, followed by rPLF or rPN treatment for 48 hrs at the concentrations 

described above. BrdU (Sigma, St. Louis, MO) was added at a concentration of 10mM to 

the cultures for next 18 hrs.  Cultures were then fixed and treated with monoclonal anti-

BrdU (Sigma, St. Louis, MO) followed by incubation with goat anti-mouse IgG 

horseradish peroxidase (HRP) conjugate (Promega, Madison, WI). Wells were washed 

with PBS and incubated with tetramethylbenzidine (TMB) substrate (KPL; Gaithersburg, 

MD) until sufficient blue color developed. Wells were subsequently quenched with stop 

solution (KPL; Gaithersburg, MD) and absorbance was measured at 450 nm on an iMark 

Microplate Absorbance Reader (Bio-Rad, Hercules CA). 

 

3.2.13  MC3T3-E1 Cells Adhesion assay 

MC3T3-E1 mouse osteoblast cell line obtained from ATCC (Manasass, VA) was 

propagated in Alpha Minimum Essential Medium αMEM) with 10% FBS, 100 U/ml 

penicillin, and 100 µg/ml streptomycin and maintained at 37°C.  For adhesion assay 96 

well plates were coated with poly-lysine (0.10mg/ml, Sigma, St. Louis, MO), fibronectin 

(5ug/ml, Sigma, St. Louis, MO)), and PLF conditioned media or GFP conditioned media. 

Conditioned media was obtained as follows:  osteoblasts were infected with AdPLF (Zhu 

et al, 2009), cultured for 72 hours and serum free media collected.  Media was tested to 
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show elevated levels of PLF (Zhu et al 2009).  Plates were stored at 4°C until the next 

day.  The solution was removed and wells were blocked with 1% BSA/PBS, for 1 hr at 

room temperature. 80% confluent plates of MC3T3 cells were trypsinized, and were 

either left untreated or incubated with anti-β1 integrin (10ug/ml, Santa Cruz 

Biotechnology, Santa Cruz, CA) at 37°C for 30 mins. Cells were then plated at a 

concentration of 2x 105 cells/well in the coated 96 well dish in αMEM with 10% FBS, 

100 U/ml penicillin, and 100 µg/ml streptomycin and incubated for 2 hrs at 37°C. Media 

was removed and dishes rinsed with PBS.  Following fixation with 4% 

paraformaldehyde, cells were stained with 1% Methylene Blue (in 0.01M Borate Buffer 

pH= 8.5) for 30 min at RT, and eluted with a 1:1 Ethanol -0.1 M HCl solution for 20 

mins. Absorbance was read at wavelength 620λ on an ELISA reader. 

 

3.2.14 Osteoblast differentiation 

Primary osteoblasts were plated in 12-well plates at a concentration of 1 × 104 

cells/well in EMEM media with 10% FBS. Once the cells were 80% confluent, they were 

infected with AdPLF, AdLacZ or AdsiPLF (50 moi) or treated with rPLF and rPN 

(100ng/ml). Differentiation factors were added on day 5 (50 µg/ml ascorbic acid and 100 

mM β-glycerolphosphate) and each time the media was changed. Markers of 

differentiation were assessed as described below. Total mRNA was collected for qRT-

PCR. Alkaline phosphatase staining and activity was assessed on day 7, while calcium 

levels and mineral deposition (von Kossa staining) were assessed on day 21. All 

experiments were repeated in triplicate. 
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3.2.15  Alkaline phosphatase Staining 

Cells were washed with PBS and fixed with Citrate-Acetone-Formaldehyde 

fixative as per the manufacturers recommendation (Sigma-Aldrich Diagnostics, St. Louis, 

MO) for 30 sec. Cells were washed with double distilled water (ddH2O) for 45 sec, 

incubated in staining solution that included sodium nitrite, FRV-Alkaline solution, 

napthol AS-B alkaline solution (Sigma-Aldrich Diagnostics, St. Louis, MO) for 15 min at 

room temperature and protected from light. The cells were rinsed with ddH2O and 

allowed to air dry. A reddish-pink color indicated positively stained osteoblasts. 

 

3.2.16  Alkaline phosphatase Activity 

Cells were washed with PBS and lysed in 500 µl of 0.2% Triton X-100 in distilled 

water by shaking for 20 min at room temperature. A 50 µl aliquot of the cell lysate was 

mixed with 150 µl of working solution containing 200 µL Assay Buffer, 5 µL Mg 

Acetate (final concentration 5 mM) and 2 µL p-Nitrophenyl phosphate (pNPP) liquid 

substrate (final concentration 10 mM). Plates were read at 405λ at time zero and again at 

four minutes as per the manufacturer’s protocol (QuantiChromTM Alkaline Phosphatase 

Assay Kit, BioAssay Systems, Hayward, CA) Alkaline phosphatase activity (substrate 

release nmol/min) was normalized to total protein content. Total protein content was 

determined on identical duplicate cultures using BCA protein assay kit (Pierce). 

 

3.2.17  Calcium deposition 
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Cells were rinsed with cold PBS and hydrolyzed in 400 µl 0.5 N HCl. Cell 

extracts were mixed with calcium binding reagent (o-Cresolphthalein Complexone and 8-

Hydroxyquinoline, Sigma, St. Louis, MO) in 250 nM 2-Amino-2-Methyl-1, 3 

Propanediol buffer and optical density measured at 575 nm using a iMark Microplate 

Absorbance Reader (Bio-Rad, Hercules CA). Concentration of calcium ions was 

calculated by comparison to a standard of known calcium density using the equation 

(A575 sample/A575 standard) × (concentration of standard) and data was expressed as 

mg calcium/well. 

 

3.2.18  von Kossa staining and quantification of nodule area 

 Cells were washed with Hanks balanced salt solution and incubated in 3% 

silver nitrate solution under ultra-violet light for 45 min, washed in ddH2O, and incubated 

with 3% sodium thiosulfate for 5 min. Following this treatment cells were washed with 

ddH2O, counterstained with fast green for 5 min, washed again in ddH2O and air dried. 

For measurement of mineralized (von Kossa stained) nodule area, wells were quantified 

using a microscope (Nikon Corporation, Melville, NY) interfaced with an analog camera 

and a bioquantification software system (Bioquant Osteo II, Nashville, TN) using 

methods described in {Abdelmagid et al 2007; Zhu et al 2008). Briefly, nodules were 

encircled carefully with the Irregular Region of Interest Option (iROI) tool. Then, color 

thresholds were selected based on a pre-defined mean level of von Kossa staining using 

the thresholding tool. Next, a field count of the encircled nodule was generated using the 

Video Count Area array, which counted the number of pixels in the field that are at or 
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above the defined threshold of von Kossa staining multiplied by the area of a pixel at the 

selected magnification. The Video Count Area array was also used to count all pixels 

within the encircled nodule. Finally, the mineralized nodule area was calculated by 

dividing the videocount of pixels that are at or above the pre-defined threshold of von 

Kossa staining by the total number of pixels in the chosen ROI. This determination was 

made at four different locations per well, and three wells per group, for each condition.  

 

 

3.2.19  Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT- qPCR)  

Primary osteoblasts were cultured in 10 mm2 petri plates in EMEM with 10% 

FBS and 100 U/ml penicillin and 100 mg/ml streptomycin at a concentration of 5x105 

cells/well. Serum was withdrawn on day 1, 3, 5 and 11, rPLF (100ng/ml) was added on 

day 2, 4, 6 and 12 and total RNA was collected on day 4, 6, 8 and 14 for Cdk4, Runx2, 

ALP and osteocalcin (OC) quantification, respectively. One mg of total RNA was reverse 

transcribed into cDNA (SuperScript First strand, Invitrogen, Carlsbad, CA). Using the 

Taqman Gene Expression Assay system (Applied Biosystems, Foster City, CA), RT-

qPCR was performed in triplicate on the ABI 7500 Real-Time PCR system (Applied 

Biosystems). All experiments were repeated three times, and the data was normalized to 

GAPDH, used as the house keeping gene. 

3.2. 20  Statistical Analyses 
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Univariate ANOVA was used in all cases to compare any significant changes 

between control and treatment group (Prism). All post hoc analyses were carried out 

using the Bonferroni test for multiple comparisons; adjusted p values are reported. A p 

value of < 0.05 was considered significant for all analyses. 

 



80 
 

 

3.3  RESULTS 

3.3.1 Anti-TNF administration differentially affects expression of cytokines and 
chemokines in the WMSD model  
 

Previous studies using our repetitive reaching model revealed an increase in pro- 

inflammatory cytokines like tumor necrosis factor alpha (TNFα),  interleukin 1alpha (IL-

1α), and chemokines, like macrophage inflammatory proteins (MIP2 and MIP3a), in 

response to a high repetition negligible force task for 8 weeks (Barbe et al., 2008)., and 

TNFα and MIP3, in response to a moderate repetition high force task for 6 weeks (Elliott 

et al., 2009b).  In this study, we observed that TNFα, IL-1α and MIP2, were significantly 

elevated in the serum of animals that performed a high repetition high force task for 6 

weeks (6HRHF; Fig 3.1A-C, p<0.01 for each), compared to NC. However, MIP3a and 

IL-10 serum levels did not show any significant change in 6HRHF compared to NC (Fig 

3.1D,E, ANOVA p=0.055). Serum levels of these cytokines were not increased in TC rats 

(Fig 3.1A-E). There were no detectable levels of IL-2, IL-4, IL-6 or GMCSF in serum of 

any group, and no significant serum increases above NC levels for IL-1β, IFNλ, CINC2a, 

MCP1 or RANTES (data not shown). 

Since serum TNFα underwent the highest fold change from control levels (a 6 

fold change), we also explored its levels in forelimb flexor muscles and bones, tissues 

previously shown to 3.have elevated TNFα with repetitive task performance (Barbe, et al, 

2008; Elliott et al, 2009). In this study, we observed that TNFα was significantly elevated 

in the forelimb flexor digitorum muscle and bones (radius/ulna) of 6HRHF animals (Fig 

3.1G, H, p<0.01 for each), compared to NC. As in serum, TNFα was not increased in TC 

rats (Fig 3.1A-E). 
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Based on these results, and since TNFα is a key cytokine that regulates 

inflammation (Elliott et al., 2009b; Guo et al., 2008; Kaneki et al., 2006), we examined 

the effects of blocking TNFα  in our model.  For blocking, we used a rat specific 

antibody that binds both the soluble and membrane bound form of TNFα.   The anti-TNF 

was administered to animals during the last 2 weeks of the 6 week task regimen, and was 

observed to effectively block TNFα, IL-1α and MIP2 increases in the serum of treated 

versus untreated 6HRHF rats (Fig 3.1A-C, p<0.01 for each), compared to NC.  Anti-TNF 

also reduced serum TNFα and MIP2 serum in treated trained controls (TC/αTNF) 

compared to untreated TC (p<0.05), and in treated 6-week HRHF animals 

(6HRHF/αTNF) compared to untreated 6HRHF animals (p<0.01). However, serum 

MIP3a levels remained unaffected (Fig 3.1D).  Interestingly, anti-TNF treatment also 

decreased serum IL-10 levels in TC/αTNF and 6HRHF/αTNF animals, compared to 

untreated TC animals (Fig 3.1E, p<0.01).  TNFα levels in flexor digitorum muscles in 

these same animals were markedly but not significantly reduced in treated versus 

untreated 6-week HRHF rats (Fig 3.1G). In contrast, TNFα levels in radius/ulna in these 

same animals were significantly reduced in treated versus untreated 6HRHF rats (Fig 

3.1H, p<0.01). Anti-TNF also reduced TNFα levels in radius/ulna of TC/αTNF compared 

to untreated TC (p<0.05), and in treated 6HRHF/αTNF compared to untreated 6HRHF 

animals (p<0.01).  

 

3.3.2 Anti-TNF does not affect osteocalcin expression in WMSD model 
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We have previously shown that osteocalcin (OC), a serum biomarker of bone 

formation, is elevated in response to HRHF task performance and is highest at week 6 in 

HRHF rats (Rani et al., 2009b). TNFα negatively regulates bone formation by increasing 

bone resorption, decreasing osteoblast-mediated bone formation, and increasing apoptosis 

in osteoblasts (Horowitz et al., 2001). Therefore, we examined the levels of OC with and 

without anti-TNF administration. Although training and HRHF task performance 

increased osteocalcin levels (Fig 3.1F, p<0.01 in TC and 6HRHF, and p<0.05 in 

TC/αTNF, compared to NC), 6HRHF/αTNF did not have higher serum osteocalcin levels 

compared to NC or untreated 6HRHF animals (Fig 3.1G). 
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Fig 3.1: Anti-TNF intervention for 2 weeks attenuated increased 

cytokines/chemokines and osteocalcin levels in high repetition high force (HRHF) task 

animals. Bar graphs showing A,B) tumor necrosis factor alpha (TNFα and interleukin 1 
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alpha (IL-1α) levels in serum, C,D) chemokines macrophage inflammatory protein 2 and 

3a (MIP2 and MIP3a) levels in serum, E) anti-inflammatory cytokine, IL-10, in serum, 

F) osteocalcin, a bone formation marker, levels in serum, G) TNFα levels in forelimb 

flexor digitorum muscles,  and H) TNFα levels in forelimb radius and ulna bones,. Data 

shown for normal controls (NC), trained controls with and without anti-TNF treatment 

(TC/αTNF and TC, respectively), and 6 week HRHF animals with or without anti-TNF 

treatment (6HRHF/αTNF and 6HRHF, respectively), in the last 2 weeks before 

euthanasia. ap<0.01 compared to NC; bp<0.05 compared to NC; cp<0.05 compared to TC; 

dp<0.01 compared to 6HRHF. 

 

3.3.3  Anti-TNF rescued grip strength but not forepaw mechanical sensation with 

HRHF 

Performance of repetitive tasks in this model leads to increased macrophages and 

pro-inflammatory cytokines (IL-1α, IL-1β, and TNF-α in nerves and musculoskeletal 

tissues (Al-Shatti et al., 2005; Barbe et al., 2003; Barbe et al., 2008; Clark et al., 2004; 

Clark et al., 2003) that are associated with reduced grip strength and increased paw 

withdrawal thresholds to von Frey hair testing, the latter indicative of inflammation-

induced cutaneous hypersensitivity (Barbe et al., 2008; Elliott et al., 2009b; Fedorczyk et 

al., 2009) , although with continued task performance, cutaneous hyposensitivity 

developed in the HRHF animals as median nerve function declined due to fibrotic nerve 

compression and axonal demyelination (Clark et al., 2004). Therefore, in this study we 

assessed the paw withdrawal threshold response and grip strength in animals with or 
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without anti-TNF administration. Treatment ameliorated declines in grip strength in 

TC/αTNF animals (Fig 3.2A; TC/αTNF rats were not significantly different from NC and 

were p<0.01 compared to untreated TC, which were significantly decreased from NC 

rats). Anti-TNF treatment also significantly improved grip strength in 6HRHF/αTNF 

animals (Fig 2A, p<0.01 compared to 6HRHF). Cutaneous hypersensitivity (decreased 

withdrawal thresholds responses) was already present after the 5-week training period in 

TC rats (Fig 3.2B, p<0.001 compared to NC), and remained so with performance of the 

HRHF task for 6 weeks. Anti-TNF treatment in the last two weeks before euthanasia did 

not return cutaneous sensitivity to normal control levels (Fig 3.2B; p<0.001 compared to 

NC).  
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Fig 3.2: Anti-TNF intervention for 2 weeks improved grip strength significantly 

but not ameliorate forepaw mechanical hypersensitivity in high repetition high force 

(HRHF) task animals. A) Forelimb grip strength and B) cutaneous mechanical sensitivity 

using Von Frey test (withdrawal threshold) is shown for normal controls (NC), trained 

controls (TC) with or without anti-TNF treatment (TC/αTNF and TC, respectively), and 6 

week HRHF animals with or without anti-TNF treatment (6HRHF/αTNF and 6HRHF, 

respectively), in the last 2 weeks before euthanasia. ap<0.001 compared to NC; bp<0.01 

compared to TC; cp<0.001 compared to TC; dp<0.001 compared to 6HRHF. 
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3.3.4 PLF is down regulated but CTGF levels remain unaffected by anti-TNF 

administration  

In our previous studies (Rani et al., 2009a; Rani et al., 2009b), we observed that 

PLF was up regulated in multiple tissues after performance of a HRHF task, with the 

highest levels in forelimb bones in 6-week HRHF rats. Since serum and tissues of 6-week 

HRHF rats showed significant increases in several pro-inflammatory cytokines and 

chemokines (Fig 3.1), and since anti-TNF treatment attenuated these increases, we 

investigated if anti-TNF treatment altered PLF levels in musculoskeletal tissues. After 

anti-TNF treatment, PLF expression decreased significantly in radius and ulna 

periosteum (Fig 3.3A a-d shows radius, compare a to b, and c to d), in osteoblasts in these 

same bones (Fig 3.3A e,f shows radius, compare e to f), and in flexor digitorum muscles 

(Fig 3.3A, compare g to h). Western blot analysis of proteins from forelimb bones (radius 

and ulna combined) and flexor digitorum muscles of a second cohort of animals 

confirmed a decrease in PLF levels (Fig 3.3B & C, p<0.001 compared to NC). In 

contrast, levels of another matricellular protein, connective tissue growth factor (CTGF), 

showed no changes after anti-TNF treatment (Fig 3.3D).   

We generated recombinant PLF that was used in experiments described below.  

Figure 3E shows that rPLF was recognized by anti-PLF as one protein band that migrated 

at approximately 90kD.  
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Fig 3.3: Anti-TNF intervention lowered PLF levels in forelimb bones and flexor 

digitorum muscles of high repetition high force (HRHF) task animals. A) 

Immunolocalization of PLF in forelimb bones (a-f) or flexor digitorum muscles (g-i) of 6 

wk HRHF task animals with or without anti-TNF treatment. Sections were 

immunoreacted with PLF antibody; brown color indicates positive staining; hematoxylin 
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(a nuclear stain) was used as a counterstain. PLF immunoreactivity was detected in radial 

periosteum (a-d) and osteoblasts (e arrowheads), and flexor digitorum muscle fibers (g-

h). PLF was also detected in macrophages (small arrow) in 6 wk HRHF task animals (i). 

(B,C) Total protein collected from radial/ulna bones (B) and flexor digitorum muscles 

(M) of normal controls (NC), 6 week HRHF animals with no anti-TNF treatment 

(B/HRHF and M/HRHF), and 6 week HRHF with anti-TNF treatment (B/αTNF and 

M/αTNF), and were resolved by 10% SDS PAGE and blots were probed with anti-PLF; 

GAPDH was used as a loading control. Experiments were repeated three times and bar 

graphs of the ratio of PLF/GAPDH are shown.  a,b,cp<0.01 compared to NC, M/αTNF and 

B/αTNF, respectively. (D) Total protein collected from flexor digitorum muscles of 

normal control (NC), trained control with anti-TNF (TC/αTNF), and 6 wk HRHF animals 

with or without anti-TNF (6HRHF/αTNF and 6HRHF, respectively) was resolved by 

10% SDS PAGE and probed with anti-CTGF antibody; GAPDH was used as a loading 

control. Experiments were repeated three times and bar graphs of the ratio of 

PLF/GAPDH are shown. (E) Western blot showing the single band for recombinant PLF 

made in E.coli, numbers 1-4 refer to the different clones examined for protein expression. 

Ps= Perisoteum; Ob= Osteoblast. 

 

3.3.5  PLF expression is downstream of TNFαααα, MIP-2 and MIP 3a 

Since inflammatory cytokines and chemokines were increased by 6 weeks of 

HRHF task performance, as was PLF (Figs 3.1 & 3.3), and since treatment with anti-TNF 

reduced PLF levels (Fig 3.3), we wondered if PLF might be downstream of TNFα and 
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MIP-2, and perhaps even MIP3a since there was a decrease (albeit insignificant) in 

MIP3a after anti-TNF treatment in TC rats.   Therefore, we examined PLF expression by 

western blot analysis in vitro in primary osteoblasts after treatment with TNFα, MIP-2 

and MIP 3a. Treatment of primary osteoblasts with varying doses of TNFα for 48 hours, 

resulted in dose dependent up regulation of PLF (Fig 3.4A & B, p<0.001). Similarly 

treatment with chemokines like MIP-2 and MIP3 also lead to a dose dependent up 

regulation of PLF in these cultures (Fig 3.4C & D, p<0.01; Fig 3.4E & F, p<0.001, 

respectively).  
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Fig 3.4:  TNFα, MIP2 and MIP3a treatment increased PLF levels in primary 

osteoblasts culture in vitro. A-F) Primary osteoblasts were serum starved prior to 

treatment with TNFα, MIP2 or MIP3a at varying doses as indicated, or were untreated 

(C), then total protein was collected for western blot analysis 48 hrs after treatment. Total 

protein was resolved on 10% SDS-PAGE and blots probed with anti-PLF; GAPDH was 

used a loading control (A, C & E). Experiments were repeated three times and bar graphs 

of the ratio of PLF/GAPDH are shown (B, D & F). ap<0.01 compared to C; bp<0.01 

compared to lower dose cytokine treatment. 
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3.3.6 PLF promotes primary osteoblast proliferation 

PLF increased in response to a HRHF task regimen and was localized to 

osteoblasts and osteocytes in bone, and had highest expression coincident with highest 

levels of a serum biomarker of bone formation, osteocalcin (Fig 3.1 & 3.2, and (Rani et 

al., 2009b)). We have shown previously that adenoviral mediated over expression of PLF 

in vivo in rat femurs and in vitro in primary osteoblasts resulted in increased proliferation 

and differentiation of these cells (Zhu et al., 2009). These findings suggest that PLF acts 

as an anabolic factor in bone formation. Also, adenovirus mediated over expression of 

PLF resulted in elevated intracellular levels and secretion to the extracellular milieu 

(Litvin et al., 2006; Zhu et al., 2009), making it difficult to decipher whether PLF renders 

its effects as a cytoplasmic protein, as a secreted protein, or both. Thus, to dissect 

whether the effects of PLF on bone formation is a result of its function inside the cell, or 

a result its function as a secreted protein; we resorted to in vitro cell culture techniques. 

The role of PLF as a secreted protein was investigated using recombinant PLF (purity 

shown in fig. 3E), whereas it’s role inside the cell and as a secreted protein was examined 

by adenoviral over expression. Primary osteoblasts in culture were either treated with 

rPLF or with AdPLF, and various markers of proliferation and differentiation were 

assessed. 

Using the CyQUANT method, primary osteoblasts infected with AdPLF showed 

increased proliferation compared to cells infected with AdLacZ,  and when PLF was 

knocked down using AdsiPLF proliferation decreased (Fig 3.5A, p<0.05 and 0.001 

respectively). Proliferation also increased significantly when primary osteoblasts were 
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treated with rPLF (1-100ng/ml) (Fig 3.5B). This effect was dose dependent with 

increasing amounts of rPLF resulting in greater proliferation as evidenced by higher fold 

changes in cell numbers from untreated control levels. Recombinant periostin (PN; 

100ng/ml) also enhanced proliferation, although at significantly lower levels than rPLF at 

the same dose (Fig. 3.5B, p<0.01). These findings were confirmed using a BrdU 

incorporation assay for assessment for proliferation (Fig. 3.5C, p<0.01).  Effect of rPLF 

on proliferation was also assessed by examining mRNA levels of Cyclin Dependent 

Kinase 4 (CDK4), a master regulator of the cell cycle. Treatment of primary osteoblasts 

with rPLF (100ng/ml) resulted in a tenfold increase in CDK4 mRNA levels compared to 

controls (Fig 3.5D). 
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Fig 3.5: PLF promotes primary osteoblast proliferation and increases CDK4 

mRNA levels in primary osteoblast in vitro. A) Primary rat osteoblasts were infected with 

AdLacZ (expression of galactosidase by adenovirus, control), AdPLF (over-expression of 

PLF by adenovirus), or AdsiPLF (adenoviral expression of small interfering RNA 

directed towards PLF, Knockdown) at a moi of 50.  72 h post-infection, proliferation was 

assessed by CyQUANT Cell Proliferation Assay Kit.  Cell numbers were based on the 

fluorescence output (emission wavelength 520 nm). ap<0.05 compared to AdLacZ; 

bp<0.001 compared to AdsiPLF. B) Primary rat osteoblasts were treated with 
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recombinant PLF (rPLF, 1-100ng/ml), recombinant Periostin (rPN, 100ng/ml), or were 

untreated.  48 h post-treatment, proliferation was assessed by CyQUANT Cell 

Proliferation Assay Kit.  Cell numbers were based on the fluorescence output (emission 

wavelength 520 nm). Bar graphs represent fold change over untreated controls. a,b,cp<0.01 

compared to 1 and 10 ng/ml rPLF, and rPN100, respectively. C) Primary rat osteoblasts 

were treated with recombinant PLF (rPLF, 1-100ng/ml), recombinant Periostin (rPN, 

100ng/ml) or were untreated.  24 h post-treatment, BrdU was added to the cell cultures 

for additional 18 h and proliferation was assessed by ELISA performed on cell lysates 

and absorbance read at 495λ.  Bar graphs represent fold change over untreated control. 

a,b,cp<0.01 compared to 1 and 10 ng/ml rPLF, and rPN100, respectively. D) Primary rat 

osteoblasts were treated with recombinant PLF (100ng/ml) or were untreated.  24 h post-

treatment, total RNA was collected and reverse transcribed to cDNA. Reverse 

Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) was used to assess the 

changes in CDK4 mRNA level between untreated controls and rPLF treated cultures. 

Experiments were repeated 3 times and values are expressed as fold change over control. 

Data was normalized using GAPDH mRNA levels. Right panel:  Representative bar 

graph for pooled values from experiments 1-3.  

 

3.3.7 PLF promotes adhesion  

Adhesion is of fundamental importance to regulating the cell cycle, cell survival 

and cell differentiation. Periostin and βig-H3, members of the fasciclin family of proteins, 

mediate their effects on cell spreading, adhesion, migration and proliferation through 
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interaction with integrins (Gillan et al., 2002; Horiuchi et al., 1999; Li et al., 2009; Thapa 

et al., 2005). We have also observed that PLF, a member of the same family of proteins, 

interacts with β1 integrin in cardiac cells (Litvin et al., 2005). To determine whether an 

interaction of PLF with β1 affects adhesion of osteoblasts, which in turn may  regulate 

osteoblast proliferation and differentiation in vitro, we assessed adhesion of MC3T3 

osteoblast-like cells on plates coated with poly-L-lysine (PL; used as a negative control), 

fibronectin (FN; used as a positive control), media conditioned with GFP (adenoviral 

control) or PLF. PLF promoted adhesion of MC3T3 cells but the process was 

significantly abrogated when cells were treated with anti-β1 integrin prior to plating (Fig. 

3.6A, p<0.001). 

 

Fig 3.6: PLF promotes MC3T3-E1 osteoblast-like cell adhesion and 

differentiation of primary osteoblast cells in vitro. A) MC3T3-E1 osteoblast-like cells 

were either left untreated or treated with anti-β1 integrin and plated in 96 well dishes 

coated with Poly-L-Lysine (PL; 0.10mg/ml), Fibronectin (FN; 5µg/ml), Periostin-like-

factor conditioned media  (PLF; 200µl/well) or green fluorescent protein conditioned 

media (GFP; 200µl/well) for 2 h at 370C.  Cells were fixed with 4% paraformaldehyde in 

PO4 buffer and stained with 1% methylene blue. Absorbance was read at 620 on an 

ELISA plate reader. a,b,cp<0.01 compared to PL,GFP and GFP/β1, respectively. B) 

Primary rat osteoblasts were treated with recombinant PLF (100ng/ml), or were 

untreated.  48 h post-treatment, total RNA was collected and reverse transcribed to 

cDNA. Reverse  
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Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) was used to 

assess the changes in RUNX2 mRNA levels between untreated controls and rPLF treated 

cultures. Experiments were repeated 3 times and values expressed as fold change over 

control data. Data was normalized using GAPDH mRNA levels. Right panel: 

Representative bar graph for pooled values from experiments 1-3. C) Primary rat 
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osteoblasts were infected on day 2 of culture with AdLacZ (expression of βgalactosidase 

by adenovirus, control), AdPLF (over-expression of PLF by adenovirus), or AdsiPLF 

(adenoviral expression of siRNA directed towards PLF, knockdown) at a moi of 50.  

Cells were stained on day 7 for alkaline phosphatase (ALP); positive staining was red. D) 

ALP activity was assessed on parallel cultures, using p-nitrophenol as the substrate. 

a,bp<0.001 compared to AdLacZ and AdsiPLF, respectively. E) Primary rat osteoblasts 

were either untreated (Con) or treated with recombinant PLF (rPLF, 100ng/ml) or 

recombinant Periostin (rPN, 100ng/ml).  Cells were stained on day 7 for ALP. F) ALP 

activity was assessed on parallel cultures. a,bp<0.001 and  rPN, respectively. G) Rat 

primary osteoblasts were treated with recombinant PLF (100ng/ml), or were untreated.  

48 h post-treatment, total RNA was collected and reverse transcribed to cDNA. Real 

Time Polymerase Chain Reaction (RT-PCR) was used to assess the changes in ALP 

mRNA levels between untreated controls and recombinant PLF treated cultures. 

Experiments were repeated 3 times and values expressed as fold change over controls. 

Data was normalized using GAPDH mRNA levels. Right panel: Representative bar graph 

for pooled values from experiments 1-3. H) Rat primary osteoblasts were treated with 

recombinant PLF (100ng/ml), or were untreated.  48 h post-treatment, total RNA was 

collected and reverse transcribed to cDNA. Real Time Polymerase Chain Reaction (RT-

PCR) was used to assess the changes in osteocalcin (OC) mRNA level between untreated 

controls and recombinant PLF treated cultures. Experiments were repeated 3 times and 

values expressed as fold change over control. Data was normalized using GAPDH 
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mRNA levels. Right panel: Representative bar graph for pooled values from experiments 

1-3.  
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Fig3.7: PLF over-expression or recombinant PLF enhanced calcium deposition 

and  mineralization in rat primary osteoblasts on day 21 of culture.   A-C) Primary rat 

osteoblasts were infected with AdLacZ (control), AdPLF (over-expression) or AdsiPLF 

(knockdown; siRNA againstPLF) at moi of 50. (A) Cells were stained with von Kossa for 

mineral deposition and counterstained with light green. (B) Bar graph of amount of 

calcium deposited per well. (C) Bar graph of average nodule area. a,bp<0.001 compared to 

AdLacZ and AdsiPLF, respectively.  D-F) Rat primary osteoblasts were treated with 

recombinant PLF (100ng/ml), recombinant Perisotin (rPN-100ng/ml) or were untreated. 

(D) Cells were stained with von Kossa and light green. (E) Bar graph of amount of 

calcium deposited per well. (F) Bar graph of average nodule area. a,bp<0.001 and rPN, 

respectively. 

 

PLF promotes osteoblast differentiation 

Osteoblast differentiation is a multi-step event, marked by the expression of 

different genes at different phases of the process. It is well established that osteoblast 

differentiation is divided into three stages and that these stages are a continuum that occur 

over a 21 to 28 day period in vitro.   The stages are as follows: osteoblasts proliferate 

from the time of plating up to approximately day 7.  Once they reach confluence they 

begin matrix production, which continues until approximately day 14 at which time the 

matrix becomes mineralized between days 14 and 28 (Owen et al., 1990).  Several early, 

intermediate or late markers of differentiation can distinguish these stages. In this study, 

the effect of rPLF on Runt related transcription factor (Runx2/cbfa1; an early marker of 
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osteoblast commitment and differentiation) was assessed on day 4; alkaline phosphatase, 

an intermediate marker, was assessed on day 7; while osteocalcin, von Kossa staining and 

calcium deposition, each late markers of differentiation, were evaluated on day 21.  

We found that Runx2 mRNA levels, determined by quantitative RT-qPCR, were 

5 fold higher in osteoblasts cultured with rPLF than controls (Fig 3.6B).  Adenoviral over 

expression of PLF promoted alkaline phosphatase staining and activity in primary 

osteoblasts compared to AdLacZ infected controls (Fig. 3.6C & D, p<0.001 respectively). 

However, adenoviral mediated silencing of PLF significantly reduced both alkaline 

phosphatase staining and activity (Fig 3.6C & D). In response to treatment with rPLF or 

rPN, alkaline phosphatase staining and activity increased significantly in primary 

osteoblasts compared to untreated controls (Fig 3.6E & F). However, the intensity of 

ALP staining and activity were considerably higher with rPLF than with rPN (Fig 3.6E & 

F, p<0.001). The results obtained by ALP staining and activity measurement were 

confirmed by RT- qPCR. Primary osteoblasts treated with rPLF showed a fifteen-fold 

increase in ALP mRNA levels from control levels (Fig 3.6G). Additionally, the late 

differentiation marker osteocalcin (OC) mRNA was assessed by RT- qPCR and 

demonstrated a seven-fold increase in rPLF treated cultures from control levels (Fig 

3.6H). 

 

Primary osteoblast cultures infected with AdPLF showed higher amount of 

mineral deposition when stained with von Kossa compared to AdLacZ and AdsiPLF 

infected cells (Fig 7A). Calcium deposition and average nodule size were also markedly 
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higher in AdPLF infected cultures compared to controls (Fig 3.7B & C, p<0.001 and 

0.01, respectively). Similarly, primary osteoblasts treated with rPLF demonstrated higher 

amounts of mineral deposition than controls as assessed with von Kossa stain, higher 

calcium deposition, and increased nodule surface area (Fig 3.7D, E and F, respectively; 

p<0.001 each). In accordance with our previous data, treatment of osteoblasts with rPN 

resulted in an increase in von Kossa stain, calcium deposition and nodule surface area 

compared to controls, although not as high as with rPLF (Fig 3.7D, E and F, respectively; 

p<0.001 each). 

 

3.4  DISCUSSION 

We show here that performance of a HRHF task for 6 weeks results in moderate 

serum and musculoskeletal inflammatory responses that coincide with moderate increases 

of a bone formation marker, osteocalcin, and increased PLF, a matricellular protein that 

we have previously identified as a possible marker of adaptive bone remodeling.  We also 

report here that use of a TNFα antibody in vivo attenuated not only the increased serum 

and musculoskeletal TNFα but also serum IL-1α and MIP2a, as well as inflammation-

induced nociceptor related behaviors in the 6 week HRHF animals.  

Our observed increase of serum TNFα in 6-week HRHF animals was similar in 

level (Mean 79.53 + SEM 21.72) as that seen in past studies from our laboratory 

examining the effects of performing lower demand tasks, e.g. as a high repetition low 

force task for 6 weeks (Mean 94.04 + SEM 36.53) or a moderate repetition high force 

task for 6 weeks (Mean 75.36 + SEM 12.55) (Barbe et al., 2008; Elliott et al., 2009b). 
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However, it is important to note that levels of serum TNFα in 6-week HRHF rats in this 

study were 7 fold less than in 12-week HRHF rats (Mean 612 + SEM 225) that were not 

part of this study since the focus of this study was anabolic tissue changes rather than 

catabolic tissue changes known to be induced by high levels of TNFα. Our observed 

increase in IL-1α in HRHF rats was an expected result since IL-1α is known to be up 

regulated by TNFα in several cell types (Le et al., 1987).  TNFα is also known to induce 

its effects on many downstream genes via the NF-κB pathway, which in turn leads to 

expression of multiple genes. NF-κB-regulated genes encode proteins that play important 

roles in inflammation and immune responses. These proteins include proinflammatory 

cytokines, such as IFN-β, IL-2, and IL-6 (Baldwin, 1996; Drouet et al., 1991; Zhang et 

al., 1995); and chemokines, such as monocyte chemoattractant protein-1, IL-8, RANTES, 

and macrophage-inflammatory protein (MIP) 3 and 1α- (Genin et al., 2000; Grove and 

Plumb, 1993; Stein and Baldwin, 1993; Sugita et al., 2002; Ueda et al., 1997). In this 

study, we did not observe any changes in serum MIP3a levels in response to anti-TNF 

treatment, although MIP3a is a downstream gene of TNFα, as shown in Hela cells (Sugita 

et al., 2002). We have previously observed increased MIP3a after performance of a lower 

demand high repetition negligible force task (Barbe et al., 2008) but not after 

performance of a moderate repetition high force task (Elliott et al., 2009b). The reason 

behind differences in MIP3a induction in our studies is unknown. Perhaps we missed the 

increase in MIP3a due to our sampling of serum only in week 6 in this study. In contrast, 

although MIP2 serum levels have not been reported to be affected by TNFα levels, MIP2 

levels not only increased temporally with TNFα, but anti-TNF treatment down-regulated 
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MIP2 levels in 6 week HRHF animals. Anti-TNF treatment also effectively blocked task-

induced increases of TNFα levels in serum and bone. However, task-induced increases of 

TNFα in muscle, though reduced, were not down regulated significantly by anti-TNF 

treatment, perhaps due to the short administration of the anti-TNF drug.  

  It is known that TNFα negatively regulates bone formation by increasing 

osteoclast formation, differentiation and activity and by decreasing osteoblast function 

(Kaneki et al., 2006; Zhang et al., 2001). Therefore, one would expect to see increased 

bone formation when TNF signaling is blocked. In our model we observed that serum 

osteocalcin, a biomarker of bone formation, was not significantly affected by anti-TNF 

treatment, which may be due to short duration of anti-TNF administration.  The 

significant increases in osteocalcin in trained control animals are more indicative of a 

training induced increase in bone formation than in response to repetitive motion induced 

injury.  

  Grip strength and cutaneous mechanical sensation are behavioral 

indicators of underlying tissue inflammation and/or injury.  Decreases in grip strength 

can be indicative of discomfort (and has been termed an indicator of movement-related 

hyperalgesia), nerve or muscle injury, or motor dysfunction resulting from performance 

of the repetitive reaching task. Studies by Kehl and colleagues (Kehl and Fairbanks, 

2003; Kehl et al., 2003; Kehl et al., 2000) show that direct injection of inflammatory 

cytokines into muscles results in decreased grip strength. Our results support this finding 

as we observed that grip strength was rescued by anti-TNF treatment. We also used 

graded Von Frey monofilaments to test paw withdrawal thresholds in response to palmar 
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stimulation, a sensory test that can be used as an indicator of both underlying tissue 

inflammation and nerve injury (Clark et al., 2004; Elliott et al., 2009b). In this report, 

forepaw mechanical hypersensitivity was evident in not only task rats but also trained 

control rats indicating that inflammatory responses had already been elicited in palmar 

tissues and/or in the median nerve during the initial 5-week training period of 10 

min/day, 5 days/week. The anti-TNF treatment during the last 2 weeks of HRHF task 

performance did not attenuate this hypersensitivity in either the trained control or the 

HRHF groups. This was actually not unexpected since TNFα plays a role in the 

development of mechanical hypersensitivity and its exogenous application to nerves 

induces this pain behavior (Igarashi et al., 2000). Also, anti-TNFα treatment reduces 

mechanical hypersensitivity only if administered early before central nervous system 

sensitization but not after (Murata et al., 2005; Sasaki et al., 2007). Previous studies from 

our laboratory  showed that central nervous system changes in the form of increased 

nociceptive neurotransmitters and receptors in the spinal cord are present by week 6 of 

performance of moderate demand tasks (Elliott et al., 2009a; Elliott et al., 2009b; Elliott 

et al., 2008) and may also have occurred before week 6 with performance of this higher 

demand task. Studies are underway in our lab to examine the onset of this central 

sensitization in rats performing the HRHF task, and the effectiveness of various 

interventions in preventing this change. 

When the levels of PLF in bone and muscle of animals were examined after anti-

TNF administration, a significant decrease was observed by both immuhohistochemistry 

and western blot analysis. This finding suggests that PLF may be downstream of TNFα 
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which was confirmed in the in vitro experiments using primary rat osteoblasts. 

Interestingly, the levels of CTGF, another matricellular protein, did not change in 

response to to anti-TNF treatment, indicating that abrogating TNFα signaling does not 

affect the expression of all matricellular proteins universally.  

We have previously shown in both in vitro and in vivo studies that PLF acts as an 

anabolic molecule in bone formation (Zhu et al., 2009). In addition, in our repetitive 

loading model, PLF was associated temporally with adaptive bone remodeling in this and 

in a previous study (Rani et al., 2009b). Together, these findings indicate that PLF plays 

an important role in bone formation and remodeling in vivo. We also investigated the role 

of PLF in primary osteoblasts in vitro using adenovirus mediated overexpression  and 

recombinant PLF. Specifically, we investigated the role of PLF in osteoblast 

proliferation, adhesion and differentiation, since in vivo bone formation is a result of each 

of these processes. PLF over expression mediated by adenovirus, which leads to the 

production of PLF intracellularly before its secretion into the media, resulted in increased 

proliferation of primary osteoblasts, while adenoviral knockdown of PLF abrogated the 

proliferation process. Similar results were observed when cells were treated with 

recombinant PLF. These findings suggest that PLF mediated proliferation of cells is 

accomplished both as an intracellular molecule which signals inside-out of the cell, as 

well as a matricellular protein that signals outside-in.  

Adhesion is another event that is required for differentiation of cells. PLF also 

lead to increased adhesion of MC3T3-E1 osteoblast like cells, via the β1 integrin 

receptor. Typically integrin ligand interactions occur via RGD domain. However, in the 
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case of the fasciclin family of proteins, this interaction is mediated via the YH motif (a 

non RGD integrin binding domain). Since no RGD sequences are detected on PLF by 

sequence analysis, the PLF-integrin interaction also takes place most likely via the YH 

motif.  PLF is known to interact with β1 integrin in cardiac cells and in primary 

osteoblasts  (Litvin et al., 2006). Additionally, other members of this family including 

periostin and βIG-H3 also interact with different integrins to mediate adhesion and 

differentiation (Gillan et al., 2002; Horiuchi et al., 1999; Li et al., 2009; Thapa et al., 

2005). In accordance with all these studies, we confirmed that adhesion of MC3T3 E1 

osteoblast like cells is also mediated by β1 integrin since treating the cells with a specific 

antibody to β1 integrin abrogated the process of adhesion. 

The differentiation of osteoblasts is a multistep process with involvement of 

numerous genes, some of which like Runx2, alkaline phosphatase and osteocalcin are so 

stage specific that they have been used as markers for a particular stage of differentiation. 

In this study we examined these three differentiation markers, both after adenoviral over 

expression of PLF and after treatment of cells with recombinant PLF. Similar to our 

observation with proliferation, PLF seemed to mediate the differentiation process both as 

an intracellular protein as well as an extracellular protein. 

In conclusion, these findings suggest that an adaptive remodeling response occurs 

early with repetitive bone loading and that TNFα may be one of the inducing proteins. It 

is important to note though that TNFα is a potent inducer of bone resorption, can be 

cytotoxic at high levels, and, as shown in this study, plays a role in the development of 

one or more nociceptor-related behaviors which can be difficult to attenuate.  Therefore, 
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careful control of TNFα levels is probably needed for an appropriate balance of anabolic 

and catabolic tissue metabolism. Our current findings also indicate that PLF is 

downstream of the inflammation process and acts as an anabolic protein in bone 

formation processes present at 6 weeks of task performance. However, we have also 

shown that PLF levels decrease in bones with continued task performance (Rani et al, 

2009a) to 12 weeks, the same time frame as a 7 fold increase in serum TNFα . Although 

we have more to investigate concerning the catabolic effects of chronic inflammation and 

performance of high demand repetitive tasks on bone, our current results suggest that 

moderate levels of inflammatory cytokines might be beneficial to the anabolic stage of 

bone loading. These results also suggest that PLF administration or up-regulation might 

be a useful means of achieving bone formation and/or adaptive bone remodeling. 
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CHAPTER FOUR 

Induction of Periostin-Like-Factor and Periostin in Forearm Muscle, Tendon 

and Nerve in an Animal Model of Work-Related Musculoskeletal Disorder 

 

4.1  Introduction 

 Work Related Musculoskeletal Disorders (WMSDs) also known as 

repetitive strain injuries of the upper extremity frequently cause disability and 

impairment of the upper extremity function. WMSDs consist of a variety of disorders that 

cause pain or discomfort in bones, joints, muscles, or surrounding structures, and can be 

acute or chronic, focal or diffuse. Approximately 33 percent of U.S. adults are affected by 

musculoskeletal problems, including limitation of motion or pain in a joint or extremity 

(Felson DT, 2000).  Injuries from repetitive motion, such as typing and repeated 

grasping, resulted in the longest absences from work (median of 20 days) in 2007, a 

continuing trend from previous years (BLS, 2008).  

 Histopathological changes including excess collagen deposition around 

myofibers, cell necrosis, inflammatory cell infiltration and increased cytokine expression 

result from eccentric exercise, forced lengthening, exertion-induced injury, and repetitive 

strain-induced injury of muscles (McCully and Faulkner 1986; Fritz and Stauber 1988; 

Stauber et al. 1988; Johansson et al. 1991; Stauber et al. 1996; Stauber and Smith, 1998; 

Barbe et al. 2003, 2008; Elliott et al. 2008, 2009). Muscle exposed to repeated high 

velocity stretch also resulted in sustained fibrotic myopathy [i.e. an increase in non-

contractile tissues (Stauber et al. 1998, 2000). Unfortunately, recovery from fibrotic 
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changes is negligible, even with complete cessation of strain/activity for up to 12 months 

(Stauber et al. 2000), thus highlighting the importance of understanding the development 

and subsequent management of WMSDs. 

 Repetitive tasks have also been shown to result in tendon and neural 

injuries with subsequent chronic inflammation responses (Jarvinen et al. 1997; Barbe et 

al. 2003; Clark et al. 2003,2004; Barbe et al. 2008; Elliott et al. 2008, 2009) followed by 

residual fibrosis (Clark et al. 2003, 2004). Direct damage to tendons results in collagen 

dysplasia and fibroblast proliferation (Allampallam et al. 1996; Carpenter et al. 1998; 

Archambault et al. 2001). With overuse, there is increased tendon cross-sectional area, 

increased collagen fiber disorganization, increased interfibrillar glycosaminoglycan, 

hypercellularity and a change in cell morphology from elongated spindle-shaped cells to 

more rounded, plump cells (Soslowsky et al. 2000). Overuse also increases the 

expression of cartilage specific genes and reduces the expression of tendon specific genes 

in the supraspinatus tendon in a rat model of tendon overuse (Archambault et al. 2007).  

These abnormal characteristics are suggestive of tendon pathology resulting in pain and 

inflammation, ultimately leading to impaired use of the affected limb.   

In spite of a widespread occurrence of these disorders, the underlying 

pathomechanisms are poorly understood, thereby impeding recommendations for 

effective interventions.  To identify mechanisms that regulate tissue remodeling in 

WMSD, we propose the study of molecules such as Periostin-Like-Factor (PLF), a 

protein also induced in other pathologies but not expressed in normal adult tissue (Litvin 

et al. 2005, 2007; Rani et al. 2009).  PLF is expressed in  adults under pathological 
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overloading conditions, such as failing human hearts, injured blood vessels, volume 

overloaded rat hearts (Litvin et al. 2006, 2007) fractured bone (Zhu et al. 2009), and 

bones exposed to repeated overuse (Rani et al. 2009).  A related protein, Periostin, is also 

expressed in multiple cancers and is implicated in cell motility and metastases (Sasaki et 

al. 2001; Matei et al. 2002; Yoshioka et al. 2002; Sasaki et al. 2003; Bao et al. 2004; 

Shao et al. 2004; Kudo et al. 2006; Erkan et al.  2007; Tilman et al. 2007; Choi et al. 

2008; Fukushima et al. 2008; Puglisi et al. 2008; Ruan et al. 2009). 

Here, the level of PLF in muscle, tendon and nerve pathologies resulting from 

overuse are studied in a rat model of WMSDs developed by Barr and Barbe and 

described in detail in Barbe et al. 2003, Clark et al. 2004. In this model, animals perform 

a voluntary, repetitive reaching and handle pulling or grasping task at low to high reach 

rates and force levels as described in Table 1 in Elliott et al, 2009.  Performance of a high 

repetition, negligible force (HRNF; 4 reaches/min, < 5% of max. grip strength) task for 8-

12 weeks induced declines in motor performance and coordination, myofiber damage, 

fibrotic compression of the median nerve, a modest yet significant 9% decline in nerve 

conduction velocity, and local and systemic inflammation in forearm nerves and 

musculoskeletal tissues (Barbe et al. 2003; Clarke et al. 2003; Barr et al. 2004; Al-Shatti 

et al. 2005; Barbe et al. 2008) . When high force (60% maximum pulling force) is added 

to moderate (MRHF) or high repetition (HRHF), increased declines in median nerve 

conduction velocity (15 and 17% respectively)  sensorimotor deficits, and widespread 

inflammatory changes in both nerve and musculoskeletal tissues are induced (Clark et. 

2004; Elliott et al. 2009). In a recent study, PLF immunoreactivity in forelimb bones 
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from rats performing the HRHF task showed an increase that was linked temporally to 

adaptive bone remodeling (Rani et al. 2009), but a decrease when bone resorption 

reached significant levels. In contrast, Periostin was constitutively up regulated in 

response to task performance. 

In this study, we examined the level of PLF and Periostin in muscle, tendon and 

nerve using immunohistochemistry and western blot analysis.  We hypothesized that PLF 

and Periostin will be induced upon performance of HRHF tasks and in response to 

myofiber, tendon and nerve damage. We suggest that each protein has a role in repair and 

regeneration of muscle, tendon and nerve, as suggested by our findings in bone in the 

same animal model (Rani et al. 2009). It is well documented that populations of 

previously inactive adult stem cells known as satellite cells are recruited in the repair and 

regeneration process in response to skeletal muscle damage (Bischoff et al. 1994). 

Therefore, we also examined PLF and Periostin immunoreactivity in satellite cells.  

Periostin and PLF both were induced in tendons, skeletal muscles and nerves in response 

to task performance. PLF demonstrated a clear progressive increase with continued task 

performance, whereas Periostin was constitutively expressed.   We found that PLF was 

located in satellite cells, which increased in number with continued task performance, 

supporting our hypothesis that PLF plays a role in muscle repair or regeneration. 

Periostin on the other hand was not expressed by satellite cells. 
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4.2  Materials and Methods 

4.2.1 Subjects 

 The Temple University Institutional Animal Care and Use Committee approved 

experiments in compliance with NIH guidelines for the humane care and use of 

laboratory animals. Young adult, female Sprague Dawley rats (14–16 weeks of age at 

onset of task) were obtained from ACE, PA and housed in the central animal facility in 

separate cages in a 12-hour (h) light-dark cycle with free access to water.  

4.2.2  Behavioral apparatus 

 The force apparatus was custom-designed (by Dr. Ann Barr and Custom 

Medical Research Equipment, Glendora, NJ) and integrated into an existing 

commercially available operant training system (Med Associates, Georgia, VT). Detailed 

specifications of the testing chamber and force apparatus have been previously described 

(Clark et al. 2004; Rani et al. 2009). 

 

4.2.3 Performance of the repetitive motion task 

 Thirty six rats were randomized into a high repetition, high force (HRHF) 

group (n=24), a normal control group (C or Con; n=6), and a trained control (TC) group 

(n= 6). Training and task performance details have been described in detail previously 

(Clark et al. 2004; Rani et al. 2009). Briefly, the HRHF rats and trained control rats 

learned to reach and pull a handle at a specified rate and force. Rats were cued to reach at 
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a target rate of 8 reaches/ min, although they over-reach and had an average reach rate of 

12 reaches/min. They were also trained to pull a force handle between minimum (55% of 

maximum pulling force (MPF), as determined in control rats, and maximum (65% MPF) 

force criteria for at least 50 ms. If these force and time criteria were met, a reward light 

was turned on and a food pellet (45 mg purified formula pellet, Bioserve, Frenchtown, 

NJ) was dispensed into a trough, which the rat could only reach by releasing the handle. 

During an initial 4-5 week training period, access to food was restricted in order to 

motivate rats to learn the task. Some animals may have undergone a short period (no 

more than 7 days) of weight reduction to 80% of weights of the age-matched control 

animals that did not undergo food restriction. Once the animals learned the task, they 

rapidly gained weight and were maintained at ± 5% of age-matched control rat weights. 

Rats were weighed twice weekly and food adjusted accordingly.  A cohort of six rats 

used as normal controls (C or Con; n=6) did not undergo task shaping or food restriction. 

The TC group (n=6) underwent the training and the food restriction but did not proceed 

to the HRHF task regimen and were later euthanized at the 12 week endpoint of the 

HRHF rats.   

Once the HRHF animals were able to perform the task consistently, they 

performed the task regimen at a mean rate of 12 reaches/minute at 60 ± 5% maximum 

pulling force (MPF), for 2 h/day, 3 days/week (Monday, Wednesday, Friday) for 3, 6, 8 

or 12 weeks (n=6 for each time point). The daily task was divided into four, 0.5-h 

training sessions separated by 1.5 h.  
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4.2.4 Tissue Preparation for immunohistochemistry 

Normal control (n=3), TC (n=3) and HRHF rats per week (n=3 per weekly 

endpoint) were analyzed for immunohistochemistry (IH).  Following euthanasia by lethal 

overdose (Nembutol, 120 mg/kg body weight), animals were perfused transcardially with 

4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). The entire upper extremity was 

postfixed “en bloc” by immersion overnight. Post fixation, muscle-tendon-nerve tissues 

were separated as flexor and extensor masses from the bones, cryoprotected in 30% 

sucrose in phosphate buffered saline (PBS) and then frozen-sectioned on a cryostat into 

15 µm longitudinal sections. Two millimeter segments of the proximal forelimb flexors 

were also collected and sectioned into 15 µm cross-sections. The sections were mounted 

on charged-coated slides (Ultrastick; Corning) and stored at -20oC for future use. 

 

 4.2.5 Immunohistochemistry and quantification 

  Sections, on slides, were heated on a slide tray at 37°C for 20 minutes prior to 

immunostaining to assure adhesion to the charged slide. For peroxidase staining, sections 

were treated with 3% H2O2 in methanol for 30 minutes to inhibit endogenous peroxidase 

activity, washed in PBS, and then blocked with 4% goat serum in PBS-T (PBS with 0.1% 

Triton-X100) for 30 minutes at room temperature. Sections were incubated overnight at 

4°C with primary antibody [anti-PLF at 1:1000 (Litvin et al., 2006), anti-Periostin at 1:750 

(Zhu et al. 2008), and anti-PAX7 at 1:10 (anti-mouse IgG, Developmental Studies 

Hybridoma Bank at the University of Iowa).   The next day, sections were washed and 
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incubated with biotinylated anti-rabbit IgG (Vector Laboratories Inc, Burlingame CA), at a 

concentration of 1:500 in 5% goat serum/PBS for 30 minutes at room temperature. 

Sections were washed in PBS and treated for 30 minutes as described in the ABC signal 

amplification kit (Vector laboratories Inc, Burlingame CA), and signal was visualized 

using diaminobenizidine (DAB). DAB stained sections were counterstained with 

hematoxylin, and examined using bright field microscopy. In negative controls, the 

primary antibody was omitted during processing (Zhu et al. 2008).  

  Satellite cells were quantified on DAB-stained sections. Images were captured to 

a computer by a camera interfaced with an upright light microscope.  PAX7 positive 

satellite cells were manually counted in a 0.003mm2 area at 1000X magnification. Thirty-

six random regions per slide were evaluated in 3 slides per animal and 3 animals per 

group, to obtain the total number of satellite cells per group. The number of satellite cells 

per mm2 was plotted against the weeks of task performance to determine the effect of task 

performance on the number of satellite cells. 

  Fluorescent staining was used to examine co-localization of PLF or periostin with 

PAX7 with secondary antibodies tagged with different fluorescent tags.  Peroxidase 

staining was used for quantification purposes since the chemical DAB signal is reliably 

retained over time providing the opportunity for quantification of staining. For fluorescent 

staining, sections on slides were baked at 37°C for 20 minutes to assure adhesion onto 

charged slides.  Slides were washed in PBS and blocked with 4% goat serum/PBS-T for 2 

h at room temperature. Sections were incubated overnight at 4°C with primary antibody 
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diluted in 2% Bovine Serum Albumin (BSA)/PBS (anti-PLF at 1:1000, anti-Periostin at 

1:750, and anti-PAX7 at 1:10). Slides were washed three times in PBS before incubation 

with appropriate Cy2 or Cy3 tagged secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc.) at a concentration of 1:200 in 2% BSA/PBS for 1 h at room 

temperature in the dark. Excess secondary antibody was removed by washing sections in 

PBS before incubation with 4', 6-diamidino-2-phenylindole (DAPI) at a concentration of 

1:1000 in 2% BSA/PBS for 20 minutes in the dark. Slides were washed three times in PBS 

and mounted with anti-fade reagent (Slowfade® Light Antifade Kit, Molecular Probes, 

Carlsbad, CA), and examined under appropriate wavelengths using fluorescent 

microscopy. In negative controls, the primary antibody was omitted during processing.  

 

4.2.6  Western blot analysis 

 Muscles and tendons obtained from normal control (C; n=3), TC (n=3),  

and HRHF rats (n=3) were homogenized in RIPA buffer [25 mM Tris HCl, pH 7.6, 150 

mM NaCl, 1% NP- 40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail 

(Sigma)], incubated overnight at 4°C, supernatant collected and stored at -80°C. For 

western blot analysis 25 µg of the protein sample was mixed with 5X Laemilli sample 

buffer (10% SDS, 50% Glycerol, 25% β-mercaptoethanol, 300 mM Tris HCl pH 6.8, and 

0.04% Bromophenol blue), boiled for 5 minutes, and resolved by 10% SDS-PAGE. 

Protein samples were transferred to nitrocellulose membrane for 1 h at 4°C, membranes 

were blocked in 5% non-fat dry milk in PBS with 0.1% Tween-20 (PBST) for 1 h and 

incubated in 0.3µg/ml PLF or Periostin-specific primary antibody overnight at 4°C. 
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Membranes were washed in PBST, incubated with 0.2µg/ml of HRP-conjugated goat 

anti-rabbit IgG secondary antibody (Pierce, Rockford, IL) for 1 h at room temperature, 

and chemiluminescent signal was detected using the ECL kit (Pierce, Rockford, IL). 

Blots were stripped, washed and reprobed with 0.2µg/ml GAPDH-specific primary 

antibodies overnight at 4°C. The next day, membranes were washed with PBST and 

incubated with 0.2µg/ml of HRP-conjugated goat anti-mouse IgG secondary antibody 

(Pierce, Rockford, IL) for 1 h at room temperature, and the chemiluminescent signal was 

detected on X-ray film using the ECL kit (Pierce, Rockford, IL). Densitometric analysis 

(Alpha imager) was performed on X-ray films to normalize the data against GAPDH. 

4.2.7  Statistical analyses 

  Univariate ANOVAs (Prism) were used to determine the effect of task 

performance by week on the upregulation of PLF or Periostin protein and the number of 

satellite cells. Post-hoc analyses were carried out by the Bonferroni method for multiple 

comparisons, with results compared to baseline (week 1) or control levels, and adjusted p 

values reported. A p value of < 0.05 was considered significant for all analyses.   

 

4.3 RESULTS 

 

4.3.1  PLF and Periostin induction in forelimb muscle, tendon and nerve. 

PLF was not present in the flexor forelimb muscles of the normal control animals 

(Figure 1A); however, PLF was present at low levels in TC muscles (Figure 1B). A 
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section on which the primary antibody was omitted was used as negative control (Figure 

1C). PLF was seen in muscle fibers that appeared moth-eaten in 3-week HRHF rats 

(Figure 1D); PLF continued to be present in moth-eaten–appearing muscle fibers as well 

as in normal-appearing muscle fibers in HRHF animals that continued to perform the task 

for 6 to 12 weeks, although the relative amount of staining differed in individual fibers 

(less PLF in fibers marked by asterisk as indicated in Figures 1E and 1G) (Figures 1E–

1H). PLF was also present in neuromuscular junction structures (Figure 1F), and in small 

cells outside the muscle fibers (Figure 1H). These latter cells were satellite-like cells in 

appearance, based on their size and anatomical location (marked by arrow in Figure 1H). 

We also observed increased PLF in forelimb flexor tendons and nerves with HRHF task 

performance. 

 

Fig 4.1 Forelimb muscles isolated from control, trained control (TC), or 

experimental rats [3-, 6-, 8-, or 12-week high-repetition, highforce (HRHF)] were 

cryosectioned and immunoreacted to periostin-like factor (PLF) antibody. (A) Normal 

control (Con) animals did not show PLF localization. (B) PLF was increased in TC 

animals. (C) Section from a 6-week HRHF time point on which primary antibody was 

omitted and which was used as a negative control (Neg Con). (D–G) HRHF animals (3-

week, 6-week, and 8-week) showed increased localization of PLF in the muscle fibers, 

and muscle fibers appeared moth-eaten, with some fibers showing higher localization of 

PLF than others 
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(asterisk). (H) Higher magnification of 12-week HRHF muscle showing the 

immunolocalization of PLF in muscle fibers as well as satellite like cells (arrow). 
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In normal control and TC animals, PLF was not present in tendons or nerves 

(Figures 2A and 2B), the latter in contrast to muscle of TC animals, in which there was a 

small increase in PLF levels and immunostaining. When animals performed the HRHF 

task for 3 weeks, PLF was present in tendons (Figure 2C) and nerves (Figure 2E), 

compared with normal controls and TCs (Figures 2A and 2B vs Figures 2C and 2E). PLF 

was also present in HRHF 12-week tendons (Figure 2D) and nerves (Figure 2F). By week 

12, fibroblasts were rounded in appearance (insert at high magnification) as opposed to 

their normally elongated, spindle-shaped appearance as seen at week 3 (cf. Figures 2C 

and 2D).  
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Figure 4.2 Forelimb tendon isolated from control or experimental rats (3-, 6-, 8-, 

or 12-week HRHF) were cryosectioned and immunoreacted with PLF antibody. (A,B) No 

PLF was detected in the normal control or TC animal tendon (T) or nerve (N). (C,D) PLF 

was detected at high levels in the tendons of 3- and 12-week HRHF animals, and the 

shape of the fibroblast nuclei changed from elongated (C) to more-rounded and plump 
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(D) and inset at higher magnification showing rounded nuclei). (E, F) High amounts of 

PLF were also seen in nerves from 3- and 12-week HRHF animals. 

Western blot analysis performed on tissues of a second cohort of animals 

confirmed that the amount of PLF increased in forelimb flexor muscles and tendons with 

weeks of task performance, compared with normal controls (Figures 3A and 3B, and 3C 

and 3D, respectively). Similar results were seen in three Western blot replicates using 

muscle protein samples from different rats for each blot, and the data depicted graphically 

in Figure 3B showed that PLF increased significantly in task-performing animals 

compared with normal controls (p,0.05) and compared with TCs (p,0.05). PLF levels 

were also increased significantly at week 6 compared with week 3 (p,0.05) and at week 

12 compared with week 8 (p,0.05). Similar results were seen in three Western blot 

replicates using tendon protein samples from different rats for each blot. The data are 

depicted graphically in Figure 3D. PLF increased significantly in task-performing 

animals compared with normal controls (p,0.05) and compared with TCs (p,0.05). An 

increase in PLF levels was also observed after each week of task performance. 

Fig 4.3: (A) Western blot analysis using protein samples from muscles for 

controls (C), TC, and 3-week–12-week HRHF animals showed an increase in PLF levels. 

(B) PLF increased significantly in task-performing animals compared with normal 

controls (NC) (*p,0.05) and compared with TCs (&p,0.05). PLF levels also increased 

significantly at week 6 compared with week 3 ($p,0.05) and at week 12 compared with 

week 8 ($$p,0.05). (C) Western blot analysis using protein samples from tendons for C, 
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TC, and 3–12-week HRHF animals showed an increase in PLF levels. (D) PLF increased 

significantly in task-performing animals compared with normal controls (*p,0.05) and 

compared with TCs (&p,0.05). Increase in PLF levels was also observed after each week 

of task performance and is denoted by $ symbols, where $ denotes increase in week 6 

 

 

from week 3, $$ denotes increase in week 8 from week 6, and $$$ denotes increase in 

week 12 from week 8. Western blot data are the mean of three independent experiments. 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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Fig 4.4: Forelimb muscles isolated from control (Con), TC, or experimental (3-, 

6-, 8-, or 12-week HRHF) rats were cryosectioned and immunoreacted with periostin or 

PGP9.5 antibodies. (A, B) Periostin was not detected in tendon (T) or muscle (M) of 

control animals. (C, D) Periostin was present in tendons and muscles of TC animals. (E–

H) Periostin was observed in tendons and nerves (N) of experimental animals.(I–L) The 

neuronal marker PGP9.5 (green) was used on 6-week HRHF sections to confirm that 

periostin (POSTN, red) was localized to axons in peripheral nerves in the forelimb. 4′,6-

Diamidino-2-phenylindole (DAPI) was used as a nuclear stain (K). 

Immunohistochemical analysis of periostin in normal control, TC, and HRHF rats 

revealed a different pattern of localization compared with PLF. Periostin localization was 

absent in normal control tendon and muscle (Figures 4A and 4B, respectively). In 

contrast to PLF, periostin was present in tendon fibroblasts (Figure 4C) and in nerves 

(data not shown), although periostin was present in muscles of TC rats (Figure 4D), 

which was similar to PLF immunolocalization in TC rats (Figure 1B). Periostin continued 

to be present in tendon fibroblasts and in nerves of weeks 3–12 HRHF animals (Figures 

4E–4H). The neuronal marker PGP9.5 (Figure 4I) was used on 6-week HRHF sections to 

confirm that PLF (data not shown) and periostin (Figures 4J and 4L) were localized to 

axons in peripheral nerves in the forelimb. DAPI was used as a nuclear stain (Figure 4K). 

The results obtained by immunohistochemistry for periostin were confirmed by 

Western blot analysis (Figures 5A and 5C). Periostin content increased in response to the 

training (in TCs) compared with normal controls, and levels increased significantly after 
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animals moved from the training regimen to the task regimen; however, there was no 

significant change in response to increased task duration in muscles (Figure 5A) or 

tendons (Figure 5C). Similar results were seen in three Western blot replicates using 

samples from different rats for each blot. The data are depicted graphically in Figures 5B 

and 5D. Periostin increased significantly in task-performing animals compared with 

normal controls (p, 0.05) and compared with TCs (p, 0.05). 
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Figure 4.5 Western blot analysis using protein samples from C, TC, and 3– 12-

week HRHF animals for muscle (A,B) and tendon (C,D) showed an increase in periostin 

in experimental animals compared with C and TC animals. Periostin increased 

significantly in both muscle and tendons of experimental animals compared with normal 

controls (*p, 0.05) and TCs (& p, 0.05). Western blot data are the mean of three 

independent experiments. 

 

Satellite Cells and/or Myoblasts and PLF Expression  

Sectioned muscle tissue from experimental animals (12 HRHF) reacted with 

PAX7 antibody, a marker for satellite cells and proliferating myoblasts (Figure 6A), and 

PLF antibody (Figure 6B) demonstrated colocalization of the two proteins (Figure 6D), 

suggesting that PLF is expressed by satellite cells and/or myoblasts (colocalization 

depicted by arrows in Figure 6D). DAPI was used as a nuclear stain (Figure 6C). In 

contrast, PAX7-positive cells (Figure 6E) and anti-periostin stained fibers (Figure 6F) did 

not show any colocalization, as marked by white arrowheads in the merge image (Figure 

6G). Negative control for immunostaining was performed without the use of primary 

antibody, on muscle tissue from a 12-week HRHF experimental animal (Figure 6H). The 

increase in PLF in muscle following weeks of task performance probably resulted from 

an increase in the number of satellite cells. Therefore, the number of satellite cells in 

DAB-stained sections was determined (Figure 7). PAX7-positive cells increased 

significantly with task performance over time (Figure 8). 
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              Figure 4.6 Forelimb muscles isolated from control or experimental rats (12-

week HRHF) were cryosectioned and immunoreacted with PLF, periostin (POSTN), or 

PAX7 (satellite cell–specific marker) antibody. (A) PAX7 (green) was detected in 

satellite cells and/or myoblasts; (B) PLF (red) was present in the muscle fibers and 

satellite cells and/or myoblasts in experimental animals. (C) DAPI was used as a nuclear 

stain. (D) Overlay of PLF and PAX7 cells showing co-localization of these two proteins 

in satellite cells and/or myoblasts, as indicated by white arrows. (E) PAX7 (green) was 

detected in satellite cells and/or myoblasts; (F) periostin (red) was present in the muscle 

fibers in experimental animals. (G) Overlay showed no colocalization of periostin and 

PAX7 in satellite cells and/or myoblasts, as indicated by white arrowheads. (H) A tissue 

section on which primary antibody was omitted was used as a negative control. 
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hFigure 4.7: Muscle sections immunoreacted with PAX7 and counterstained 

with hematoxylin show PAX7-positive satellite cells and/or myoblasts as indicated by 

black arrows. 

 

 

 

Fig 4.8: Thirty-six fields per section and three slides per group were counted to 

obtain number of satellite cells and/or myoblasts. Graph shows number of satellite cells 

and/or myoblasts per mm2 against treatment groups. All experimental animals showed 

significant increase in number of satellite cells and/or myoblasts over weeks of task 

performance, compared with normal controls (*p,0.05) and TCs (&p,0.05). 
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4.4 Discussion   

 In our model of upper-extremity WMSDs, disruption of myofibers at 

musculotendinous junctions in forearm flexors in the reach limbs of HRNF animals was 

reported, as well as increased degraded myelin protein in the median nerve and decreased 

nerve function, each indicative of injury (Barbe et al. 2003). Task exposure associated 

with increases in pro-inflammatory cytokines and ED1 macrophages in musculoskeletal 

and nerve tissues, suggestive of injury-induced inflammation, increased with higher 

demand tasks (Barbe et al. 2003, 2008; Elliott et al. 2008, 2009). Furthermore, increased 

PLF and periostin content in forelimb bones of animals after performance of the HRHF 

task was reported by Rani et al. (2009). Therefore, we hypothesized that forelimb 

musculotendinous and nerve tissues of HRHF animals may also have increased PLF and 

periostin expression. In tendons, we observed a significant increase in PLF in the HRHF 

group, in contrast to both normal and TC groups, in which PLF was not present. Periostin 

was also not present in tendons of normal control animals. However, periostin was 

induced in tendons in TC animals (an increase not observed for PLF), and its levels did 

not increase further in tendons with duration of task performance. Future investigation is 

required to further the understanding of the specific role of these two proteins in injured 

tendons. However, a difference in the temporal patterns of PLF and periostin suggests 

that these alternatively spliced products of a single gene may have different roles. The 

common feature between periostin and PLF is their shared homologies, whereas their 

main differences are located at the COOH terminus (exon 17 in PLF and exon 21 in 

periostin) (Litvin et al. 2004). Our data also demonstrated that PLF is induced in forelimb 



133 
 

 

skeletal muscle by HRHF task performance and that PLF levels and localization 

increased with task duration. With skeletal muscle damage, quiescent muscle adult 

precursor cells called satellite cells become activated. Discovered by Katz (1961) and 

Mauro (1961), satellite cells, located under the basal lamina of muscle fibers, constitute a 

reserve population of cells able to proliferate in response to injury, and give rise to 

muscle fibers as well as more satellite cells (Blaveri et al. 1999). These cells contribute 

myonuclei to growing muscle fibers and are the main, if not the only, cell type that 

contributes to muscle regeneration (Bischoff 1990a, b, 1994). There is little or no 

turnover of satellite cells in non-damaged, non-myopathic adult skeletal muscle (Decary 

et al. 1997). Satellite cells migrate to the site of injury from close proximity, and may 

enter from elsewhere within the muscle or, in extreme circumstances, from contiguous 

muscles (Seale and Rudnicki 2000; Hawke and Garry 2001). Therefore, using PAX7 

antibody, we determined the presence of satellite cells and early proliferating myoblasts, 

both of which express this protein (Halevy et al. 2004; Zammit et al. 2004). In addition, 

we determined whether changes in their numbers were associated with an increase in PLF 

and/or periostin. Our data indicated that the satellite cell and myoblast population not 

only increased with task duration, but the marker for these cells (PAX7) also colocalized 

with PLF, suggesting that PLF-immunoreactive satellite cells and/or myoblasts may play 

a role in the repair or regeneration process in muscles following injury. Although 

periostin was upregulated in skeletal muscle fibers after task performance, it was not 

expressed in satellite cells and/or myoblasts. This suggests that periostin is not involved 

in recruitment of satellite cells and/or myoblasts and hence plays a different role 
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following muscle injury. These findings correlate well with those of Goetsch et al. 

(2003), in which they show that periostin is up regulated in response to injury as an 

extracellular matrix protein. In contrast, our data suggest that PLF is involved in satellite 

cell–mediated repair and regeneration following muscle injury. Likewise, in an in vivo 

model of bone formation, adenoviral overexpression of PLF in the bone marrow cavity 

resulted in increased bone formation, most likely by recruiting osteoprogenitor cells from 

the periosteum (Zhu et al. 2009). Therefore, we conclude that both of these isoforms have 

specific roles in repair and regeneration of tissues after loading or injury, but mediated by 

different mechanisms. Further investigation will provide insights into the underlying 

downstream pathways implicating PLF and periostin in the pathogenesis of WMSDs and 

other repetitive overload injuries to the musculoskeletal system. 
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CHAPTER FIVE 

DISCUSSION 

In our rat model of WMSD, we have observed that repetitive motion leads to 

stress related adaptation and injuries of musculoskeletal tissues, depending on the 

duration of task performed. In bone, it was observed that when animals performed the 

forceful repetitive motion task for small durations of time, there were increased 

osteoblasts (Barr et al 2003) and increased osteocalcin (Rani et al, 2009a ) both 

suggestive of increased bone formation. In muscle, we observed increased Pax7 satellite 

cells (Rani et al, 2009b), suggestive of muscle growth or regenerative responses. These 

changes are suggestive of remodeling that is classified as adaptive in nature. However, it 

was also observed that when animals continued to perform the task for longer time 

periods, that this adaptive remodeling gave way to pathological remodeling, Specifically, 

increased osteoclasts, the presence of small resorptive spaces (Barr et al 2003), increased 

trap5b, decreased cortical thickness and epiphyseal plate height (Rani et al 2009a), 

presence of moth-eaten fibers in muscles, and injured tendons with rounded fibroblast 

nuclei (Rani et al 2009b) were observed.  

Remodeling involves the coupling of bone formation and bone resorption and 

consists of five phases: activation: 1) preosteoclasts are stimulated and differentiate under 

the influence of cytokines and growth factors into mature active osteoclasts, 2) 

resorption: osteoclasts digest mineral matrix i.e old bone, 3) reversal: end of resorption, 

4) formation: osteoblasts synthesize new bone matrix, 5) quiescence: osteoblasts become 

resting bone lining cells on the newly formed bone surface. Bone tissues endeavor to 
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maintain equilibrium between resorption and ossification. In adults, the daily removal of 

small amounts of bone mineral, a process called resorption, must be balanced by an equal 

deposition of new mineral if bone strength is to be preserved. When this balance tips 

toward excessive resorption, bones weaken and over time become brittle, prone to 

fracture and develop diseases like osteoporosis. Excessive ossification on the other hand, 

leads to diseases like osteopetrosis, which are characterized by huge bone mass. This 

recurrent resorption and redeposition of bone mineral, also known as bone remodeling, is 

intimately tied to the health and pathophysiology of bone.  

This equilibrium between resorption and formation can be disturbed by many 

endogenous and external factors. The endogenous factors include signaling molecules, 

hormones, activity or number of osteoblasts or osetoclasts, genetic makeup etc. The 

external factors include diet, exercise, overloading, injury, stress etc. Understanding how 

bone remodeling is regulated is the key to the effective prevention and treatment of 

various bone related diseases. One goal of this dissertation was to investigate molecules 

that are up regulated in response to overloading and/or injury, in the hope that they could 

be targeted for therapeutic purposes in the future. 

Therefore, we choose to investigate PLF and Periostin in this dissertation, since 

they have been reported to up regulate with conditions of loading in heart and fracture in 

bone, and since in this animal model of WMSD, tissues in the upper extremity are 

overloaded as a result of performance of a forceful repetitive motion task. PLF and 

Periostin are matricellular proteins, which show a temporal expression pattern during 
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growth and development. While in most cases, a strong and robust expression is detected 

in multiple tissues during embryogenesis, there is very little expression during adulthood 

under normal conditions.  Pathology, stress, injury or trauma of the tissues up regulates 

their expression in adulthood. This feature renders these members as prospective targets 

for therapeutic purposes. This expression pattern has been reported for most family 

members. BIG-H3, is up regulated in numerous pathologies like rheumatoid arthritis 

(Nam et al., 2006), atherosclerosis (O’Brien et al., 1996) and cyclosporine nephropathy 

(Li et al., 2005). Similarly, Periostin has been reported to be up regulated in numerous 

pathologies like cardiovascular disease, oncogenesis and fibrogenesis. For example, 

Periostin is expressed in adults after balloon injury in carotid arteries, at sites of 

pathologic myocardial remodeling, and when the heart is subjected to pressure overload 

(Katsuragi N, 2004; Kruzynska-Frejtag et al 2004; Litvin et al 2006, 2007, Lindner et al 

2005; Stanton et al 2000).  

In this study, we observed that PLF was induced in the epiphyseal plate, 

trabeculae, periosteum and articular cartilage in response to task performance. PLF was 

also highly expressed by osteoblasts, osteocytes, and osteoclasts, cells involved in 

remodeling, suggesting a role for PLF in the adaptive remodeling process of bone (Rani 

et al 2009a). Moreover our observed increase of PLF in week 6 in all bone regions 

examined coincided temporally with an increase in serum osteocalcin, a biomarker of 

bone formation. This result suggests that PLF acts as an anabolic molecule in promoting 

bone formation, possibly by increasing proliferation and differentiation of osteoblasts 

(Zhu et al 2009) or by recruiting osteoblast progenitor cells to the osteogenic lineage. In 
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addition, we observed that PLF expression lowers when adaptive remodeling is replaced 

by pathological remodeling. TRAP5b, a biomarker of bone resorption in serum, was 

highest at week 12 and coincided temporally with decreased PLF in the periosteum and 

metaphyseal regions. This decrease in PLF was also coincident with thinning of the distal 

epiphyseal plates and cortical walls, the latter change also suggestive of bone resorption.  

Similar to this study, significant inflammation and an increase in activated osteoclasts 

were also observed in our previous studies examining the effects of lower demand tasks 

on bone tissues (Barr et al 2003; Barbe et al 2008; Elliott et al 2008). Together, these 

facts suggest that PLF which is expressed in bone only during embryogenesis, may be up 

regulated again, when the tissue needs to heal from an injury and bone formation is 

required.  

As mentioned briefly above, inflammatory responses have been observed in bones 

with repetitive loading. Inflammation is a protective response of the body against injury 

and is used by the body to isolate the affected area, clean up the debris, and help in repair 

process. However, when inflammation becomes chronic it may become more harmful to 

the tissues than beneficial. To address this problem one approach would be to reduce 

inflammation by regulating the inflammatory mediators. Cytokines and chemokines are 

the major regulators of inflammation. One of the pro inflammatory cytokines up 

regulated in our rat model is TNF alpha, a key regulator of the inflammatory process. It 

leads to the up regulation of other cytokines like interleukins (ILs), and affects 

proliferation and differentiation of multiple cell types. Therefore, blocking the 

downstream events of TNF alpha was examined in this study using the rat specific TNF 
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alpha antibody CNTO1081. We observed that blocking this cytokine not only down 

regulated the expression of other cytokines and chemokines like, Interleukin 1 and MIP2 

as expected, but also of matricellular protein PLF, the latter an unexpected finding. This 

result suggests that PLF may be downstream of this pro-inflammatory cytokine. This is 

an important finding because PLF has been shown to play an anabolic role in bone 

formation, whereas TNF alpha negatively regulates bone formation. Blocking TNF alpha 

should positively affect bone formation, but may not because PLF levels are also 

reducing and thus the anabolic effects of PLF may also be down regulated. Our findings 

also suggest that αTNF treatment affected short term bone formation.  Serum osteocalcin 

levels did not increase at the 6 week HRHF time point after αTNF administration, in 

direct contrast to its observed increase at 6 weeks in untreated HRHF animals. We 

hypothesize that this is due to the down-regulation of PLF in the forelimb bones after 

αTNF treatment. Although the long term effects of αTNF treatment has yet to be 

investigated in our model, our in vitro data using adenoviral and recombinant PLF also 

supported the role of PLF as an anabolic factor in bone formation. Together these 

findings suggested that PLF could be a possible marker or mediator of the anabolic stage 

of bone loading. 

 

The role of PLF in soft tissues like nerves, tendons and muscles was also 

examined in this study. It was earlier reported in this model that HRNF task caused 

disruption of myofibers at musculotendinous junctions in forearm flexors as well as 

increased degraded myelin protein in the median nerve and decreased nerve function, 
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each indicative of injury (Barbe et al. 2003). There was also an increase in ED1 

macrophages and cytokines in musculoskeletal and nerve tissues, suggestive of injury-

induced inflammation (Al-Shatti et al, 2005; Barbe et al.2003, 2008; Elliott et al. 2008, 

2009). We found that PLF was up regulated in the soft tissues in response to repetitive 

motion injury. In flexor digitorum tendons levels of PLF increased with weeks of task 

performance, although future investigation is required to further the understanding of the 

specific role of this protein in injured tendons. In flexor digitorum muscles, we found that 

PLF was highly expressed by injured muscle fibers which appeared damaged and moth 

eaten. Skeletal muscle damage has been shown to activate groups of quiescent muscle 

adult precursor cells called satellite cells, in this case PAX7 satellite cells. These cells 

contribute myonuclei to growing muscle fibers and are the main, if not the only, cell type 

that contributes to muscle regeneration (Bischoff 1990, 1994). PLF immunolocalization 

was detected in this study in not only injured muscle fibers, but also in satellite cells, 

suggesting that PLF may have a role in repair and regeneration of muscle. We also 

observed increased PAX7 satellite cell and myoblast populations with task duration 

concurrent with increasing PLF expression. Further investigation will provide insights 

into the underlying downstream pathways implicating the role of PLF in the repair and 

remodeling process in muscles in the WMSD model.  

 

Periostin, an isoform of PLF and another member belonging to the fasciclin 

family of proteins, was also induced in this animal model in response to task 

performance, although the pattern of induction and expression was very different as 
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compared to PLF. After the task regimen began, Periostin was constitutively expressed at 

high levels in the periosteum, trabeculae and bone forming and resorbing cells, in the 

bone. It was also induced in the soft tissues like nerve, tendon and muscles after task 

performance, although the levels did not change with continued task performance. 

Additionally, Periostin although induced in injured myofibers, was not expressed by the 

satellite cell population. This suggetss that Periostin may have a different functional role 

in injured muscle fibers than PLF. This variation in the spatial pattern of 

immunolocalization of Periostin versus PLF suggests that even though they are single 

gene products of alternatively spliced mRNAs, they are responding differently to loading. 

The differences in the spatial and temporal location of the two isoforms also suggest that 

they have different roles in tissue remodeling. We therefore, hypothesize that PLF might 

be a marker of early adaptive remodeling to repetitive overloading, while Periostin may 

be involved in matrix deposition after repetitive loading.  

 

The differences in the spatiotemporal expression pattern of PLF and perisotin in 

our studies suggests different roles for these two proteins in WMSD, therefore, dissecting 

the different mechanisms and pathways that lead to the differences.  In the future it would 

be interesting to investigate the molecular mechanisms that lead to the up regulation of 

PLF and Periostin in injured tissues. One of paths certainly could be the inflammatory 

cytokines and chemokines, some of which seem to up regulate PLF under in vitro 

conditions. In these studies we found out that PLF is downstream of cytokines like TNF 
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α, MIP2 and MIP3a. The role of PLF in inflammation is a subject of immense interest 

and will have wide implication in the management of these disorders. 

 

The downstream signaling events pathways that occur after PLF and Periostin 

have been up regulated in these tissues is another important area which needs to be 

investigated in depth in order to understand the role of these molecules in WMSD. 

Identification of binding partners for these proteins, will provide insights about the 

functional aspects of these molecules, and will open a wide avenue for research of 

therapeutic targets in WMSD.  
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