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We have previously developed a voluntary rat model of highly repetitive reaching that provides an opportunity to study effects of non-
weight bearingmuscular loads on bone andmechanisms of naturally occurring inflammation on upper limb tissues in vivo. In this study, we
investigated the relationship between inflammatory cytokines andmatricellular proteins (Periostin-like-factor, PLF, and connective tissue
growth factor, CTGF) using our model. We also examined the relationship between inflammatory cytokines, PLF and bone formation
processes. Rats underwent initial training for 5 weeks, and then performed a high repetition high force (HRHF) task (12 reaches/min, 60%
maximum grip force, 2 h/day, 3 days/week) for 6 weeks. We then examined the effect of training or task performance with or without
treatment with a rat specific TNFa antibody on inflammatory cytokines, osteocalcin (a bone formation marker), PLF, CTGF, and
behavioral indicators of pain or discomfort. The HRHF task decreased grip strength and induced forepaw mechanical hypersensitivity in
both trained control and 6-week HRHF animals. Two weeks of anti-TNFa treatment improved grip strength in both groups, but did not
ameliorate forepaw hypersensitivity. Moreover, anti-TNFa treatment attenuated task-induced increases in inflammatory cytokines
(TNFa, IL-1a, and MIP2 in serum; TNFa in forelimb bone and muscles) and serum osteocalcin in 6-week HRHF animals. PLF levels in
forelimb bones and flexor digitorum muscles increased significantly in 6-week HRHF animals, increases attenuated by anti-TNFa
treatment. CTGF levels were unaffected by task performance or anti-TNFa treatment in 6-week HRHF muscles. In primary osteoblast
cultures, TNFa, MIP2 and MIP3a treatment increased PLF levels in a dose dependent manner. Also in primary osteoblast cultures,
increased PLF promoted proliferation and differentiation, the latter assessed by measuring Runx2, alkaline phosphatase (ALP) and
osteocalcin mRNA levels; ALP activity; as well as calcium deposition and mineralization. Increased PLF also promoted cell adhesion in
MC3T3-E1 osteoblast-like cell cultures. Thus, tissue loading in vivo resulted in increased TNFa, which increased PLF, which then induced
anabolic bone formation, the latter results confirmed in vitro.
J. Cell. Physiol. 225: 152–167, 2010. � 2010 Wiley-Liss, Inc.

Wehave developed a voluntary ratmodel of repetitive reaching
and grasping that permits the examination of both tissue and
behavioral responses to non-weight bearing muscular loads on
bone and mechanisms of naturally occurring inflammation in
upper limb tissues (Barbe et al., 2003, 2008; Barr et al., 2003;
Elliott et al., 2008, 2009a,b). 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 (Barbe et al., 2003; Barr et al.,
2003; Clark et al., 2003; Al-Shatti et al., 2005; Elliott et al., 2008,
2009b) 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., 2010). 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,b), 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 nerves and
tendons (Clark et al., 2003, 2004; Fedorczyk et al., 2010), but
have yet to 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, an increase that was
associated temporally with a transient increase in bone

formation, although both, PLF and 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, PLFD and CTGF, and bone formation.

The term ‘‘matricellular’’ was coined in 1995 (Bornstein,
1995, 2009), to denote a subset of proteins that are
extracellularmatrix (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
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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 and CTGF, relevant to our studies
are briefly described below.

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, big-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 (Stanton
et al., 2000;Goetsch et al., 2003; Lindner et al., 2005; Kuhn et al.,
2007). In addition, Periostin is highly expressed in various types
of cancers (Yoshioka et al., 2002; Sasaki et al., 2003; Bao et al.,
2004; Kudo et al., 2006, 2007; Kanno et al., 2008; Puglisi et al.,
2008; Takanami et al., 2008; Tsunoda et al., 2009). We have
reported that Periostin is highly up regulated in forelimb bones,
muscles and tendons in our animal model of repetitive strain
injurywith performance of high repetition high force tasks (Rani
et al., 2009a,b), 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). It is also
expressed at very low levels in musculoskeletal and nerve
tissues in normal adults, but increases in these tissues after
incidences of cellular or tissue stress, and/or injury (Litvin et al.,
2006; Rani et al., 2009a,b; Zhu et al., 2009). In contrast to
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., 2009a,b). In our model we also
observed increased pro-inflammatory cytokines, including
TNFa ILa and macrophage inflammatory proteins (MIPs) in
serum, and TNFa in musculoskeletal tissues with performance
of either a high repetition negligible force task or a moderate
repetition high force task, both moderate demand tasks (Barbe
et al., 2008; Elliott et al., 2009b), although 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. Since we have observed (1) a
temporal association between inflammatory responses, and
bone remodeling (Barr et al., 2003), (2) that PLF increased early
in our model during a period of early adaptive bone formation,
and (3) that PLF is anabolic in bone (Zhuet al., 2009),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, extracellularmatrix protein that belongs
to the CCN family of immediate-early genes needed for
differentiation and tissue repair (Xu et al., 2000; Arnott et al.,
2007; de Winter et al., 2008; Brigstock, 2009). 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 (Igarashi et al., 1993, 1996; Clark et al.,
2003, 2004). It is a mediator of profibrotic activity of

transforming growth factor beta 1 (TGFb1), a known regulator
of fibrosis, but also is abundant in fibrotic responses in the
absence of noticeably elevated levels of TGFb1 (Shi-Wen et al.,
2008; Brigstock, 2009; Chen and Lau, 2009). Another regulator
of CTGF is TNFa (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 either following or temporally
associated with increased TNFa (Clark et al., 2003, 2004;
Fedorczyk et al., 2010). These findings further suggest possible
links between inflammatory responses and expression of
matricellular proteins.

TNFa 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
TNFa, which in turn alters the balance between bone formation
and bone resorption (Minamitani et al., 2010; Ochi et al., 2009;
Yamazaki et al., 2009). TNFa directly promotes
osteoclastogenesis via engagement of TNFR1 on osteoclast
precursor cells (Zhang et al., 2001; Huang et al., 2003; Ritchlin
et al., 2003; Ma et al., 2004) or indirectly via induction of M-CSF
andRANKLexpressiononmesenchymal cells (Hsu et al., 1999).
Moreover, TNFa 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
loading in our model would be modulated by the superimposed
inflammatory response. Therefore, we examined the effect of a
rat specific TNFa antibody, which binds both the membrane
bound and soluble form of TNFa 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 phasewould reduce both
PLF and bone formation responses. 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, another matricellular protein, by 12 weeks of
task performance in past studies, we also examined whether
reducing inflammatory cytokine levels in tissues would affect
CTGF.

MATERIALS AND METHODS
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,
Boyertown, PA), housed in a central animal facility in separate cages
on a 12-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
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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.

Behavioral apparatus and repetitive motion task performance

Rats were trained and performed aHRHF task in a force apparatus,
which was custom-designed (by Dr. Ann Barr and CustomMedical
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., 2009b).
Experimental rats performed a 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
10min/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 aHRHF group. Then the
HRHF experimental animals (n¼ 19) began the task regimen at the
rate of 12 reaches/min at 60� 5%maximumpulling force (MPF), for
2 h/day, 3 days/week (Monday, Wednesday, and Friday) for 6
weeks. The daily task was divided into four, 0.5-hr training sessions
separated by 1.5 h. The TC rats (n¼ 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.

Administration of anti-TNFa

An anti-rat TNFa antibody (CNTO 1081; generously provided by
Centocor R&D Inc.) was injected intraperitoneally (i.p., 15mg/kg
body weight) into HRHF rats (n¼ 6), first at the beginning of task
week 4. A 2nd injectionwas administered at the end of taskweek 4,
and a 3rd injection was administered at the end of task week 5. All
HRHF rats were then euthanized at the end of taskweek 6 (6-week
HRHF without anti-TNFa (6HRHF), n¼ 13; 6-week HRHF with
anti-TNFa (6HRHF/aTNF), n¼ 6). Six of the trained rats (TC)
received anti-TNFa treatments on this same schedule. All TC rats
were euthanized at matched time points to HRHF rats, that is, they
were trained for 5 weeks, and then rested for 6 weeks before
euthanasia (TC without anti-TNFa (TC), n¼ 13; TC with anti-
TNFa (TC/aTNF); n¼ 6).

Sensorimotor behavioral testing

Maximum forearm grip strength and cutaneous sensation was
determined in all rats 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 Dale, Staelting Co.Wood Dale, IL), as
described previously (Barbe et al., 2003; Clark et al., 2003, 2004).
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-downmethod of Von Freymonofilament
testing as described previously (Clark et al., 2004).

Serum biomarker analyses

Serum was collected from all rats following euthanasia (Nembutal,
120mg/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 1,000g for
20min at 48C. Serumwas collected, separated into 200ml aliquots,
flash-frozen, and stored at �808C until analyzed. Levels of
cytokine-induced neutrophil chemoattractant 2a (CINC2a),
IL-1a, IL-1b, IL-2, IL-4, IL-6, IL-10, interferon gamma (IFNb),
granulocyte-macrophage-colony-stimulating factor (GMCSF),
MIP-2, MIP3a, monocyte chemoattractant protein-1 (MCP1),
regulated on activation, normal t-cell expressed and secreted
(RANTES), and TNFa 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. (2008). Serum levels of osteocalcin were
analyzed using a commercially available ELISA kit (Nordic
Bioscience, Herlev, Denmark).

ELISA and Western blot analysis of musculoskeletal tissues

The distal end of forearm bones (radius and ulna) and flexor
digitorummuscles were collected from 32 rats: 8 NC, 8 TC, 3 TC/
aTNF, 10 6HRHF, and 3 6HRHF/aTNF. The collected tissueswere
homogenized in RIPA buffer [25mM Tris–HCl pH 7.6, 150mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease
inhibitor cocktail (Sigma, St. Louis, MO)], incubated overnight at
48C, supernatant collected and stored at �808C. A bone powder
was prepared from the radius and ulna bones by rapidly pulverizing
frozen samples in a Bessman tissue pulverizer (Fisher Scientific,
Pittsburgh, PA) pre-cooled 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, Rockford, IL). Tissue lysates were analyzed
for TNFa using a commercially available ELISA kit according to
manufacturer’s protocols (BioSource International, Camarillo
CA). Each sample was run in duplicate. ELISA assay data (pg
cytokine protein) were normalized to mg total protein.

For Western blot analysis (n¼ 3/group), 25mg of protein
sample was mixed with 5� Laemmli sample buffer (10% SDS, 50%
glycerol, 25% b-mercaptoethanol, 300mM Tris–HCl pH 6.8, and
0.04% Bromophenol blue), boiled for 5min, and resolved by 10%
SDS–PAGE. Protein samples were electroblotted to a
nitrocellulose membrane at 90 V for 1 h at 48C, 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 0.3mg/ml PLF
(custommade) or 0.2mg/mlCTGF specific primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) overnight at 48C. Specificity
of the PLF primary antibody has been previously described (Zhu
et al., 2008). Themembranewaswashedwith PBST, incubatedwith
0.2mg/ml of HRP-conjugated goat anti-rabbit IgG secondary
antibody (Pierce) for 1 h at room temperature, and the
chemiluminescent signal was detected using the ECL kit (Pierce).
Blots were stripped, washed and reprobed with 0.2mg/ml
GAPDH-specific primary antibodies overnight at 48C, using the
method described above. Cell lysates were also analyzed for
Periostin as described above.

Immunohistochemical analyses

In accordance with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association,
animals were euthanized (Nembutal, 120mg/kg body weight) and
perfused transcardially with 4% paraformaldehyde in 0.1M
phosphate buffer (pH 7.4). Tissues from limbs (n¼ 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 15mm longitudinal
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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., 2009b). Longitudinal sections from the forelimb
bone or flexor digitorum muscles were treated with 3% H2O2 in
methanol for 30min, washed, and then blockedwith 4% goat serum
in PBS and 0.1% Triton-X100 (PBST) for 30min at room
temperature. Sections were then incubated overnight at 48C with
primary antibody diluted in 5% goat serum/PBS. Anti-PLF (custom
made) was used at a 1:1,000 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 30min at room temperature. The sections were
then washed and treated for 30min with signal amplification kit
(ABC kit, Vector Laboratories, Burlingame, CA), 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.

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 30 and
50end of the primers, respectively to achieve a directionally placed
insert in the expression vector, pGEX6P-1 (GE Healthcare
Bio-Sciences Corp., Piscataway, NJ). 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.

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), 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 toover express PLFwas generated as
described by (Litvin et al., 2006; Zhu et al., 2009). Adenovirus
overexpressing b-galactosidase (AdLacZ) or GFP (AdGFP) was
used as a control (Litvin et al., 2006; Zhu et al., 2009).

Primary osteoblast cultures

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 (Xu et al., 2000; Litvin
et al., 2006). Pieces of calvaria were then subjected to five
sequential digestions with 2% collagenase-P/0.25% trypsin of 5, 15
(�2), and 25 (�2) min at 378C in a shaking water-bath. Cells from
the first two digestions were discarded to remove non-osteoblast
cells. Osteoblast-enriched cell populationswere obtained from the
3rd to 5th digestions. These cells were plated in 10mm2 dishes at a
concentration of 5� 105 cells in Earle’s Minimal Essential Medium
(Sigma) supplementedwith 10% fetal calf serum (FCS) and penicillin
and streptomycin. Cells were incubated at 378Cwith 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.

Treatment of primary osteoblasts with recombinant TNFa,
MIP-2, or MIP3a

Primary osteoblasts were plated at a density of 1� 104 cells/well in
EMEMmedia containing 10%FBS, 100U/ml penicillin and 100mg/ml
streptomycin in 12-well plates. Serumwas withdrawn the next day
and total protein was collected from cells after treatment with
increasing concentrations of TNFa (R& D systems, Minneapolis,
MN), MIP-2 or MIP3a for 48 h (Biosource, Camarillo CA).

Osteoblast proliferation

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.

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, 100U/ml penicillin and 100mg/ml
streptomycin. Twenty-four hours later, cells were infectedwith AdPLF
or AdLacZ orAdsiPLF (50moi) and 72 h post-infection and plates were
frozen at �808C 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, 200ml of the CyQuant GR solution
was added to each well (for each treatment, n¼ 6) and incubated for
5min at room temperature. Fluorescencewasmeasured 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. Serumwas withdrawn the next day, followed by rPLF
treatment at a concentration of 0, 1, 10, 50, and 100 ng/ml and rPN
treatment at a concentration of 100 ng/ml. Forty-eight hours post-
treatment cells were frozen at �808C and proliferation was assessed
using theCyQUANTCell ProliferationAssayKit as described above or
the BrdU assay as below.

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 h at the concentrations described above.
BrdU (Sigma) was added at a concentration of 10mM to the cultures
for next 18 h. Cultures were then fixed and treated with monoclonal
anti-BrdU (Sigma) 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 a blue color developed.
Wells were subsequently quenched with stop solution (KPL) and
absorbance was measured at 450 nm on an iMark Microplate
Absorbance Reader (Bio-Rad, Hercules CA).

MC3T3-E1 cells adhesion assay. MC3T3-E1 mouse
osteoblast cell line obtained from ATCC (Manasass, VA) was
propagated in Alpha Minimum Essential Medium (MEM) with 10% FBS,
100U/ml penicillin, and 100mg/ml streptomycin and maintained at
378C. For adhesion assay 96 well plates were coated with poly-lysine
(0.10mg/ml, Sigma), fibronectin (5mg/ml, Sigma), 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 h and serum free media collected. Media was tested to
showelevated levels of PLF (Zhu et al., 2009). Plateswere stored at 48C
until the next day. The solution was removed and wells were blocked
with 1% BSA/PBS, for 1 h at room temperature. Eighty percent
confluent plates of MC3T3 cells were trypsinized, and were either left
untreated or incubated with anti-b1 integrin (10mg/ml, Santa Cruz
Biotechnology) at 378C for 30min. Cells were then plated at a
concentration of 2� 105 cells/well in the coated 96 well dish in aMEM
with 10% FBS, 100U/ml penicillin, and 100mg/ml streptomycin and
incubated for 2 h at 378C. 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 30min at
RT, and eluted with a 1:1 ethanol �0.1M HCl solution for 20mins.
Absorbance was read at wavelength 620 nm on an ELISA reader.

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 (50moi) or treated with rPLF and rPN
(100 ng/ml). Differentiation factors were added on day 5 (50mg/ml
ascorbic acid and 100mM b-glycerolphosphate) and each time the
media was changed. Markers of differentiation were assessed as
described below. Total mRNA was collected for qRT-PCR.
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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.

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) for 15min 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.

Activity. Cells were washed with PBS and lysed in 500ml of 0.2%
Triton X-100 in distilled water by shaking for 20min at room
temperature. A 50ml aliquot of the cell lysate was mixed with 150ml of
working solution containing 200ml assay buffer, 5ml Mg acetate (final
concentration 5mM) and 2ml p-nitrophenyl phosphate (pNPP) liquid
substrate (final concentration 10mM). Plateswere read at 405l at time
zero and again at 4min 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 BCAprotein assay
kit (Pierce).

Calcium deposition

Cells were rinsed with cold PBS and hydrolyzed in 400ml 0.5N
HCl. Cell extracts were mixed with calcium binding reagent
(o-cresolphthalein complexone and 8-hydroxyquinoline, Sigma) 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). 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 were expressed as mg calcium/well.

von Kossa staining and quantification of nodule area

Cells werewashedwithHanks balanced salt solution and incubated
in 3% silver nitrate solution under ultra-violet light for 45min,
washed in ddH2O, and incubated with 3% sodium thiosulfate for
5min. Following this treatment cells were washed with
ddH2O, counterstained with fast green for 5min, 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 (BioquantOsteo II,
Nashville, TN) usingmethods described in Abdelmagid et al. (2007)
and 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 above
the defined threshold of vonKossa stainingmultiplied 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.

Reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR)

Primary osteoblasts were cultured in 10mm2 petri plates in EMEM
with 10% FBS and 100U/ml penicillin and 100mg/ml streptomycin

at a concentration of 5� 105 cells/well. Serum was withdrawn on
day 1, 3, 5, and 11, rPLF (100 ng/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). 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 were normalized to GAPDH, used as the
house keeping gene.

Statistical analyses

Univariate ANOVAwas used in all cases to compare any significant
changes between control and treatment group (Prism). All post
hoc analyseswere carried out using the Bonferroni test formultiple
comparisons in which p values are adjusted to account for the
number of comparisons performed in each ANOVA. An adjusted
P-value of <0.05 was considered significant for all analyses.

Results
Cytokines and chemokines increase in serum
and muscluskeletal tissues with high repetition high
force task

Previous studies using our repetitive reaching model revealed
an increase in pro-inflammatory cytokines like tumor necrosis
factor alpha (TNFa), interleukin 1alpha (IL-1a), and
chemokines, like macrophage inflammatory proteins (MIP2 and
MIP3a), in response to a high repetition negligible force task for
8weeks (Barbe et al., 2008), andTNFa andMIP3, in response to
a moderate repetition high force task for 6 weeks (Elliott et al.,
2009b). In this study, we observed that TNFa IL-1a and MIP2,
were significantly elevated in the serum of animals that
performed a high repetition high force task for 6 weeks
(6HRHF; Fig. 1A–C, P< 0.05 for each), compared to NC. IL-1a
and MIP2 were also significantly elevated in serum of 6 week
HRHF rats compared to TC (Fig. 1A–C, P< 0.05 for each).
However, MIP3a and IL-10 serum levels were not increased in
6HRHF compared to NC or TC animals (Fig. 1D,E). Serum
levels of TNFa IL-1a MIP2 and IL-10 were not significantly
higher in TC rats compared to NC rats. There was also 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-1b, IFNg, CINC2a, MCP1 or RANTES (data not shown).

Since serum TNFa underwent the highest fold change from
control levels (sixfold change),we explored its levels in forelimb
flexor muscles and bones, tissues previously shown to have
elevated TNFa with repetitive task performance (Barbe et al.,
2008; Elliott et al., 2009b). In this study, we observed that TNFa
was significantly elevated in forelimb flexor digitorum muscle
and bones (radius/ulna) of 6HRHF animals (Fig. 1G,H, P< 0.001
for each), compared to NC. As with serum, TNFa was not
significantly increased in forelimb muscles and bones in TC rats
compared to NC rats (Fig. 1A–E).

Anti-TNF administration differentially affects expression
of cytokines and chemokines in the WMSD model

Based on these results, and since TNFa is a key cytokine that
regulates inflammation (Kaneki et al., 2006; Guo et al., 2008),
we examined the effects of blocking TNFa in our model. For
blocking, we used a rat specific antibody that binds both the
soluble andmembrane bound form of TNFa. The anti-TNFwas
administered to animals during the last 2 weeks of the 6-week
task regimen, and was observed to effectively block task-
induced increases of TNFa, IL-1a and MIP2 in the serum of
treated 6HRHF versus untreated 6HRHF rats (Fig. 1A–C,
P< 0.05 or P< 0.01 for each). Also, treated 6HRHF rats had
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Fig. 1. Anti-TNFinterventionfor2weeksattenuatedincreasedcytokines/chemokinesandosteocalcinlevels inhighrepetitionhighforce(HRHF)
task animals. Bar graphs showing (A,B) tumor necrosis factor alpha (TNFa) and interleukin 1 alpha (IL-1a) levels in serum, (C,D) chemokines
macrophage inflammatory protein 2 and 3a (MIP2 andMIP3a) levels in serum, (E) anti-inflammatory cytokine, IL-10, in serum, (F) osteocalcin, a
bone formation marker, levels in serum, (F) TNFa levels in forelimb flexor digitorummuscles, and (G) TNFa levels in forelimb radius and ulna
bones,.Datashownfornormalcontrols (NC), trainedcontrolswithandwithoutanti-TNFtreatment (TC/aTNFandTC,respectively),and6-week
HRHF animals with or without anti-TNF treatment (6HRHF/aTNF 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.
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similar levels of TNFa, IL-1a, and MIP2 as NC rats (Fig. 1A–C).
SerumMIP3a levels remained unaffected (Fig. 1D). Interestingly,
anti-TNF treatment also decreased serum IL-10 levels in TC/
aTNF and 6HRHF/aTNF animals, compared to untreated TC
animals (Fig. 1E, P< 0.05 for each), and in 6HRHF/aTNF
compared to NC (P< 0.05). TNFa levels in flexor digitorum
muscles in these same animals were markedly but not
significantly reduced in treated versus untreated 6-week HRHF
rats (Fig. 1G). In contrast, TNFa levels in radius/ulna in these
same animals were significantly reduced in treated versus
untreated 6HRHF rats (Fig. 1H, P< 0.001). Treated 6HRHF rats
had similar levels of TNFa in radius/ulna as NC rats. Anti-TNF
also reduced TNFa levels in radius/ulna of TC/aTNF compared
to untreated TC rats (P< 0.05).

Anti-TNF does not affect osteocalcin expression in
WMSD model

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). TNFa 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 both
training and HRHF task performance increased osteocalcin
levels (Fig. 1F, P< 0.01 in TC, and P< 0.05 in 6HRHF, compared
to NC), anti-TNF attenuated this increase despite continued
task performance in 6HRHF/aTNF rats (osteocalcin levels
were not significantly higher in these rats compared to NC).

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-1a, IL-1b,
and TNF-a) in nerves and musculoskeletal tissues (Barbe et al.,
2003; Clark et al., 2003, 2004; Al-Shatti et al., 2005; Barbe et al.,
2008) 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 and Levitt, 1992; Elliott et al., 2009b;
Fedorczyk et al., 2010) although with continued task
performance, cutaneous hyposensitivity developed in the
HRHF animals asmedian nerve function declined due to fibrotic
nerve compression and axonal demyelination (Clark et al.,
2004). Therefore, in this study we assessed paw withdrawal
threshold response and grip strength in animals with orwithout
anti-TNF administration. Treatment attenuated declines in grip
strength in TC/aTNF animals (Fig. 2A; TC/aTNF rats were not
significantly different from NC and were P< 0.05 compared to
untreated TC,whichwere significantly decreased fromNCrats
at P< 0.001). Anti-TNF treatment also improved grip strength
in 6HRHF/aTNF compared to 6HRHF animals
(Fig. 2A, P< 0.001). Cutaneous hypersensitivity (decreased
withdrawal thresholds responses) was already present after the
5-week training period in TC rats (Fig. 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 2 weeks before
euthanasia did not return cutaneous sensitivity to normal
control levels (Fig. 2B; P< 0.001 compared to NC).

PLF is down regulated but CTGF levels remain
unaffected by anti-TNF administration

In our previous studies (Rani et al., 2009a,b), 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. 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. 3Aa–d shows
radius, compare a,b, and c,d), in osteoblasts in these same bones
(Fig. 3Ae,f shows radius, compare e,f), and in flexor digitorum
muscles (Fig. 3A, compare g,h). Western blot analysis of
proteins from forelimb bones (radius and ulna combined,
Fig. 3B) and flexor digitorum muscles (Fig. 3C) of a second
cohort of animals confirmed a decrease in PLF levels, (Fig. 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. 3D). In
Figure 3E we show that recombinant PLF expressed in bacteria
migrated at 90 kD when analyzed by Western blot and probed
with anti-PLF specific antibody. The recombinant proteinwill be
used in experiments described below.

PLF expression is downstream of TNFa, MIP-2, and
MIP 3a

Since inflammatory cytokines and chemokines were increased
by 6 weeks of HRHF task performance, as was PLF (Figs. 1
and 3), and since treatment with anti-TNF reduced PLF levels
(Fig. 3), we examined whether PLF might be downstream of
TNFa and MIP-2, and perhaps even MIP3a since there was a
decrease (albeit insignificant) inMIP3a after anti-TNF treatment
in TC rats. Therefore, we examined PLF expression by
Western blot analysis in vitro, in primary osteoblasts after
treatmentwith TNFa, MIP-2, andMIP 3a. Treatment of primary
osteoblasts with physiological doses of TNFa for 48 h, resulted
in dose dependent up regulation of PLF (Fig. 4A,B, P< 0.001).
Similarly, treatment with chemokines like MIP-2 and MIP3, also
resulted in a dose dependent up regulation of PLF in these
cultures (Fig. 4C,D, P< 0.01; Fig. 4E,F, P< 0.001, respectively).

PLF promotes primary osteoblast proliferation

PLF increases in response to a HRHF task regimen, is localized
in bone to cells in the periosteum (contains preosteoblast
progenitor cells), osteoblasts and osteocytes, and has highest
expression coincident with highest levels of a serum biomarker
of bone formation (Figs. 1 and 2 andRani 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 results 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 inside-out signaling as a cytoplasmic
protein or a result of outside-in signaling 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,
whereas its role as a cytoplasmic and 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
control cells infected with AdLacZ and decreased proliferation
when PLF was knocked down using AdsiPLF (Fig. 5A, P< 0.05
and 0.001, respectively). Proliferation also increased
significantly when primary osteoblasts were treated with rPLF
(1–100 ng/ml; Fig. 5B). This effect was dose dependent with
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increasing amounts of rPLF resulting in greater proliferation
as evidenced by higher fold changes in cell numbers from
untreated control levels. Recombinant periostin (PN;
100 ng/ml) also enhanced proliferation, although at significantly
lower levels than rPLF at the same dose (Fig. 5B, P< 0.01).
These findings were confirmed using a BrdU incorporation
assay for assessment for proliferation (Fig. 5C, P< 0.01). Effects
of rPLF on proliferation were 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 (100 ng/ml) resulted in a tenfold increase in CDK4
mRNA levels compared to controls (Fig. 5D).

PLF promotes adhesion

Adhesion is of fundamental importance to regulating the cell
cycle, cell survival and cell differentiation. Periostin and big-H3,
members of the fasciclin family of proteins, mediate their effects
on cell spreading, adhesion,migration and proliferation through
interaction with integrins (Horiuchi et al., 1999; Gillan et al.,

2002; Thapa et al., 2005; Li et al., 2010).We have also observed
that PLF, amember of the same family of proteins, interactswith
b1 integrin in cardiac cells (Litvin et al., 2005). To determine
whether an interaction of PLF with b1 affects adhesion of
osteoblasts, which in turn would 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
osteoblast-like cells but the process was significantly abrogated
when cells were treated with anti-b1 integrin prior to plating
(Fig. 6A, P< 0.001).

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

Fig. 2. Anti-TNF intervention for 2 weeks improved grip strength significantly but not ameliorate forepawmechanical 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/aTNF and TC, respectively), and
6-week HRHF animals with or without anti-TNF treatment (6HRHF/aTNF and 6HRHF, respectively), in the last 2 weeks before euthanasia.
aP<0.001 compared to NC; bP<0.05 compared to TC; cP<0.001 compared to TC; dP<0.001 compared to 6HRHF.
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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 (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/

Fig. 3. Anti-TNF intervention lowered PLF levels in forelimb bones and flexor digitorum muscles of high repetition high force (HRHF) task
animals.A: ImmunolocalizationofPLF in forelimbbones (a–f)orflexordigitorummuscles (g–i) of 6-weekHRHFtaskanimalswithorwithoutanti-
TNFtreatment.Sectionswere immunoreactedwithPLFantibody;browncolor indicatespositive staining; hematoxylin (anuclear stain)wasused
as a counterstain. PLF immunoreactivity was detected in radial periosteum (a–d) and osteoblasts (e,f, arrowheads), and flexor digitorummuscle
fibers (g,h, arrowhead ingshowshigher staining).PLFwasalsodetected inmacrophages (small arrow) in6-weekHRHFtaskanimals (i).B,C:Total
protein collected from radial/ulna bones (B) and flexor digitorummuscles (M) of normal controls (NC), 6-weekHRHF animals with no anti-TNF
treatment(B/HRHFandM/HRHF),and6-weekHRHFwithanti-TNFtreatment(B:aTNFandM:aTNF),andwereresolvedby10%SDS–PAGEand
blotswereprobedwithanti-PLF;GAPDHwasusedasa loadingcontrol.Experimentswererepeatedthreetimesandbargraphsof theratioofPLF/
GAPDHareshown. a,b,cP<0.01compared toNC,M:aTNFandB:aTNF, respectively.D:Totalprotein collected fromflexordigitorummusclesof
normalcontrol (NC), trainedcontrolwithanti-TNF(TC:aTNF),and6-weekHRHFanimalswithorwithoutanti-TNF(6HRHF:aTNFand6HRHF,
respectively) was resolved by 10% SDS–PAGE and probed with anti-CTGF antibody; GAPDH was used as a loading control. Experiments were
repeated three timesandbargraphsof the ratioofPLF/GAPDHareshown.E:Westernblot showing the singleband for recombinantPLFmade in
E. coli, numbers 1–4 refer to the different clones examined for protein expression. PsUPerisoteum; ObUOsteoblast.
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cbfa1; an early marker of 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-PCR, were fivefold higher in osteoblasts
cultured with rPLF than controls (Fig. 6B). Adenoviral over
expression of PLF promoted alkaline phosphatase staining and
activity in primary osteoblasts compared to AdLacZ infected
controls (Fig. 6C,D, P< 0.001, respectively). However,
adenoviral mediated silencing of PLF significantly reduced both
alkaline phosphatase staining and activity (Fig. 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. 6E,F).
However, the intensity of ALP staining and activity were
considerably higher with rPLF than with rPN (Fig. 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 15-fold increase in ALP
mRNA levels from control levels (Fig. 6G). Additionally, the late
differentiation marker osteocalcin (OC) mRNA was assessed
by RT- qPCR and demonstrated a sevenfold increase in rPLF
treated cultures from control levels (Fig. 6H).

Primary osteoblast cultures infected with AdPLF showed
higher amount of mineral deposition when stained with von
Kossa compared toAdLacZ andAdsiPLF infected cells (Fig. 7A).
Calciumdeposition and average nodule sizewere alsomarkedly
higher in AdPLF infected cultures compared to controls
(Fig. 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. 7D–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. 7D–F, respectively;
P< 0.001 each).

Fig. 4. TNFa, MIP2 and MIP3a treatment increased PLF levels in primary osteoblasts culture in vitro. A–F: Primary osteoblasts were serum
starved prior to treatment with TNFa, 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 probedwith anti-PLF; GAPDHwas used a
loadingcontrol (A,C,E).Experimentswererepeatedthreetimesandbargraphsof theratioofPLF/GAPDHareshown(B,D,F). aP<0.01compared
to C; bP<0.01 compared to lower dose cytokine treatment.
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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 TNFa antibody in vivo attenuated not only the
increased serum and musculoskeletal TNFa but also serum IL-
1a and MIP2a, as well as inflammation-induced nociceptor
related behaviors in the 6-week HRHF animals.

Our observed increase of serum TNFa in 6-week HRHF
animals was similar in level (mean 79.53þ SEM 21.72) as that
seen in past studies fromour laboratory examining the effects of
performing lower demand tasks, for example, as a high
repetition low force task for 6weeks (mean 94.04þ SEM36.53)
or a moderate repetition high force task for 6 weeks (mean
75.36þ SEM 12.55; Barbe et al., 2008; Elliott et al., 2009a).
However, it is important to note that levels of serumTNFa in 6-
week HRHF rats in this study were sevenfold less than in 12-
week HRHF rats (mean 612þ 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

Fig. 5. PLFpromotesprimaryosteoblastproliferationandincreasesCDK4mRNAlevels inprimaryosteoblastinvitro.A:Primaryratosteoblasts
were infected with AdLacZ (expression of b-galactosidase by adenovirus, control), AdPLF (over-expression of PLF by adenovirus), or AdsiPLF
(adenoviralexpressionofsmall interferingRNAdirectedtowardsPLF,Knockdown)atanmoiof50.Seventy-twohourspost-infection,proliferation
was assessed by CyQUANT Cell Proliferation Assay Kit. Cell numbers were based on the fluorescence output (emission wavelength 520nm).
aP<0.05 compared toAdLacZ; bP<0.001 compared toAdsiPLF. B: Primary rat osteoblastswere treatedwith recombinant PLF (rPLF, 1–100ng/
ml), recombinantPeriostin (rPN,100 ng/ml), orwereuntreated.Forty-eighthourspost-treatment,proliferationwasassessedbyCyQUANTCell
ProliferationAssayKit.Cellnumberswerebasedonthefluorescenceoutput(emissionwavelength520 nm).Bargraphsrepresent foldchangeover
untreated controls. a,b,cP<0.01 compared to 1 and 10ng/ml rPLF, and rPN100, respectively. C: Primary rat osteoblasts were treated with
recombinantPLF (rPLF, 1–100 ng/ml), recombinantPeriostin (rPN, 100 ng/ml) orwereuntreated. Twenty-four hours post-treatment,BrdUwas
added to the cell cultures for additional 18h and proliferation was assessed by ELISA performed on cell lysates and absorbance read at 495l Bar
graphs represent fold change over untreated control. a,b,cP<0.01 compared to 1 and 10ng/ml rPLF, and rPN100, respectively. D: Primary rat
osteoblastswere treatedwith recombinant PLF (100 ng/ml) orwere untreated. Twenty-four hours post-treatment, total RNAwas 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 were normalized using GAPDHmRNA levels. Right part: Representative bar graph for pooled values from experiments 1–3.
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Fig. 6. PLFpromotesMC3T3-E1osteoblast-likecelladhesionanddifferentiationofprimaryosteoblastcells invitro.A:MC3T3-E1osteoblast-like
cellswereeither left untreatedor treatedwithanti-b1 integrin andplated in96-well dishes coatedwithpoly-L-lysine (PL; 0.10mg/ml), Fibronectin
(FN;5mg/ml),Periostin-like-factorconditionedmedia (PLF;200ml/well)orgreenfluorescentproteinconditionedmedia (GFP;200ml/well) for2 h
at 37-C. Cells were fixed with 4% paraformaldehyde in PO4 buffer and stained with 1% methylene blue. Absorbance was read at 620 nm on an
ELISA plate reader. a,b,cP<0.01 compared to PL,GFP and GFP/b1, respectively. B: Primary rat osteoblasts were treated with recombinant PLF
(100ng/ml), or were untreated. Forty-eight hours 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 RUNX2mRNA levels between untreated
controls and rPLF treated cultures. Experiments were repeated 3 times and values expressed as fold change over control data. Data were
normalizedusingGAPDHmRNAlevels. Rightpart: Representativebargraph for pooledvalues fromexperiments 1–3.C:Primary ratosteoblasts
were infected on day 2 of culture with AdLacZ (expression of b-galactosidase by adenovirus, control), AdPLF (over-expression of PLF by
adenovirus),orAdsiPLF(adenoviralexpressionofsiRNAdirectedtowardsPLF,knockdown)atanmoiof50.Cellswerestainedonday7foralkaline
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 toAdLacZandAdsiPLF, respectively. E: Primary rat osteoblastswere either untreated (Con) or treatedwith recombinantPLF (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 (100 ng/ml), or were untreated. Forty-eight
hours post-treatment, total RNA was collected and reverse transcribed to cDNA. Real-time polymerase chain reaction (RT-PCR) was used to
assess the changes inALPmRNA levels between untreated controls and recombinant PLF treated cultures. Experimentswere repeated 3 times
and values expressed as fold change over controls. Data were normalized using GAPDHmRNA levels. Right part: Representative bar graph for
pooled values fromexperiments 1–3.H:Rat primaryosteoblastswere treatedwith recombinantPLF (100 ng/ml), orwereuntreated. Forty-eight
hours 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
repeated3 timesandvalues expressedas fold changeover control.DatawerenormalizedusingGAPDHmRNAlevels. Rightpart: Representative
bar graph for pooled values from experiments 1 to 3.
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Fig. 7. PLFover-expressionorrecombinantPLFenhancedcalciumdepositionandmineralization inratprimaryosteoblastsonday21ofculture.
A–C: Primary rat osteoblasts were infectedwith AdLacZ (control), AdPLF (over-expression) or AdsiPLF (knockdown; siRNA against PLF) at an
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
depositedperwell.C:Bargraphofaveragenodulearea. a,bP<0.001compared toAdLacZandAdsiPLF, respectively.D–F:Ratprimaryosteoblasts
were treatedwith recombinantPLF (100ng/ml), recombinantPerisotin (rPN-100ng/ml) orwereuntreated.D:Cellswere stainedwith vonKossa
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.
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induced by high levels of TNFa. Our observed increase in IL-1a
in HRHF rats was an expected result since IL-1a is known to be
up regulated by TNFa in several cell types (Le et al., 1987).
TNFa is also known to induce its effects on many downstream
genes via the NF-kB pathway, which in turn leads to expression
of multiple genes. NF-kB-regulated genes encode proteins that
play important roles in inflammation and immune responses.
These proteins include proinflammatory cytokines, such as
IFN-b, IL-2, and IL-6 (Drouet et al., 1991; Zhang et al., 1995;
Baldwin, 1996); and chemokines, such as monocyte
chemoattractant protein-1, IL-8, RANTES, and macrophage-
inflammatory protein (MIP) 3 and 1a- (Grove and Plumb, 1993;
Stein and Baldwin, 1993; Ueda et al., 1997; Genin et al., 2000;
Sugita et al., 2002). 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 TNFa, 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, althoughMIP2 serum levels have not been reported
to be affected by TNFa levels, MIP2 levels not only increased
temporally with TNFa, but anti-TNF treatment down-
regulated MIP2 levels in 6 week HRHF animals. Anti-TNF
treatment also effectively blocked task-induced increases of
TNFa levels in serum and bone. However, task-induced
increases of TNFa 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 well known that TNFa negatively regulates bone
formation by increasing osteoclast formation, differentiation
and activity and by decreasing osteoblast function (Zhang et al.,
2001; Kaneki et al., 2006), therefore one would expect to see
increased bone formationwhen 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. Although, this may be due to short duration of anti-
TNF administration, the significant increases in trained control
animals are more indicative of a training induced increase in
bone formation.

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 fromperformance of the repetitive
reaching task. Studies by Kehl and colleagues (Kehl et al., 2000,
2003; Kehl and Fairbanks, 2003) show that direct injection of
inflammatory cytokines into muscles results in decreased grip
strength. Our results support this finding in that 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 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, forepawmechanical 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 10min/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 TNFa 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-TNFa 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 lab 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., 2008, 2009a,b) andmay also have occurred beforeweek 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 TNFa. Interestingly, the levels of CTGF, another
matricellular protein, did not change in response to after anti-
TNF, indicating that abrogating TNFa signaling does not affect
the expression of all matricellular proteins universally. Our in
vitro results confirmed that treatment with specific
inflammatory cytokines and chemokines induce PLF in a dose
dependent manner. This again suggests that PLF may be
downstream of the inflammatory signaling cascade.

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 adenoviral 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 treatedwith recombinant PLF. These findings suggest that
PLF mediated proliferation of cells is accomplished both as an
intracellularmoleculewhich signals inside-out of the cell, aswell
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 b1 integrin receptor. Typically
integrin ligand interactions occur via RGDdomain. However, in
the case of the fasciclin family of proteins, this interaction is
mediated via theYHmotif (a nonRGD integrin binding domain).
Since no RGD sequences are detected on PLF by sequence
analysis, the PLF-integrin interaction also takes placemost likely
via the YH motif. PLF is known to interact with b1 integrin in
cardiac cells and in primary osteoblasts (Litvin et al., 2006).
Additionally, other members of this family including periostin
and bIG-H3 also interact with different integrins to mediate
adhesion and differentiation (Horiuchi et al., 1999; Gillan et al.,
2002; Thapa et al., 2005; Li et al., 2010). In accordance with all
these studies, we confirmed that adhesion of MC3T3 E1
osteoblast like cells is also mediated by b1 integrin since
treating the cells with a specific antibody to b1 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.
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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 TNFa may be one of the inducing proteins. It is
important to note though that TNFa 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, careful control of TNFa levels is probably
needed for an appropriate balance of anabolic and catabolic
tissuemetabolism.Our current findings also indicate that PLF is
downstreamof 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.,
2009b) to 12 weeks, the same time frame as a 7 fold increase in
serum TNFaAlthoughwe havemore 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-regulationmight be a
useful means of achieving bone formation and/or adaptive bone
remodeling.
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