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INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Understanding the biologic responses of endosseous dental implants 

subjected to biomechanical overloading has therapeutic and diagnostic 

significance. The mechanism of how healing and bone density are affected by 
' 

application of occlusal forces at the bone-implant interface, especially at the 

cellular level, is not well understood. Previous cell culture studies of bone cells 

have focused on responses to mechanical stress applied with cyclic loads in order 

to elucidate how bone tissue is remodeled. Recent human orthopedic studies of 

the tissue-implant interface of failed hip implants have identified increased 

mRNA expression of several bone collagen-degrading matrix metalloproteinases 

(MMPs), along with increased enzymatic activity. Similarly, in vitro osteoblast 

experiments have shown increases in MMP secretion after exposure to cytokines 

and other inflammatory mediators. The goal of this investigation was to evaluate 

the effects of mechanical deformation on an in vitro osteoblast cell model derived 

from neonatal mouse calvaria, by assessing changes in MMP expression and 

secretion. 
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B. REVIEW OF THE LITERATURE 

The role of occlusion in the pathogenesis of periodontal disease has not been well 

characterized. It is reported that trauma from occlusion results in resorption of alveolar 

bone, leading to increased tooth mobility, which can be transient or permanent. 1 Trauma 

from occlusion may, under the inflammatory conditions associated with advanced 

periodontal disease, enhance the rate of progression of this disease. In the 'co-destructive 

theory' described by Glickman and Smulow, it was thought bone was destroyed due to 

traumatic occlusal forces 2. However, in some instances, bone formation occurred as 

part of the reparative process in the periodontium. This was termed 'buttressing bone 

formation' by Glickman, and was described early in the periodontal literature as a means 

of compensating for bone destruction which could inadvertently produce changes in 

morphology of the alveolus 3. 

The periodontal ligament, which is constantly subjected to occlusal forces, 

functions as a cushion between two hard tissues, alveolar bone and cementum of teeth, to 

mitigate this mechanical stress. Since the advent of implant dentistry, however, the role 

of occlusion in dentitions in which implants function has become more significant. 

Endosseous implants depend on direct contact of the implant surface with bone, or 

osseous integration, and not attachment by periodontal ligament (PDL). The PDL has the 

capacity to deform up to 108 microns laterally and 28 microns vertically in response to 

occlusal forces, while bone can only deform 10-50 microns. 4 
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The biomechanical environment for an osseointegrated implant , therefore, is 

fundamentally different from that of a natural tooth. The magnitude of the occlusal 

forces that implants can be subjected to has been shown to be significantly greater than 

with natural teeth, which likely occurs due to lack of periodontal proprioceptive feedback 

obtained via the PDL 5. Forces not directed along the long axis of the implant fixture in 

bone· can result in increased stress to reduced areas of bony support of the implant 

interface near the alveolar crest, leading to resorption. 4, 6 The risk of mechanical 

failure is greatest during the healing phase of an implant, if loaded prematurely. However, 

failure can also occur in certain situations in response to overloading even if complete 

osseointegration has been achieved. 

The osseointegration of implants is characterized as a "direct structural and 

functional connection between ordered, living bone and the surface of a load-bearing 

implant", and is a concept described by Brannemark 7, The healing of an implant after 

surgical placement manifests itself as what has been popularly termed "functional 

ankylosis" , and histologically is defined as a 20 nm proteoglycan layer between bone 

tissue and the surface of the implant. 8 Attempts to modify this surface have been the 

focus of recent attention by many researchers, to improve implant anchorage in bone and 

accelerate osseointegration. The biomechanical response of bone tissue to mechanical 

loads especially at this bone-implant interface has become an essential element of this 

research. The cellular and molecular characterization of this tissue interface, as part of a 

dynamic mechanical environment; may be significant for future diagnosis and implant 

therapy. 
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In implant dentistry various studies have reported the occurrence of failures in 

endosseous implants exposed to functional overload 6. The possibility that implants 

might fail as a ~onsequence of mechanical overload has been suggested by the evidence 

base from the orthopedic literature, which document cases of aseptic loosening of total 

hip and knee prostheses after arthroplasty. In these reports, a soft tissue layer was found 

to form at the bone-implant interface, and was common to both loosened orthopedic 

prostheses and mobile dental implants. This tissue as yet has not been characterized for 

failing, loosened c!ental implants. However, it has been documented in hip prosthetic 

failures as a fibrous tissue, with a histiocytic infiltrate but lacking lympµocytes or 

polymorphonucleocyctes. Proteolytic activity and collagenolytic degradation of 

extracellular matrix at the bone-implant interface have been reported in conjunction with 

increased mRNA (messenger RNA) expression of metalloproteinases (MMPs) in these 

tissues 9. Although evidence for dental implant failures in this regard is slight, Sanz et 

al identified a population of 6 failing titanium implants that presented clinically without 

evidence of infection or inflammation yet displayed considerable mobility and 

radiographic loss of osseointegration. 10 

It has also been shown experimentally that loss of bone integration of endosteal 

implants can occur as a consequence of surgically created 'micromotion', where 

histologically the bone-implant interface is rciplaced by a fibrous soft tissue layer. 11 

If this interface remains stable at the time of placement, it is more likely to result in 

osseointegration, The ability of bone tissue to remodel itself in response to mechanical 

loading depends on a strain-sensitive population of bone cells that can influence bone 

adaptation at the bone-implant interface. Control of the strain environment within bone 
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tissue that favors the development and maintenance of osseointegration is therefore 

highly desirable. 4 

As an organ, bone is dependent on mechanical stimulation for homeostasis. 

Mechanical stress is believed to influence both bone formation and resorption. Bone 

continuously undergoes stages of reinforcement and resorption that are driven, partially, 

by changes in its mechanical environment. 12 In 1892, this was described by Wolff, and 

is referred to as Wolff's law. It is based on the concept that patterns of stress placed on 

bone correspond to trabecular alignment. 13 

The osteoblast is believed to be the cell responsible for mediating bone remodeling, 

a complex series of events where bone is first resorbed and then new bone deposited. 14 

Tensional stress promotes bone formation, while lack of physical stress, which takes 

place when bone is immobilized, results in disuse atrophy. 15 It has also been 

determined by observation in weightlessness and the removal of physical stress on the 

skeleton, that removal of strain on bone decreases osteoblast function. 16 This has been 

determined by measuring loss of osteocalcin, a constitutive protein in bone matrix, as 

well as reduced bone formation and loss of total body calcium ,. during space flight. 17 

Although it is evident th!1t bone adapts to physical deformation, the cellular mechanisms 

by which the bone tissue initiates deposition or resorption in response to its load 

environment have historically been difficult to establish, due to lack of methods in 

examining these effects with a well-defined cellular model. 
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Wolff's law essentially states that bone responds proportionately to mechanical 

load with growth. Frost later proposed a modified response mechanism, or a mechanical 

adaptation scale, relating the importance of mechanical stress to the pathophysiology of 

bone mass change, in"which bone remodeling is in part regulated by mechanical strain. 18 

In this model, a minimum essential strain is a threshold that can be tolerated; any 

additional stress above this is responded to by active changes. He named this response the 

'mechanostat theory' . This concept allows distinction between modeling and remodeling 

processes, and identifies thresholds for activating lamellar or woven bone formation as 

well as bone regeneration. When local mechanical stimulation of bone exceeds the 

minimum essential strain, which represents the lower boundary of this physiologic 

'window', bone will undergo remodeling. If mechanical loads are very large, the strain 

levels enter a pathologic overload zone, inducing woven bone formation, or in cases of 

extreme load, resorption manifested as fibrous connective tissue formation. 

This measurement of bone deformation is called strain (E), represented by the 

change in length divided by the original length and is dimensionless, being expressed as a 

value of percentage change 14. In the mechanostat model, movement or strain ofa 

definite threshold of 1500 to 2500 µE (microstrains) is thought to be necessary for bone 

development or modeling in mammals, while remodeling requires far less, on the order 

of 100-300 µE. In various disease processes, such as osteoporosis, however, bone cannot 

respond in a proportionate manner to stress. It was thought by Frost that non-mechanical 

factors such as circulating inflammatory agents, cytokines, or various hormones also 

played a role by altering the ability of bone tissue to respond to the demands of strain in 

this system. 18 
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It has been shown in the literature that dynamic or cyclic loading of bone cell 

populations, both in vivo and in vitro, is necessary to cause significant metabolic change. 

19 The greater the rate of change of applied stress in bone, the more bone formation is 

increased. Consistently, observed anabolic effects within bone tissue have been the result 

of intermittent loading and not static deformation. 20, 21. The conclusion drawn by 

many researchers has been that dynamic strain is crucial to the initiation of the bone 

remodeling response 12, 22, 23 

Study of mechanical strain on individual cells in culture has been limited, however. 

Many changes in cellular activity have been shown in a variety of cells stimulated by 

different mechanical devices to produce mechanical strain. Of all the cell systems or 

tissues examined, endothelial cells and aortic smooth muscle cells have been the most 

studied. Ives et al studied endothelial cells (human and bovine) on a cyclically stretched 

polyurethane membrane and found that they became oriented parallel to the direction of 

shear strain induced by fluid flow, but perpendicular to the axis of mechanical 

deformation. 24 

In a 1975 study, Rodan studied mechanical strain on bone tissues using embryonic 

chick and rat long bone and reported a 50% reduction in glucose consumption as well as 

an increase in DNA synthesis during compression in vitro. He concluded that the 

mechanical strain on the bone tissue stimulated cell proliferation. 25 Other investigators 

have also reported numerous other cytokines and biological modulators being induced by 

the application of mechanical strain or tension on a variety of cells in culture, which may 

evoke in vivo tissue responses leading to loss of specialized bone structure. 
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Studies on bone cells obtained from newborn rat calvaria were done to quantify 

effects similar to those observed in other cell types. Hasegawa et al, in one experiment, 

subjected osteoblast-like cells to a constant strain force, and found that after a 2-hour 

period there was a 64% increase in DNA synthesis. Unlike endothelial cells, however, 

there was no increase of collagen synthesis, but instead non-collagen protein synthesis. 

Another constant-force study by Yeh and Rodan was conducted on osteoblasts (again 

from rat calvaria ) that were cultured on collagen sheets. When these sheets were 

stretched 5-10%, it was found that cellular prostaglandin E production had been 

stimulated approximately 3.5 fold. 26 

In 1985, Banes and Gilbert developed an instrument capable of providing cyclic 

stress to cells cultured in vitro, which used a vacuum-operated computer-controlled 

device to deform a plastic flexible surface of a culture dish, which they called the 

FlexerCell ® Strain Unit. Sumpio, et al, conducted a study utilizing this device to 

cyclically strain bovine aortic endothelial cells cultured on flexible-bottom culture dishes 

(Flex Well®). It was found that the cells, exposed to 24% elongation at 3 cycles per 

minute, showed proliferation and 3H-thymidine uptake. Similarly, the authors also were 

able to demonstrate that porcine aortic smooth muscle cells responded with a coordinated 

increase in collagen and non-collagen protein synthesis using the same strain-regimen. 27 

Buckley, et al, utilizing the FlexerCell apparatus, studied cyclic stretching of 

bone cells in more depth. His first experiment involved osteblast -like cells obtained 

from 4 week-old chick calvaria, cultured and passaged 4 times, and also cultured cells 

from the rat UMR-106 osteosarcoma cell line. Both were subjected to a controlled rate of 

mechanical strain of3 cycles per minute and a maximum of24% elongation. These cells 
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were examined for characteristic osteoblast-like phenotype expression; they were 

positive for alkaline phosphatase, responded to parathyroid hormone with an increase in 

cAMP, and produced osteocalcin upon exposure to 1,25 di-hydroxyvitarnin D. As 

observed by H3 -thymidine uptake, they responded to strain by increasing their rate of 

division and also were found to orient themselves perpendicular to the applied force. 28 

A second study by Buckley was done using the same cellular models in culture, 

with emphasis placed on specific protein synthesis. With the same cyclic strain regimen 

as above, it was found that alkaline phosphatase was increased after 24 hours, and 

preceded mineralization. At this time, there was a decrease in synthesis of collagen and 

non-collagen proteins. However, at day 3 of strain, this was reversed, with 26 and 33%. 

increases, respectively. Isoelectric focusing conducted by gel-electrophoresis revealed the 

non-collagen component to be cytoskeleton proteins vimentin, actin, a.-tubulin, as well as 

heat shock proteins. It was correlated that at day one of strain, there was a decrease of 

proteins not needed to adapt to the mechanical environment, and that by day 3 those 

cytoskeletal proteins capable of a "stress" response were up-regulated. The observed 

down-regulation of protein synthesis at day one also was found to correlate with a 

noteworthy decrease in heat shock proteins. 29 

The role of how the cytoskeleton affects DNA synthesis has been the thrust of 

many studies involving mechanical stress on osteoblasts. An increase in cell-to-cell focal 

contact as well as concomittant increases in osteoblastic phenotypic markers (such as 

alkaline phosphatase, collagen, noncollagen proteins) provides evidence that mechanical 

strain and cytoskeletal proteins are somehow modulating gene expression. 29 
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Carvalho and Scott examined human osteosarcoma cells exposed to cyclic strain, 

and looked for specific cytoskeletal protein gene expression. Using the similar 

deformation regimen of 3 cycles per minute on these cells, they found a measurable 

increase of mRNA (messenger RNA) expression of the l31- integrin subunit in the 

stressed cells. They were also able to characterize the distribution of this integrin 

immunocytochemically and found it to be clustered in the cell periphery, and in focal 

contact between cells, the area of which increased in cells under strain. 30 The integrins 

are a receptor family group of cell surface proteins that are involved in helping the cell 

recognize various changes in extracellular matrix, and are thought to be responsible for 

signal transduction upon binding specific ligands. They are structured as heterodimers, 

consisting of two a and 13 subunits, where the 13 subunit possesses a transmembrane 

structure linked to the cytoskeleton via vimentin and vinculin. Many different types of 

these subunits have been characterized, and different combinations of the a and 13 

subunits can function as receptors for extracellular proteins. 31, However, the authors 

cautioned that these findings may exist as a generalized cellular response , and may not 

represent a reactive mechanism unique to bone cells. 

Similarly, studies conducted previously in our laboratorr at the Clinical 

Investigation Laboratory, Eisenhower Army Medical Center, demonstrated changes in 

mRNA expression ofintegrins in cyclically stressed osteoblasts obtained from'mouse 

calvaria 32. It was found that a 2, a 4 and a5 integrin subunits were down-regulated and 

the <Xv subunit was upregulated at the transcriptional level in both early (6 hrs) and late 

(7 days) responses to mechanical stress. 32 Since this bone cell culture model 

demonstrated a capacity to respond to mechanical changes using this regimen, it was 



hypothesized-that these cells might also show differences in expression of 

m·etalloproteinase activity, using the same deformation regimen. 

Metalloproteinases (MMPs) play an important role in skeletal connective tissue 

destruction and remodeling. These enzymes constitute a family of 15 or more _ 

zinc-dependent endopeptidases, which are expressed at low levels in normal adult tissues, 

and regulate the turnover of the extracellular matrix in connective tissues. They are 

comprised of four major groups, the interstitial collagenases (MMP-1 ,8 and 13), the type 

IV collagenases or gelatinases (MMP-2 and 9), the stromelysins (MMP-3 and 10), as 

well as matrilysin (MMP-7). Another group of membrane-associated MMPs, called 

MT-MMPs, has more recently been discovered. Upregulation ofMMPs occurs during 

both normal and pathological remodeling processes, such as fetal development, tissue 

repair, inflammation, and tumor invasion. The levels of MMPs may be important 

determinants of normal bone turnover, which are controlled by-a balance between their 

expression and inhibition by their natural inhibitors, which are known as tissue inhibitors 

of metalloproteinases (TIMPs ). 33 

Lorenzo et al, using the mouse calvaria-derived osteoblast culture model 

demonstrated synthesis of MMP-2 ( gelatinase-A) and weak levels ofMMP-9 

(gelatinase-B). However, upon stimulation by the cytokines interleukin-I alpha (IL-la), 

parathyroid hormone (PTH), tissue plasminogen activator (TP A) , and tumor necrosis 

factor alpha (TNF-u), these cells increased MMP-9 levels 2.5-fold in the culture 

medium. In addition, MMP-2 activity increased but only in response to TP A and IL-I. 34 

An immunohistochemistry study by Bord, et al revealed low levels ofTIMP-1, an 

inhibitor ofMMP-1, in samples of pathological human bone when compared to normal 
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bone, while high levels ofMMPs were consistently expressed. The authors surmised that 

such low levels of this MMP inhibitor inay partially explain poorly organized bone 

formation in arthritic or osteophytic bone. 35 Another study by Meikle et al using 

cultured human osteoblasts found that in response to parathyroid hormone, vitamin D3, or 

mononuclear cell conditioned medium, these osteoblasts were stimulated to synthesize 

collagenase (MMP-1), gelatinase-B (MMP-9), and stromelysin (MMP-3). These cells 

produced gelatinase-A (MMP-2) and TIMP-1 constitutively, but only when cultured on a 

type I collagen substrate. 36 Their study of human bone cells correlates with other data 

from experiments with rodent-derived osteoblast cultures. This working hypothesis they 

and others established validates the idea that osteoblast -produced MMPs may play a role 

in bone resorption. 37, 38 

Recent studies in the dental research literature have shown that cyclic tension 

forces applied to human periodontal ligament cells in culture show increases in 

inflammatory and proteolytic activity. Shimizu et al , in several, studies, have 

demonstrated in their PDL cell culture model using the FlexerCell apparatus that RNA 

levels for tissue plasminogen activator (TP A), prostaglandins (PGE,), interleukin IL-113, 

and COX-2 (an isozyrne ofcyclooxygenase involved in prostaglandin synthesis) are · 

upregulated in response to mechanical stretching. 39 The authors suggested that occlusal 

forces may play a role in generating cytokine expression from PDL cells. Since these 

cells are in close proximity to bone, they may serve to not only distribute forces to the 

bone but also mediate its remodeling, or ultimately its resorption. 
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A greater understanding of how occlusal forces affect alveolar bone metabolism 

with and without the periodontal ligament may contribute to better periodontal diagnosis 

and therapy. Although bone demonstrates the capacity to resorb as well as remodel in 

response to occlusal forces, the exact biologic and cellular mechanisms remain unclear. 

C. HYPOTHESIS 

The experimental hypothesis is that higher than normal physiologic levels of 

mechanical forces or strain ( > 6000 µE) applied to a cultured mouse osteoblast system 

will induce measurable changes in metalloproteinase· (MMP) expression. Murine 

calvarial osteoblast cells will be harvested, cultured, and subjected to a controlled, 

supraphysiologic force of 24% deformation at a frequency of three times per minute for 

defined time periods. The effects of this stress on these cells will be assessed by changes 

in mRNA expression using reverse-transcriptase polymerase chain reaction techniques 

with MMP gene-specific primers. Additionally, the cell culture medium will be analyzed 

for changes in MMP enzymatic activity with gelatin zymography and for MMP protein 

changes with the Western immunoblot technique. 
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MATERIALS AND METHODS 

SOURCE OF OSTEOBLAST CELL CULTURE 

The animal-use experimental protocol for Mus musculus mice was reviewed and 

approved by the Animal Care and Use Committee, Dwight David Eisenhower Army 

Medical Center, Fort Gordon, Georgia. All animal husbandry and handling was in 

accordance with pertinent laws and regulations concerning the use of animals in 

biomedical research within the Department of Defense as required by Public Laws 

89-544, 91-579, 94-279, and 99-198 (The Animal Welfare Act and Amendments), 

Department of Defense Directives, Army regulations and Health Services Command 

policy. 

Primary osteoblast cultures were derived from neonatal calvaria from 1-2 day old 

mouse pups, (Mus musculus- Hsd: ICR (CD-IR), Harlan Spraque Dawley Company, 

Indianapolis, IN). Mouse pups were sacrificed by cervical dislocation. Approximately 

120-150 calvaria were aseptically collected for each harvest, cleansed of soft tissue and 

periosteurn, and minced in Hanks balanced salt solution ( HBSS, Life Technologies, 

Grand Island, NY). This suspension was centrifuged for 5 minutes at 700 x g, the peilet 

resuspended in 3 ml of0.05% collagenase ( Worthington Biochemical Corp., Freehold, 

N.J.) and gently stirred for 20 minutes . Detached calvarial cells were decanted and 

diluted in 10 ml of medium, and centrifuged for seven minutes at 680 x g. The pelleted 

cells were washed in HBSS and re-centrifuged as before. The resulting pellet was 
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resuspended in 4.5 ml of medium and gently layered on 4.5 ml ofFicoll-Paque 

(Pharmacia Biotech, Uppsala, Sweden). 

A total of four sequential digests were performed as above and Ficoll-Paque 

gradients were centrifuged at 700 x g for 50 minutes. The resulting huffy coat at the 

interface was then pooled from all of the tubes, washed in HBSS, centrifuged at 

200 x g for ten minutes, and the pellet resuspended in 4 ml of medium. Cell counts 

were established by trypan blue exclusion using a hemocytometer. Cell counts (of viable 

cells) generally yielded approximately 2 x 107 total cells from each harvest. 

PRIMARY CELL CULTURE 

The cell culture medium was formulated previously in this laboratory 40 and 

consisted of phenol-red free Dulbecco's Modified Eagle's Medium (DMEM, Life 

Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS; (Equitech-Bio, Inc., Ingram, TX) , non-essential amino acids (Sigma 

Chemical Co, St. Louis, MO), 5000 units of Penicillin G plus 5 mg/ml of streptomycin, 

7.5% NaHCO3 ( Sigma, St. Louis, MO), 10 mM HEPES, 0.1 % sodium pyruvate, 0.5 

mg/ml_gentamicin, (Sigma), 0.0125 mg/ml fungizone (Life T~chnologies), and 10-•M 

1,25-dihydroxyvitamin D, (ICN Biochemical, Aurora, OH), 50 µg/ml L-ascorbic acid 

(Sigma) , and 10 mM P-glycero-phosphate (Sigma). 

Eight T-150 cm2 tissue culture flasks were seeded with 2.5 x 106 cells/flask, and 

placed in an incubator at_37° C in an atmosphere _of5% carbon dioxide and 95% air. 

Medium was changed in the.primary culture at day four. At day six the cultures had 

grown to confluence and the first passage was conducted using 6 ml per flask of 
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collagenase (2.4 U/ml; Grade II, Boehringer - Mannheim, Mannheim, Germany ) to 

release cells. After 20 minutes the flasks were agitated and the detached cells washed in 

HBSS and centrifuged at 680 x g for 5 minutes. The supernatant was poured off, and 

the pellets were resuspended in medium. Cells were re-seeded onto tissue culture flasks 

(150 cm2 
) at 2.5 times the original surface area and placed into the incubator. After 

confluence was achieved, cell cultures were prepared for freezing. 

CELL FREEZING 

At the second passage, the cells were subjected to collagenase treatment and 

centrifuging as above, and cell pellets resuspended in 25% FBS and 75% cell freezing 

medium (composed of the above medium with 8.7% dimethyl sulfoxide (DMSO) and 

methylcellulose; Sigma Chemical Co) at a density of approximately 3 x 106 cells/ml. 

Cryovials were filled with 1 ml of cell suspension each, positioned in freezing vessels 

(Nihon Freeze Company Ltd., Tokyo, Japan) and frozen. Cell suspensions were frozen at 

-80 ° C over the course of 24 hours, and the cryovials placed in long-term storage in 

liquid nitrogen at -150° C. 

CELL CULTURE 

For each cell-stretching experiment, frozen cells taken from the 2nd passage were 

thawed and grown to the fourth passage. Two _75cm2 flasks were each treated with 6 

ml of collagenase to release the cells as described above. After washing with HBSS and 

separation, the cells were resuspended in a total of 4 ml of medium. Cells were seeded 

onto flexible-bottomed culture plates (Flex Well I, collagen-coated, Flexcell International 

Corp. , McKeesport, PA). These specially-designed culture plates have a hydrophilic 
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silicone surface and are available with various thin coatings of biological substrates. 

Cells were seeded at a density of 1 x 105 cells per 25 mm2 well (six wells per plate). 

Four plates were utilized per experiment, with two as control and two that were 

subjected to cyclic mechanical stretching. For each condition, an additional 2 mm thick 

collagen gel (rat tail type I collagen ; Becton-Dickinson, Bedford, MA ) at a 

concentration of3.9 mg/ml was used as a substrate in two of the Flex Well plates prior to 

cell seeding. Plates without addition of native collagen gels contained a thin dried type I 

collagen coating that covered the silicone surface, as supplied by the manufacturer. 

The collagen gels were prepared according to manufacturer's instructions. Under 

asceptic conditions, the solubilized collagen was layered (1.5 ml per well) onto 

fibronectin-coated Flex Well flexible-bottomed plates ( as supplied by the manufacturer) 

at 4 °C and placed in an atmosphere of ammonium hydroxide vapor for 5 minutes at 

room temperature. This allowed the collagen to 'gel' in an alkaline environment, since it 

is readily solublized in acetic acid. Sterile water was added to wash the solidified 

collagen ofresidual ammonium hydroxide in each well for 2 hours and replaced for an 

additional 24 hours prior to cell seeding. Fibronectin-coated plates were used only with 

the collagen gel appHcation since the fibronectin molecule has. a domain for binding 

collagen, to insure stability of the substrate during application of mechanical stretch. 

Culture plates were incubated at 37°C and the medium changed every 4 days, while 

subjected to mechanical forces. 
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CELL PROLIFERATION ASSAY 

Fluorescence standard curves for known cell densities were generated using the 

CyQuant Cell Proliferation Assay (Molecular Probes, Eugene, OR) which utilizes a 

proprietary green fluorescent dye that exhibits strong fluorescence enhancement when 

. bound to cellular nucleic acids. Cells cultur~d to the 4th passage in three 75cm2 flasks 

were each treated with 4 ml of collagenase to release the cells. After washing in HBSS, 

the cells were resuspended in a total of 4 ml of medium. Multi-well culture plates 

(Linbro flat-bottom 96-well plate, Flow Laboratories, Inc., McLean, VA) were prepared 

with the following cell densities: 10,000 cells, 5,000 cells, 1,000 cells, 500 cells, 100 

cells, 50 cells, 10 cells, 0 cells per well ( cells/200 µl well ). Eight wells were seeded at 
' 

each cell density and immediately placed in the freezer. One hour later, the 96-well 

plates were thawed to room temperature. 

CyQuant reagent was prepared according to manufacturer's directions. The 

supplied concentrated cell lysis buffer stock solution was diluted 20-fold in distilled 

water. The CyQuant-GR stock solution was also diluted 400-fold with the diluted cell 

lysis buffer into a plastic container which was wrapped with foil to protect from light 

exposure. Exactly 200 µl of tbe CyQuant-GR solution was added to each well, and the 

fluorescence of the samples was measured (excitation at 485 nm with 20 nm bandwidth 

filter and emission at 530 nm with 25 nm bandwidth filter; CytoFluor 2300 Scanner 

Fluorescence Measurement System, Millipore Corp., Bedford, MA). Dilutions of the 

original assay cell lysates at a 1: 10 ratio (20 µl cell lysate mix to 180 µl CyQUANT-GR 

working solution) were also prepared and fluorescence measured as previously 

described. Fluorescence was plotted versus cell number to establish standard curves. 
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Cells cultured as controls (not subject to mechanical forces) in Flex Well plates, 

with and without collagen gel, were assayed for cell proliferation at 10 days. Cells were 

seeded at an initial density of 1.3 x 10 4 cells/well. After removal of conditioned medium, 

each plate was frozen at -80°C for subsequent analysis. After thawing of the plates, 

CyQuant-GR stock solution was prepared as previously described . Two ml of CyQuant 

stock solution were added to each well, and 200 µl aliquoted to 96-well multi-well plates 

(Linbro) , and fluorescence measured as previously described. The established standard 

curve for cell number versus fluorescence was then utilized to determine proliferation of 

cells cultured with and without collagen gel. 

APPLICATION OF CYCLIC MECHANICAL STRETCHING 

Cyclic mechanical deformation was applied to the osteoblast cells utilizing the 

FlexCell Device (FlexCell International Inc, McKeesport, PA). Briefly , it consists of a 

vacuum unit connected to a regulator solenoid valve which is controlled by a computer 

with a timer program. The deformation regimen using this device to stretch cells in vitro 

was originally developed by Banes et a[.41. When a precise vacuum level is applied to 

the system, the plate bottoms are deformed to a known percent elongation, which is 

transferred to the attached cells. The silicone material in the wells is capable of200% 

elongation . Upon timed release of the vacuum; the plate bottoms can return to the 

original conformation under most circumstances. Thus the magnitude, duration, and 

frequency of the cyclic applied force can be varied and controlled. After confluence was 

achieved, the medium was changed and the Flex Well plates were placed in the eight-plate 

base manifold unit of the FlexerCell device, which was housed inside a CO 2 incubator 
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at 37°C. The control FlexWell plates were also placed inside the same incubator but not 

subjected to any mechanical stretching. In this study, the deformation regimen used 

throughout was three cycles per minute {0.05 Hz) or 10 seconds of a maximum stretch of 

24% elongation followed by 10 seconds of relaxation according to the regimen of 

Buckley et al. 28 The viscoelastic nature of the silicone bottom did not allow complete 

recovery in the allotted 10 second time frame leaving a residual elongation of 

approximately 4% remaining during relaxation. The specific programmed regimen 

remained constant and was applied continuously to the cells for periods of 0.5 hrs to 7 

days duration. The medium was not changed in any individual experiment until day 4. At 

the conclusion of each cyclic stretch experiment ( or at 4 days if medium was replaced), 

the conditioned cell culture media was collected , centrifuged at 500 x g , and the 

supematants aliquoted for storage at -80°C. Additionally, at several time poin~s (from 

selected individual wells) conditioned media and RNA were analyzed with termination at 

30 minutes, 2 hours, 24 hours, 2 days, and ·5 days. (Fig 1) 

RNA ISOLATION 

At the culture time-points previously specified, conditioned medium was removed 

as described above and total RNA from both control and stretched cultures isolated 

using acid-guanidium thiocyanate-phenol-chloroform extraction. 42 Cells were lysed 

directly in each culture well by adding 1.0 ml ofTRizol reagent (Life Technologies, 

Grand Island, NY) per well (Table I). The lysates were passed several times through a 

5 ml pipette, and then the six sample wells for each Flex Well plate w~re pooled into one 

sample, for cells that had been mechanically stretched for continuous periods. For the 
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Figure 1 

Schematic diagram of the FlexerCell device 

Cyclic mechanical deformation was applied to the osteoblast cells utilizing 

the FlexerCell device (FlexCell International Inc). When a precise vacuum level 

is applied to the system, the plate bottpms are deformed to 14 % elongation at3 

cycles per minute , which is transferred to the attached cells. The medium was 

collected and the RNA extracted directly in each well. 
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time course experiment where individual wells represented specific time points, each 

individual well was separately extracted as a single sample. All samples were incubated 

for 5 minutes at 30°C to permit the complete dissociation ofnucleoprotein complexes. 

· Phase separation was performed with the addition of 0.2 ml of chloroform, vortexing, and 

centrifugation at 12,000 x g for 15 minutes at 2 °C. The colorless upper aqueous phase 

containing the RNA was carefully removed and placed in a clean tube. Precipitation of 

the RNA was performed by mixing the RNA-containing aqueous phase with 0.5 ml of 

isopropyl alcohol, incubation for 10 minutes at 30°C and subsequent centrifugation at 

10,000 xg at 2°C for 10 minutes. The residual RNA pellet was washed once with 1 ml 

of 75% ethanol and after vortexing was centrifuged at 7,500 x g for 5 minutes at 2 °C. 

The ethanol was decanted, the pellet was air-dried for 5 minutes, and dissolved in 100 µl 

ofRNAse-free Tris buffer (Tris-HCl, pH 7.6). Aliquots were taken for RNA quantitation 

and the samples frozen and stored at -80 °C until required for further use. 

QUANTIFICATION OF RNA IN SAMPLES 

The amount of RNA present in each sample was determined using a fluorescent 

nucleic acid stain for RNA in solution (RiboGreen RNA quantitation kit, Molecular 

Probes Inc., Eugene, OR). A IX strength TE working solution ofTris-EDTA was 

prepared by diluting the concentrated buffer (lOmM Tris-HCl, 1 mM EDTA, pH 7.5) 

20-fold with nuclease-free water. Standard curves were prepared first utilizing the 

supplied ribosomal RNA standard at an initial concentration of 100 µg/ml. Appropriate 

dilutions of the standard RNA sample, RiboGreen reagent and volume of the TE working 

solution were prepared to produce a high-range standard curve utilizing final RNA 
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concentrations in RiboGreen assay from 1 µg/rnl to 20 ng/ml (and a blank) and also a 

low-range standard curve with RNA concentrations from 50 ng/ml to 1000 ng/rnl 

including a blank. Samples were placed in 96-well flat-bottom plates (Linbro ). 

Fluorescence for the samples was measured using a fluorescence microplate reader and 

standard fluorescein wavelength filter ( excitation 485 nm and emission 530 nm). 

Analysis of RNA extracted from the stretched cells and controls was conducted in a 

similar fashion using 1 µl of RNA sample, 99 µl of the TE working solution and 100 µl 

of the RiboGreen reagent. 

REVERSE TRANSCRIPTASE- POLYMERASE CHAIN REACTION PROTOCOL 

A. Conventional 

Reverse transcription was performed under the following conditions: 2.5 mM 

MgCl2, 0.5X PCR buffer II, diethylpyrocarbonate (DEPC) treated water, 0.5 mM 

dNTPs, 0.5 U/µl RNase inhibitor, 1.75 U/µl MuLVreverse transcriptase, and random 

hexamers at a final concentration of 1.75 µM (GeneAmp RNA PCR Kit, Perkin 

Elmer/Roche Molecular Systems,Branchburg, New Jersey). Aluminum tube holders in 

' 
an ice bath container were utilized to keep reagents cold during preparation, Samples 

were placed in MicroAmp reaction tubes (Perkin Elmer) and inserted into a thermocycler 

(GeneAmp PCR System 2400, Perkin Elmer). Reverse transcription was facilitated by a 

single cycle consisting of 15 minutes at 42 °C (For cDNA template generation), 

5 minutes at 99 °C (to terminate the reaction) ending with 5 minutes at 5 °C ,· 

Polymerase chain reaction was then conducted to amplify the cDNA products 

resulting from the reverse transcription. For each one µl volume of cDNA product, a PCR 
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~aster mix consisting of the following reagents was added: 

1 mM MgCl2, 0.SX PCR buffer II, DEPC treated water and 1 :25 U/100 µI AmpliTaq 

Thermus aquaticus DNA polymerase. Gene primers for use in this experiment were 

designed from GeneBank accessions by Dr. Frank Niagro, Clinical Investigation 

Division, Eisenhower Army Medical Center, utilizing the software program Gene Runner 

(Hastings Software, Hastings, NY), and were synthesized by Genosys Biotechnologies, 

Inc., (The Woodlands, TX); (See Table 1). Forward and reverse primer solutions were 

prepared from 100 µM stocks by adding 5 µI of primer to 45 µI ofDEPC water. The 

PCR master mix contained 0.5 µ I of each primer. Thermocycling for polymerase chain 

reaction began with a 2 minute incubation at 95 °C as the initial melting step. This 

was followed by a touchdown cycling program of 30 cycles of 5 seconds each, an 

annealing step starting ii:t 65°C and decreasing by 0.5° C each cycle, and 72 °c for 5 

seconds; then20 cycles of94°C for 5 seconds, 55°C for 5 seconds, 72°C for 5 seconds, 

finally ending with 30 seconds at 72 °C .. The products were stored in tightly capped vials 

at room temperature until analyzed by gel electrophoresis. 

B. Rapid Fluorometric Thermocycler (LightCycler) - Quantitative RT-PCR 

Batch cDNA copies were made from purified RNA preps using a commercially 

available kit (GeneAmp RNA PCR Kit; PE Biosystems, Foster City, CA). Briefly, 3 µI 

of purified total RNA (0.6 - 6.0 ng) was incubated for 15 min at 42°C in a 20 µI reaction 

mixture containing 10 mM Tris-HCI; pH 8.3; 50 mM KC!; 5 mM MgCl2; 1 mM each of 

dATP, dCTP, dGTP, and dTTP; 1 Unit ofRNase inhibitor; 2.5 Units ofMuLV reverse 

transcriptase, and 2.5 µM random hexamer oligodeoxynucleotides. Reactions were 
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TABLE 1 

Primer sequences used for PCR amplification 

The following primer pairs were used in each polymerase chain 'reaction 

conducted to amplify ihe cDNA products resulting from the reverse transcription. 

For each one pl volume of cDNA product, a PCR master mix consisting of 

• 
forward and reverse primer solutions were prepared from 100 µM stocks by 

adding 5 pl of primer to 45 pl of DEPCwater. The PCR master mix contained 

0.5 µ l of each primer. 
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Gene GeneBank Sequence 5-3' (Forward) Product 

Accession 5-3' (Reverse) size (bp) 

GADPH M32599 CCGGTGCTGAGTATGTCGTG 597 

TGCTGTTGAAGTCGCAGGAG 

H4Histone 100422 ATGTCTGGCAGAGGAAAG 266 

TACACCACATCCATAGCG 

MMP-2 M84324 CTGGGAGAAGGACAAGTG 539 

CCTTGGTCAGGACAGAAG 

MMP-3 X66402 GTGTGGTTGTGTGCTCATC 420 

TTCAGAGATCCTGGAGAAAG 

MMP-7 L36244 GAAGGTCAATAGTCTAGTGG 577 

TTCTGAGTAGTCTCTTTGATAG 

MMP-9 227231 CGGACATTGTCATCCAGTTTG 504 

GGGTAGGGCAGAAGCCATAC 

MMP-10 X76537 ACAAGCCCAGCTAACTTC 540 

TCTTGGGAAGCCTTTATC 

TIMP-2 X62622 GATCAGAGCCAAAGCAGTGAG 540 

ACGCGCAAGAACCATCAC 

TIMP-3 L19622 GTGGTGGGAAAGAAGCTG 492 

AGGCGTAGTGTTTGGACTG 



terminated by incubating at 99° C for 5 min and held at 5°C until extracted. Five 

microliters of Strataclean™ resin (Stratagene, La Jolla) was added and the mixture mixed 

by vortexing. The mixture was centrifuged at 13,000 x g for 5 min and the supernatant 

carefully removed to a clean micro tube. The extracted cDNA prep was stored at -20 ° C 

until use. 

One microliter of extracted cDNA was subjected to PCR amplification in a 

LightCycler™ model LC24 (Idaho Technology, Inc., Idaho Falls, ID) in a 10 µ1 reaction 

mixture containing 50 mM Tris-HCI, pH 8.3, 500 µg/ml bovine serum albumin, 200 mM 

each dNTP, 1 :30,000 dilution of SYBR Green I (Molecular Probes, Eugene, OR), 0.05 

U/µl of Thermus aquaticus DNA polymerase (from GeneAmp RNA PCR kit), 11 ng/µl 

ofTaqStart™ antibody (Clontech, Palo Alto, CA), 5 µMeach primer, and MgC12 at a 

concentration optimized for each primer pair (3 µM for GADPH and 2 µM for MMP-9). 

Standard curves for quantitation were established for each amplification run by including 

reaction cuvettes with ~own starting quantities ( copy number) of purified PCR products 

( specific product for each primer pair). Serially diluted standards and unknowns were 

simultaneously amplified using the same PCR master mix. Correlation coefficients for 

each plotted standard curve were assessed to determine levels of confidence in the 

calculated values for the unknowns in ea~h amplification run. , 

Quantitative data were normalized to the cellular housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). One microliter samples from 

each cDNA preparation ( different cDNA preps were made for each experimental group to 

be compared) were assayed for relative levels of GAPDH mRNA. Levels of other 

evaluated RNAs were adjusted relative to one another according to the relative GAPDH 
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levels in each cDNA prep. Data were plotted relative to the control group specimens 

which were arbitrarily set to a value of 1. 

AGAROSE GEL ELECTROPHORESIS 

Two percent agarose gels for electrophoretic separations :were prepared using 

Tris- Boric acid, EDTA Buffer ( 0.089 M Tris-borate, 0.089 M Boric acid and 0.002 M 

EDTA (TBE), Fisher Biotech, Fair Lawn, NY) and agarose ( Fisher Biotech) . Gels were 

prepared by boiling 2 grams agarose in 100ml in DI water with the above reagents, 

cooled, and poured into 15cm2 geltrays. 

For electrophoresis, gels were placed horizontally in a bath of0.5X TBE buffer. 

Sample buffer (6X) consisted of0.25% bromophenol blue and 30% glycerol in H20. One 

µl of loading liuffer and 5 µ l of each sample were mixed and p_ipetted, underneath buffer, 

into the wells present in the gels. Gels were electrophoresed at an 80 milliampere (mA) 

constant current for approximately 3 hours (BioRad Subcell GT bath and Bio Rad Power 

Pac 300). After electrophoretic separation, DNA was stained using SYBR Green I 

nucleic acid gel stain (Molecular Probes), for 45 minutes at room temperature. Product 

bands were visualized with an optical scanner recording fluorescence emission at 520 nm 

with an excitation wavelength of 497 nm (Storm 860 Optical Scanner, Molecular 

Dynamics, Sunnyvale, CA). Densitometry and image analysis of band intensity was 

subsequently performed with the same apparatus and Image Quant software (Molecular 

Dynamics). 
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ZYMOGRAPHY 

Zymography or gelatin substrate SDS polyacrylamide gel electrophoresis ( SDS-

P AGE) was perfonned according to the method ofLaemmli et al, to ascertain changes in 

gelatinase activity of conditioned culture medium of cells subjected to mechanical 

stretching. Pre-cast, commercially available SDS (I 0%) polyacrylamide gels (NOVEX, 

San Diego,CA, 0.5M Tris-Glycine, pH 6.8) with I mg/ml gelatin incorporated as a 

substrate were loaded with IO µl of conditioned medium from the following sources: 

unconditioned culture medium (DMEM with 10%FBS), control samples from cells 

cultured under control conditions, and experimental samples fr~m cells cultured under the 

application of mechanical forces. Human gelatinase standards MMP-2 (72kDa) and 

MMP-9(92kDa), 0.089mg/ml (Chemicon International, Temecula, CA) were applied 

with each gel run, diluted 250-fold to visualize distinctive bands. All samples were 

loaded with an equivalent volume of2X sample loading buffer (0.5M Tris-HCI, pH 6.8, 

20 % Glycerol, 10% SDS, 0.1 % Bromophenol blue) for a final volume of20 µ1 per 

sample. The samples were loaded onto the gels without prior boiling or use of reducing 

agents , and run at a constant 30-40 mA per gel for 2 hours in a Tris-glycine SDS 

running buffer. The gels were carefully separated from their precast modules and washed 

twice for 30 minutes each to remove SDS in 100 ml renaturing Buffer ( 2.5 % Triton X-

100). The gels were then placed into 100 ml of developing buffer (50 mM Tris-HCI, pH 

8, 5mM CaCl2 , 0.02% NaN3 ) and incubated at 37°C for time periods ranging from 4 

hours to 24 hours depending on enzymatic activity. 

After the appropriate incubation, tl).e gels were stained for 30 minutes with 0.5% 

Coomasie brilliant blue R-250 dye ( Pharmacia Biotech, Uppsala, Sweden) in 20% acetic 
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acid. Gels were then destained in 20% acetic acid for one hour until gelatin substrate 

degradation was clearly visible, appearing as clear bands on a blue background. The gels 

were then photographed, scanned into digital format, and gelatinase activity quantified 

with image analysis software (hnage Tool, University of Texas Science Center, San 

Antonio, TX. ). Data is presented as integrated density per unit area. 

WESTERN IMMUNOBLOT ANALYSIS 

Aliquoted supernatants of conditioned cell media collected as previously described 

were analyzed for total protein concentration using the bicinchoninic acid assay (BCA; 

Pierce, Rockford, IL). The samples were prepared according to instructions by the 

manufacturer. Briefly, the kit reagents were combined and 2 ml added to 200µ1 of each 

protein sample. Following incubation at 37°C for 30 minutes, photometric absorbance 

was measured at 520nm on a UV-visible range spectrophotometer (Shimadzu, Kyoto, 

Japan). A standard concentration curve using bovine serum albumin (BSA, Pierce) was 

generated using dilutions of a stock solution of 2 mg/ml. 

Conditioned medium sample aliquots were diluted with sterile water to achieve 

equal concentrations of each, then denatured by heating in a boiling water bath for 5 

minutes in 50rnM Tris-HCI, pH 6.8, containing 5% j3-mercaptoethanol, 2% SDS, 10% 

glycerol, and 0.002% Bromphenol blue. A 20 µg aliquot of each sample was loaded onto 

7% SDS-PAGE pre-cast gels (Biorad, Hercules, CA) prepared according to the method 

ofLaernrnli. The gels were run at a constant 25 rnA for 1.5 hrs in running buffer 

(0.025 M Tris-base, pH 8.3, 0.192 M glycine, 0.1 % SDS). After electrophoresis, proteins 

were transferred to a nitrocellulose membrane (Sigma, St. Louis, MO) by the 
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electroblotting technique ofTowbin et a/.,43 using a commercial blotting apparatus 

(Biorad) at 4 °C with transfer buffer (25mM Tris base, 192 mM glycine, 20% methanol 

v/v) for one hour at 295 mA. 

Immunochemical staining of the blot was accomplished using the avidin-biotin-

peroxidase technique of Hsu et al 44. In this procedure, 3% hydrogen peroxide was used 

to block endogenous peroxidase activity in the medium samples. Gelatin was used to 

block nonspecific binding of the secondary antibody (biotinylat\:d rabbit anti-goat lg) 

after it was established that there was some cross-reactivity with primary antibody using 

either BSA or casein . In this technique, hydrogen peroxide in the presence of the 

chromogen diaminobenzidine tetrahydrochloride (DAB, Sigma Chemical Co.) serves as a 

substrate for a peroxidase molecule which is attached to an avidin-containing molecule. 

This conjugate is bound to a biotinylated secondary antibody , which is in turn bound to 

the primary antibody-antigen complex. This peroxidase molecule reduces the DAB 

substrate to produce a brown precipitate over areas containing bound secondary antibody 

molecules. 

Following electrophoresis, the nitrocellulose membrane was placed in 0.1 % 

sodium azide plus 3% hydrogen peroxide in phosphate buffered saline (PBS) for 10 

minutes to block endogenous peroxidase. A solution of PBS , pH 7.4, containing 5% 

Tween-20 and 10% gelatin was applied to the blot for one hour to block the nonspecific 

binding of antibodies to the blot. The blot was then incubated in a PBS solution 

containing 0.05% Tween-20 and anti-mouse MMP-9 antibody ( Santa Cruz. 

Biotechnology, Inc., Santa Cruz, CA) for one hour. This antibody is an affinity-purified 

goat polyclonal antibody raised against a peptide corresponding to an amino acid 
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sequence mapping at the carboxy terminus of the precursor form of MMP-9 of mouse 

origin, and is reactive with mouse and rat but is not cross-reactive with other MMPs, 

according to the manufacturer. Optimal immunostaining with anti-MMP-9 primary 

antibody was observed with a dilution of 1 :200. Following incubation with primary 

antibody, Biotin-conjugated rabbit anti-goat Ig, (Vector Laboratories, Burlingame, CA) 

diluted 1: 200 in PBS and 0.05% Tween-20 was applied to the blot for 30 minutes. The 

blot was then incubated with avidin-biotin complex (Vectastain ABC Kit; Vector 

Laboratories) for 30 minutes. Following this, the blot was placed in DAB substrate 

(Sigma) containing 3% hydrogen peroxide for approximately 20-60 seconds until brown 

reaction product was sufficiently visible and the reaction stopped with the addition of 

sterile water. Apparent molecular weights of proteins transferred to nitrocellulose were 

determined by calculating the migration of protein bands relative to biotinylated marker 

proteins (Biorad) of known molecular weight (200, 116, 97, 66, and 45 kDa), which also 

appeared brown. 

The gelatinase zymography standard served as a positive antibody control for 

MMP-9 while unconditioned medium ( DMEM with 10 % FBS) was used as a medium 

control. The dried blots were scanned and densitometry of immunostained protein bands 

was accomplished using the image analysis software previously mentioned (Image Tool). 

The data are presented as integrated density per unit area. 
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SCANNING ELECTRON MICROSCOPY (SEM) 

To assess morphologic changes of the osteoblast cells subjected to mechanical 

stretching, specimens were prepared from control and experimental (stretched) FlexWell 

plates from selected individual wells. Cells were observed by SEM directly on the 

silicone well bottoms. The flexible well-bottoms or membranes were carefully detached 

from each plate well with the aid of a scalpel blade following termination of mechanical 

forces and removal of conditioned medium, with each of the four conditions represented 

(control and stretched, with and without collagen gel). The membranes were fixed in 

10% buffered formaldehyde for 24 hours followed by 10% glutaraldehyde for an 

additional 24 hours. Specimens were then dehydrated through ascending ethanol 

concentrations to a final solution of 100%. Afterwards, each membrane was subjected to 

critical-point drying (CPD) using a CPD device (Tousimis, Rockville, MD) and gold

coated (Hummer, Alexandria, VA) after each membrane was attached to the metal 

staging device. They were finally examined using a Phillips XL FEG 30 scanning 

electron microscope (Phillips, Eindhoven, Netherlands). 
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RESULTS 

Cell proliferation 

The calvarial cells harvested from mouse pups displayed many phenotypic 

characteristics expressed by other in vitro osteoblast culture models; they have been 

characterized in this laboratory by staining positive for alkaline phosphatase and for 

extracellular mineralization with the Von Kassa method. These calvarial-derived cells 

were particularly suitable as a primary osteoblast culture model, since they maintain the 

ability to mineralize and form honey nodules in culture under the appropriate conditions. 

CyQuant fluorescence standard curves were linear for undiluted cell lysates up to 

50,000 cells per 200 µI. They were subsequently diluted 10-fold to 20µ1 with 180 µI 

CyQuant working solution to establish a low range standard curve (Figs. 2 and 3). 

The osteoblast-like cells cultured on FlexWell plates with and without collagen 

gel were assayed in situ after 10 days of growth with the CyQuant method. Each 

FlexWell plate was initially seeded at the same density of 1.3 x 104 cells/well, and was 

not subjected to any mechanical stretching. The cells that had been grown on collagen 

gels showed a significant 5-fold reduction in cell proliferation when compared to cells 

grown on the FlexWell Type I plates without the added collagen (Fig 4). 
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Figure2 

' 
CyQuant cell proliferation assay standard curve No.I 

Cells cultured to the 4th passage were serially diluted and Linbro flat-bottom 

96-well plate were prepared with the following cell densities,: 50,000 cells, 25,000 

cells, 10,000 cells, 5,000 cells, 500 cells, 250 cells, and O cells per well (cells/200 

µ[well). Fluorescence was measured at 485 nm for the undiluted 200 µI 

sa'!'ples from each well and is plotted versus cell number. 
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Figure3 

CyQuant cell proliferation assay standard curve No.2 (Low range) 

Dilutions of the previous cell densities at a 1: 10 ratio (20 µI cell lysate mix to 180 

µI CyQuant-GR working solution) were also prepared and fluorescence 

measured as previously described, and is plotted versus cell number. 
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Figure 4 

Cell proliferation at 10 days of growth with and without collagen gel 

Cells cultured as controls (not subject to mechanical forces) in FlexWell plates, 

with and without collagen gel, were assayed for cell proliferation at 10 days. 

Cells were seeded at an initial density of 1.3 X 10 4 cells/well. Two ml of CyQuant 

stock solution were added to each well, 200 µI aliquoted to 96-well multi-well 

plates (Linbro), and fluorescence measured undiluted as previously described. 

Cell number is plotted for each condition based on the standard curves. 
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Expression of mRNA 

A. Conventional PCR / Agarose gel results. 

In order to determine changes ofmRNA expression of MMPs due to mechanical 

stretching, RT-PCR was performed using total cellular RNA extracted directly from cell 

cultures immediately at the termination of mechanical stretching, as·well as from non

stretched controls. Primers for the house-keeping gene GAPDH and the proliferation

associated gene histone H4 were utilized, as well as for the metalloproteinase genes 

MMP-2, MMP-3, MMP-7, MMP-10, and the tissue inhibitors ofMMPs, TIMP-2 and 

TIMP-3. The results demonstrated that the mRNA of many MMPs in this mouse 

calvarial-derived osteoblast culture model are constitutively expressed. Cells cultured 

without collagen gels consistently demonstrated mRNA for MMP-2, MMP-3, MMP-7, 

MMP-10, TIMP-2, and TIMP-3 with or without application of mechanical stress. The 

GAPDH and histone H4 genes were consistently expressed under all conditions; cells 

grown with and without collagen matrix, and when subjected to mechanical stress. 

GAPDH serves as a 'housekeeping' gene and is expressed in all vital cells, while histone 

H4 is more representative of cells undergoing proliferation rather than differentiation. 

Although many cells in this calvarial osteoblast model have shown varying stages of 

differentiation, a significant population of them may also be able to undergo proliferation. 

RNA yield established by the RiboGreen assay revealed two distinct levels of 

concentrations (Fig. 5). Cells grown on native collagen gel exhibited a significant several

fold reduction compared to those cultured without it, regardless of mechanical force 

application (Fig 6). On cells grown without collagen gels and subjected to stretching of 
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Figure 5 

RNA RiboGreen assay standard curve 

A standard curve was prepared utilizing ribosomal RNA standard at an initial 

concentration of 100 ,ug/ml. Appropriate dilutions of RiboGreen reagent and 

Tris-EDTA were prepared to produce final RNA concentrations from 50 ng/ml to 

1000 ng/ml. Samples were placed in 96-well flat-bottom plates (Linbro) and 

fluorescence measured at 485 nm. Fluorescence is plotted versus RNA 

concentration. Analysis of RNA extracted from the stretched cells and controls 

was conducted in a similar fashion using 1 µI of RNA sample, 

99 µI of a Tris-EDTA 9 (TE} buffer and JOO µI of the RiboGreen reagent. 
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Figure6 

RNA quantitation of control and stretched total cellular RNA with 
RiboGreen assay 

Analysis of RNA extracted from the stretched cells and controls was conducted 

with I µI of RNA sample, 99 µI of TE buffer and 100 µI of the RiboGreen 

reagent. Samples were extracted from the time course experiment 

at 0.5, 2, 6, 24, 48, and 96 hours. 
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24% elongation at 3 cycles per minute, there was a noticeabl<;: increase in expression of 

mRNA for MMP-9 (Gelatinase-B), when compared to non-stretched controls. This result 

differed from the other MMPs which did not change (Fig. 7). The gel shows the MMP-9 

cDNA amplified product at approximately its predicted size; no contaminating genomic 

DNA products were apparent (Fig 8). 

In order to further elucidate the increase of expression ofMMP-9, the mRNA was 

analyzed after application of mechanical force to the cells for specific time intervals of 
. ' 

0.5, 2 , 6 , 24, 48 and 96 hours. The increase was variable over time but was observed at 

the first time point examined, as early as 3 0 minutes. The general trend of enhanced 

expression ofmRNA for MMP-9 was observed up to 96 hours (Fig 9). Digitized 

densitometry of PCR product compared control groups to stretched groups. Statistical 

analysis of data for the control and stretched groups using the one-way analysis of 

variance (ANOV A) as well as the paired t test confirmed a statistically significant 

difference of P < 0.005 (Fig. 10). The mean relative difference was approximately a 

60% increase in MMP-9 mRNA expression (Fig 11 ). 

For cells grown on the collagen gels, expression·ofmRNA for MMP-9 was 

generally weak or non-existent for both control and stretched cells, although these results 

were observed to be variable . Similarly, for the same conditions, the expression for 

MMP-2 was present and generally unchanged (Figs; 12 and 13). 

B. Rapid thermocycler (LightCycler) results: 

The software in the LightCycler can calculate starting cDNA copy number by 

normalizing each sample (by subtracting the background fluorescence) and applying a 
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Figure7 

RT-PCR DNA products from RNA extracted from control and stretched 
cells 

at 48 hrs of stretching from time course experiment 
' 
! 

Amplified PCR DNA products electrophoretically separated on a 2% agarose 

gel. For each control and stretch group, 5 µ l of each sample 
' ; 

were loaded for each of the following: 
i 

From left to right: 

1 kb : 1 kilobase DNA ladder standard 
. ' 

gd: GAP DH housekeeping gene primer 

2 : MMP-2 primer 

3 : MMP-3 primer 

9 : MMP-9 primer 

10: MMP-10 primer 

h4 : H4 histone primer 

t2 : TIMP-2 primer 

t3: TIMP-3 primer 

The arrows indicate the enhanced expression of mRN.A for MMP-9 with 

mechanical stretching, compared to non-stretched controls 
: ' 
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Figure 8 

Assessment of PCR product purity 

The schematic diagram depicts gene structure of MMP-9 compared to mRNA. 

The primers (forward and reverse) were designed.to flank 4 intr<;ms. The 

expected product generatedfrom mRNA is 504 base pairs in length, 
i 

which is observed in Fig. 7 for MMP-9 PCRproduct. The expected.product of 

any genomic DNA contamination in the RNA preparations would yield a product 

over 1069 base pairs in length, which is not observed in the gel. As a reference, 

the genomic sequence for MMP-9 is 8190 base pairs in length, compared to the 

MMP-9 mRNA sequence of 3167 base pairs. 
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Figure9 

MMP-9 DNA agarose gel products expressed in time course experiment 

RNA extraction of time points from selected individual wells analyzed for MMP-9 
. ' 

expression with RT-PCR, with termination at 30 minutes, 2 hours, 24 hours, 48 

hours, and 96 hours of mechanical stretching. The PCR products from control 

and stretched conditions were electrophoretically separated on a 2% agarose gel. 

The difference in expression of MMP-9 mRNA at 48 and 96 hours 

of control versus flexed is distinct ' 
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Figure 10 

Relative MMP-9 mRNA temporal expression 

Expression of MMP-9 mRNA analysis after application of mechanical force for 

specific time intervals of 0.5, 2, 6, 24, 48 and 96 hours paired with controls 

and analyzed with digitized densitometry. The increase was variable over time 

and can be observed at the first time point, as early as 30 minutes. The general 

trend of enhanced expression of mRNAfor MMP-9 was observed up to 96 hours. 

Integrated density per unit area is plotted versus time. Statistical analysis of the 

data using the one-way analysis of variance (ANO VA) as well as the paired t-test 

confirmed a statistically significant difference of P < 0. 005. 
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Figure 11 

Relative MMP-9 mRNA time course summary 

The mean relative difference in MMP-9 mRNA expression for stretched cells 

compared to non-stretched controls is shown and approximates a 60% increase. 

The mean data from the previous chart for each group 

are plotted with standard deviation. 
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Figure 12 

RT-PCR products with and without collagen; control (non-stretched) 

RNA extracted from control cells cultured wiih and without collagen but not 

subjected to mechanical stretch. PCR products were 

electrophoretically separated on a 2% agarose gel. 

From left to right : 

1 kb : 1 kilobase DNA ladder standard 

Lane 1 : GAPDH 'housekeeping gene' primer 

Lane 2 : MMP-2 primer (without collagen) 

Lane 3 : MMP-3 primer (without collagen 

Lane 4 : MMP-9 primer (without collagen) 

Lane 5: GAPDHprimer (with collagen) 

Lane 6: MMP-2 primer (with collagen) 

Lane 7 : MMP-3 primer (with collagen) 

Lane 8 : . MMP-9 primer (with collagen) 

The central lanes are negative controls run without RT (reverse transcriptase) 

The difference in MMP-9 mRNA is weakly expressed without collagen, and does 

not appear to be expressed for cells cultured with collagen 
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Figure 13 

RT-PCR products with and without collagen; with mechanical stretch 

RNA extracted from control cells cultured with and without collagen 

subjected to mechanical stretch. PCR products were 

electrophoretically separated on 2% agarose gel. 

From left to right : 

I kb : I kilobase DNA ladder standard 

Lane I : GADPH 'housekeeping gene' primer 

Lane 2 : MMP-2 primer {with collagen) 

Lane 3 : MMP-3 primer (with collagen 

Lane 4 : MMP-9 primer {with collagen) 

Lane 5 : GAP DH primer (without collagen) 

Lane 6 : MMP-2 primer (without collagen) 

Lane 7 : MMP-3 primer (without collagen) 

Lane 8 : MMP-9 primer (without collagen) 

The central lanes are negative controls run without RT (reverse transcriptase) 

The differences show MMP-9 mRNA is weakly expressed for cells cultured 

with and without collagen, in contrast to figure I 2, illustrating 

the variability of expression in mRNA 
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best fit of the reaction product increase to a logarithmic curve. A fluorescence 'threshold' 

is used to determine .fractional cycle numbers that correlate to the initial template 

concentrations in the serially diluted copy number standards (standard curve - Fig. 14). 

The data presented were plotted by calculating copy number per microliter. This 

was based on molecular weight of each product (using its base-pair length times the 

molecular weight of one nucleotide base-pair), Avogadro's number and the concentration 

of starting material in ng/µl used to establish each standard curve (which was obtained 

by PicoGreen quantification of the purified product). 

The data were plotted for each trial (mechanical stretching experiment). Data for 

GAPDH is shown for raw values comparing controls and stretched cells (Fig. 15) This 

comparison was made to establish whether GAPDH was satisfactory as an internal · 

control. Although GAPDH levels fluctuated widely, it did not change in response to 

mechanical stretching in any repeatable manner. 

Normalization to GAPDH for the data groups was performed to elucidate relative 

differences in MMP-9 levels relative to a common reference point (GAPDH). For each 

trial, normalization to GAPDH for MMP-9 was done to show,levels ofmRNA relative to 

GAPDH, for each condition of control vs. stretched, in pair-wise fashion (Fig. 16). To 

summarize all the trials, the mRNA levels were shown , after pair-wise normalization to 

GAPDH. The control values were assigned a value of one, to, show the increase of 

MMP-9 levels relative to the controls. The mean value and standard deviation are also 

shown for all trials. Trial #1 (Ia and lb) data forMMP-9 are included from a previous 

mechanical stretch experiment by another investigator (Fig 17). The data clearly indicate 

a mean 40-fold increase in mRNA for MMP-9, based on starting copy or cellular 
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Figure 14 

Representative LightCycler quantitation for GAPDH RNA 

Data presented include SYBR Green /fluorescence versus cycle number (top 

right) andthe log of fluorescence versus cycle number (bottom right). The 

LightCycler software calculates a "noise band" line based on a best fit of the 

initial reaction kinetics (fluorescence data) to an exponential curve. The log of 

the fluorescence increase at the point where each data set r;rosses the "noise 

band" is a linear function, and the cycle number at which each curve intersects 

the "noise band" is called the crossing point. Crossing points for the known 

standards (serially diluted specimens with known numbers of DNA templates) are 

plotted versus the log of the concentration of those standards in a standard curve 

(bottom left). The value for each unknown specimen is calculated from the 

standard curve and presented as a concentration value (top center). 

Correlation coefficient (error) for the standard curve is included for assessment 

of confidence in each data set. 
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Figure 15 

Rapid thermocycler PCR GAPDH mRNA levels 

The data presented is calculated starting cDN,4 copy n'umber per microliter 

using the concentration of starting material (ngl µI) that established each 

standard curve. The calculated copy number or cellular transcript represents the 

initial starting material concentration before amplification as calculated by the 

LightCycler software. The data was plotted for each trial (mechanical stretching 

experiment). Data for GADPH is shown for raw values comparing controls and 

stretched cells. GAP DH levels fluctuated, but did not change in response to 

mechanical stretching in any repeatable manner. 
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Figure 16 

Rapid Theromocycler PCR Relative MMP-9 mRNA levels 

Normalization to GAPDHf01:MMP-9 was accomplished to show levels ofmRNA 

relative to GAPDH, for each condition of control vs. stretched. The data plotted 

are copy number of starting material for MMP-9 for each trial, pair-wise, for 

control versus stretched groups. Trial #5 is taken from the time course experiment 

and includes data from cells grown on collagen, which did not show differences in 

expression, in agreement with data from the conventional PCR. 
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Figure 17 

Relative MMP-9 mRNA summary 

Summary of mRNA levels, in copy number per microlite~, are shown after 

corresponding GAP DH normalization to controls in each pair. The control 

values are assigned a value of one, to show the relatiye increase of MMP-9 

levels. The mean value, representing a 40-fold increase, as well as standard 

deviation are also shown for all trials. The data for Trial#] (la and Jb)for 

MMP-9 are included from a previous mechanical stretch experiment by another 

investigator. The data clearly indicate a trend for an increase in mRNA for 

MMP-9 in response to mechanical stretch. 
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transcript number, in response to mechanical stretch. The data for the trial with the cells 

on native collagen were included to verify earlier findings with conventional RT-PCR 

that there was little difference in mRNA levels for MMP-9 with mechanical stretch. 

Gelatinase activity 

To analyze the functional activities ofMMPs expressed in this osteoblast model 

with the application of mechanical stress, MMP-2 and MMP-9 gelatinase activity was 

assayed from collected conditioned cell culture medium. Since both MMP-2 and MMP-9 

are capable of degrading gelatin as a substrate, SDS-PAGE gelatin zymography was 

performed as described in Materials and Methods. Medium was collected from cells that 

had undergone stretching for 4-7 days duration, as weU as from non-stretched controls . 

. Human gelatinase standards MMP-2 and MMP-9 for zymograpliy were used in each 

zymogram gel to identify enzymatic activity in unknown samples according to known 

molecular mass. 

Constituent activity for both gelatinases was present in unconditioned DMEM 

medium, since it contained 10% FBS. Many different proteases are known to exist in 

fetal serum. Serum-free medium was not used in these experiments, to enable the cells to 

withstand the regimen of mechanical cycling for prolonged periods. Previous attempts 

to culture these cells in serum-free medium in this laboratory were generally not 

successful. Differences in activity of conditioned medium became readily apparent, 

however, enabling normalization of activity relative to DMEM (with I 0% FBS). (Fig 18) 

Results indicate that MMP-2 (Gelatinase-A) activity was strongly expressed in 

conditioned medium from osteoblasts grown without collagen gel, but there was no 
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Figure 18 

Gelatin zymogram 

Zymography of unconditioned culture medium (DMEM with 1 O'YoFBS) as 

control, samples from cells cultured under control conditions, and experimental 

samples from cells cultured with the application of mechanical forces for 7 days, 

cultured with and without collagen. Incubation of t~e gel (renaturation) 

following electrophoresis was for 24 hours. 

Stnds: 72 and 92 kDa gelatinase standards 

Lane I : Unconditioned medium stretched cells wl collagen 

Lane 2: Medium from control cells wlout collagen 

Lane 3: Medium from control cells wl collagen 

Lane 4: Medium from stretched cells w/out collagen 

Lane: 5 Medium from stretched cells wl collag_en 

The yellow arrow shows control w/ collagen compared to stretched wl collagen 

and the apparent changes noticeable in gelatinase activity 



92k 

72k 

1 2 3 4 5 

V, 
~ 



observable difference between controls and·stretched cells. This' activity consistently 

appeared as a doublet band in the zymogram, with a slightly higher (slower migrating) 

band position, which demonstrated weaker activity, being attributed to the conditioned 

medium (when compared to unconditioned medium - Fig. 19) However, a decrease in 

this activity was observed for cells grown on the collagen gel which had not been 

subjected to mechanical forces. When force was applied, there was a noticeable increase 

for this activity represented in the higher molecular mass (slower migrating) form, that 

correlated with cells not grown on collagen. (Fig 20) 

The gelatinase activity of the cells (above results) was observed with incubation 

of the zymogram gels in the developing buffer for 24 hours at 37°C. In order to discern 

differences in enzymatic activity of other molecular species , possibly reflecting apparent 

high concentrations of those enzymes or high activity rates, shorter incubation times were 

utilized. Incubation for 4 hours at 37°C demonstrated the presel\ce ofMMP-2 activity 

but the characteristic dou):,let _band was not present, indicating possible weak enzymatic 

activity or low concentration of the higher molecular mass portion of the doublet band, 

which may have required more time to degrade the gelatin substrate. (Fig 21) 

Expression ofMMP-9 gelatinase-B activity was very weakly expressed at 24 hours 

of incubation without any discernable differences appreciated between groups of 

control and stretched cells. A shorter incubation·time of the gel in developing buffer for 8 

hours revealed a slight difference in control groups suggesting an increase of activity for 

MMP-9 with cells cultured with the collagen gel compared to cells cultured without 

(Fig 22). Application of mechanical stretch resulted in no discernable activity for either 

group. Also noted in this zymogram gel was the activity ofMMP-2 (single band only) 
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Figure 19 

Gelatin zymogram 

Zymography of culture medium samples from cells cultured under control 

conditions, and experimental samples from cells cultured with the application of 

mechanical forces for 7 days, cultured with and without collagen. 

Incubation of the gel following electrophoresis was 24 hours. 

Stnds : 72 and 92 kDa gelatinase standards 

Lane 1: Medium from stretched cells wl collagen 

Lane 2: Medium from stretched cells wlout collagen 

Lane 3: Medium from control cells wl collagen 

Lane 4: Medium from control cells w/out collagen 

Activity of MMP-2 (72 kDa) consistently appeared as a doublet band with a 

slightly higher band position, which can be attributed to conditioned medium 

when compared to unconditioned medium. A decrease in this activity was 

observed for cells grown on the collagen gel which had not been subjected to 

mechanical forces (Lane 3 -yellow arrow) .. When force was applied, there was a 

noticeable increase for this activity (Lane I - white arrow) represented in the 

higher molecular mass form, that correlated with cells not grown on collagen. 
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Figure20 

' MMP-2 activity (normalized to DMEM Medium) 

Gelatinase activity of MMP-2 quantified with digital imaging densitometry. 

Data is presented as integrated density per unit area. A decrease in MMP-2 

activity, normalized to DMEM (background density of uncondtioned medium 

subtracted), was observed for cells grown on the collagen gel which had not 

been subjected to mechanical forces. When force was applied, there was a 

noticeable increase for this activity represented in the higher molecular mass 

form that correlated with cells not grown on collagen. 
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Figure 21 

Gelatin zymogram at 4 hour incubation 

Zymography of conditioned' culture medium from cells cultured under control 

conditions, and samples from cells cultured with mechanical forces for 7 days, 

cultured with and without collagen. Incubation_ of the gel follo_wing 

electrophoresis was 4 hours. 

Stnds : 72 and 92 kDa gelatinase standards 

Lane I : Medium from control cells wlout collagen 

Lane 2: Medium from control cells wl collagen 

Lane 3 : Medium from stretched cells wlout collagen 

Lane 4 : Medium from stretched cells wl collagen 

The short incubation of conditioned medium revealed little changes between the 

groups, likely due to the influence of constitutive gelatinase activity in DMEM 

medium from FBS. However, a slight reduction in activity for cells grown on 

collagen can be discerned (Lane 2). 
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Figure22 

Gelatin zymogram at 8 hour incubation 

Zymography of unconditioned culture medium (DMEM with I O¾FBS), 

. conditioned culture medium of samples from cells cultured under the control 

conditions, and samples from cells c;ultured with mechanical forces for 7 days, 

cultured with and without collagen. Incubation of the gel following 

electrophoresis was 8 hours. The arrows indicate control (yellow) wl collagen 

and stretched wl collagen condtions. 

Stnds : 72 and 92 kDa gelatinase standards 

Lane I : Unconditioned medium 

Lane 2: Medium from control cells w/out collagen 

Lane 3: Medium from control cells wl collagen 

Lane 4': Medium from stretched cells w/out collagen 

Lane 5: Medium from stretched cells wl collagen 

A slight difference in control groups revealing an increase of activity for 

MMP-9 (92 kDa) with cells cultured with the collagen gel compared to cells 

cultured without is apparent. Mechanical stretch resulted in no apparent activity 

for either group. Also noted in this zymogram gel was the activity of MMP-2 

from cells not grown on collagen, with similar reduction of activity when cultured 

on the collagen gel. 
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from cells not grown on collagen, with similar reduction of activity once cultured with 

the collagen gel (Fig 23). 

Western immunoblot analysis 

Immunoblots were performed on electrophoretically separated proteins of 

conditioned medium, collected from cell cultures subjected to 6 and 48 hours of 

mechanical stress as well as controls (from the time course experiment). Additionally, 

unconditioned medium was also tested, since zymography demonstrated enzymatic 

activity. Results indicated the presence ofMMP-9 for all conditions, with discernable 

differences between unconditioned medium and conditioned media samples, especially 

after 48 hours of time in culture. This allowed normalization of data to unconditioned 

medium (DMEM), as indicated in the figures (Fig 24). 

The level of MMP-9 protein detected was significantly increased at 48 hours of 

culture compared to 6 hours. The difference between control groups and test groups 

(subjected to mechanical stretching) was not significantly noticeable. However, this 

difference was more readily apparent at 48 hours, with a slight increase noted in MMP-9 

protein for cells that had been mechanically stressed (Fig 25). 

Microscopic observation 

a. Phase contrast light microscopy 

Phase contrast microscopy indicated variable differences between test and control 

groups. Cells from control plates appeared attached in a random fashion, with 
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Figure 23 

MMP-9 activity (normalized to DMEM Medium) 

Gelatinase activity of MMP-9 quantified with digital imaging densitometry. 

Data is presented as integrated density per unit area. An increase in MMP-9 

activity, normalized to DMEM, was observed for cells grown on the collagen gel 

which had not been subjected to mechanical forces. Whf!n force was applied, 

there was a noticeable decrease for this activity, which increased 
I 

with collagen, in contrast to MMP-2. However; this activity 

was very weak in comparison to that of MMP-2 
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Figure24 

MMP-9 Western immunoblot ' 

20 ,ug samples of conditioned medium samples were electrophoretically 

separated, proteins transferred to nitrocellulose, and subjected to 

immunochemical staining using avidin-biotin-peroxidase conjugated 

to anti-mouse MMP-9 antibody. 

Biotinylated molecular weight standards are indicated on the left 

Lane 1: Unconditioned medium 

Lane 2: Medium from 6 hrs control cells 

Lane 3 : Medium from 6 hrs mechanical stretched cells 

Lane 4: Medium from 48 hrs control cells 

Lane 5 : Medium from 48 hrs mechanical Str(ftched cells 

The level of MMP-9 protein detected appears increased at 48 hours of time 

(arrow) compared to 6 hours (Lane 4), but the difference between control groups 

and test groups (subjected to mechanical stretching) is not significantly 

noticeable. However, at 48 hours, a decrease is more readily apparent for 

MMP-9 protein for cells that had been stretched. 



\0 
\0 

62 



Figure25 

MMP-9 Western immunoblot protein levels 

Densitometry of immunostained protein bands on the blot. The data is presented 

as integrated density per unit area for each condition. 

The level of MMP-9 protein detected appears significantly increased at 48 

hours of time in culture compared to 6 hours. The difference between control 

groups and test groups (subjected to mechanical stretching) reveals a slight 

increase for MMP-9 which may not be significant. However, a decrease 

is more readily apparent at 48 hours for MMP-9 protein 

for cells that have been mechanically stretched. 

' ' 
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characteristic polygonal, stellate shape. (Fig 26a) Cells from plates that had been 

subjected to mechanical force appeared in parallel arrangements , with elongated shapes 

(Fig 26b ). Cells at the center of the wells exhibited an arrangement more closely 

resembling control cells. Cells at the periphery of the well, however, appeared more 

uniformly organized in a parallel manner and perpendicular to ~e direction of stretching 

(Fig 26c). 

b.SEM 

At the conclusion of mechanical stretching, several wells from each plate 

corresponding to the four conditions were examined by SEM. Although the cell 

morphology for the conditions appeared to be variable, the following trends were 

observed: 

'Control cells cultured without collagen demonstrated a rounded appearance with 

apparent 'pseudopod - like' cytoplasmic extensions attaching to the flexible surface 

(Fig 27a). Cells that had b'een stretched had a more flattened appearance, but with an 

increase in surface 'pseudopod - like' attachment Also visible were roughened cell 

surface featur~s, that could represent membrane extrusion or damaged cell membrane. 

(Fig 27b) 
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Figure26 

Phase contrast light microscopy of cells 

a. Top : Control cells (non-stretched) 

Cells from control plates appeared attached in a random fashion, with 

characteristic polygonal, stellate shape. 

b. Center: Cells subjected to mechanical stretchiilg 

Cells from plates that had been subjected to mechanical force appeared in 

parallel arrangements , with elongated shapes. 

c. Bottom: Cells subjected to mechanical stretching (edge of membrane) 

Cells at the periphery of the well appeared more uniformly organized in a 

parallel manner and perpendicular to the direction of stretching. 
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Figure27 

SEM ofcells 

a. Top : Control cells cultured without collagen demonstrated a rounded 

appearance with apparent pseudopod - like' cytoplasmic extensions attaching 
' 

to the flexible surface. Magnification : 965X 

b. Bottom : Cells that had been stretched had a more flattened appearance, but 

with an increase in surface pseudopod - like' attachment. Also visible were 

roughened cell surface features, that could represent membrane extrusion or 

damaged cell membrane. Magnification : 874X 
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DISCUSSION 

The finding that osteoblasts can synthesize various collagenases 

(metalloproteinases) has led to the hypothesis that these cells play a major role in 

remodeling . Many different in vitro osteoblast models have been shown to secrete 

metalloproteimises (MMPs) in culture. These include the collagenases, stromelysins, 

and the gelatinases, as well as others. 45 Lorenzo, et al reported on the ability of 

newborn mouse calvarial cells to produce both 72-kDa and 92 kDa gelatinases (MMP-2 

and MMP-9, respectively) by secreting them into the medium, with increases in activity 

upon stimulation by cytokines, interleukins, and chemical mediators of bone resorption 

such as phorbol esters. 34 Our results also showed a similar profile of constitutive 

MMP-2 and MMP-9 activity in conditioned medium from our osteoblast culture model, 

with MMP-2 activity expressed at a much higher level than MMP-9. Others have shown 

that mechanical stimulation of these calvarial cell cultures has also resulted in changing 

phenotypic responses as measured by proteins such as osteocalcin, osteonectin, alkaline 

pliosphatase, and Type I collagen. 23, 29, 46 One group in Japan found that parathyroid 

hormone or cyclic application of tension forces (17% elongation, 3 cycles/min) could 

induce collagenase (MMP-1) production in cultured osteoblast-like cells. 47 

The effects of mechanical stress on bone cells in vitro have been diverse and 

• 
difficult to generalize, because of the variable responses, which may be due to the source 

of the cells used and the characteristics of the strain applied. However, a review by 

Burger et al notes that osteoblastic cells can respond differently to high and low strain. 
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With high stress levels, cells respond by increasing proliferation after up-regulating 

prostaglandin synthesis and resorption-stimulating factors (such as MMPs), whereas 

alkaline phosphatase and collagen synthesis are down-regulated. If low cyclic stress of a 

more physiologic ~agnitude is applied, however, cell proliferation becomes inhibited, 

while alkaline phosphatase and protein synthesis are increased . .48 It has become well 

established that even within the same osteoblast culture models, there are individual cell 

populations that are more strain sensitive than others. 49 

In this study the established method of the osteoblast culture preparation from 

mouse calvaria pooled all fractions following enzymatic sequential digestion. In many in 

vitro studies of osteoblasts, these fractions are separa~ed to isolate cells that have been 

subjected to the longer enzymatic digests. These latter fractions have been identified by 
I 

others as displaying more mature osteoblastic or osteocycti~ p~enotypes. 50, 51 It is 

therefore likely that the culture derived from the pooled digests in our study contained 

many different populations of bone cells at varying stages of dlfferentiation. 

Additionally, the cells in our model were found to proliferate less and appeared to express 
i 

a more differentiated phenotype. Our study also used 1-2 day old mouse pups, which 

perhaps yielded a more significant population of cells that expressed a more differentiated 

phenotype. In contrast, in other studies fetal rat calvaria have traditionally been used. in 

order to elucidate the osteoblast differentiation process. 50 

Another study by Mikuni-Takagaki et al used rat calvari!11-derived cells and 

separated the sequentially enzyme-digested fractions. They subjected each separate 

fraction to a mechanical stress of 4000 µE. The most responsive cells were those 

recovered from intermediate fractions, between mature osteoblasts and young osteocytes, 
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as identified by insulin-like growth factor, bone Gia protein, and mineral accumulation. 

52 In another study that addressed this, sequential digests of calavarial cells yielded 

two major populations of bone cells; osteoblast-like cells (osteoblast, osteocyte) and 

osteoprogenitor cells. The osteoblast-like cells required mechanical stimulation to 

maintain their osteoblastic phenotype in culture, whereas osteoprogenitor cells remained 

unchanged when stress was applied ,53 Others have suggested that osteocytes are the 

cells in bone that are most responsive to physiologic mechanical forces, due to their 

orientation within mineralized matrix. Embedded 'in lacunae with long cytoplasmic 

processes extending through cannaliculi, these cells are able to sense small differences in 

fluid shear stress. 54 

We used native type I collagen gels in attempts to determine if the cells grown on 

a three-dimensional matrix would respond differently to mechanical stress, when 

compared to controls ( cultured only on dried, thin collagen films). Other investigators 

have used various substrates to induce osteoblastic differentiation of calvarial cells in 

culture. Type I collagen in the form of dried film or native gel has been used most 

extensively, with the rationale that it comprises most of the organic matrix of bone. 55 

Most of the studies have reported decreased proliferation, accelerated mineralization, 

elevated alkaline phosphatase production, and upregulation ofmRNA for osteonectin, 

osteopontin, and osteocalcin. 56-58 Mizuno reported that type I collagen gels stimulated 

osteogenesis of meseynchymal stem cells in culture that were isolated from rat bone 

marrow 59_ Although the various biochemical markers listed above were not measured to 

evaluate changes of differentiation in our study, the data on proliferation did agree with 

others, with a significant decrease being noted for calvarial osteoblasts grown on the 
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collagen gels. However, the CyQuant working reagent was added directly to each well, 

and did not appear to permeate the collagen gel surface. This may have resulted in a 

larger difference of cell number measured between controls ~d collagen gel plates, if 

sufficient numbers of cells were actually present below the surface of the native collagen 

gel, and not exposed to the reagent. 

Although expression for MMP-9 mRNA in this culture model was found to be 

significantly increased when compared to non-stretched controls, there appeared to be no 

' significant differences in expression ofMMP-2 mRNA. This was a consistent finding for 

all of the conditions. Genetic regulation of the two gelatinases is known to be distinctly 

different. Analysis of the genomic structure and promoter of MMP-2 has revealed that 

this gene does not have an AP-I site, or TATA box in the 5' promoter region as MMP-9 

does, which all the other MMPs also possess. 60 Sato has described differences in 
' 

other transcription promoter and enhancer sites for both MMP-2 (AP-2 and SP-1) and 

MMP-9 (NF-KB, TPA-Response element, and SP-1). 61 

One finding in our study was that mRNA levels for MMP-9 were observed to be 

significantly increased in response to mechanical stretch. However, this occurred only for 

those cells that had been cultured without collagen gels; this could perhaps suggest that 

up-regulation ofMMP-9 at a transcriptional level does not occur with native collagen 

matrix environment. Since these cells were exposed to the native collagen matrix, an 

accelerated or enhanced differentiation might reflect a down-regulation ofMMP-9 

mRNA. Rifas, in a study using a human osteoblast cell line as well as primary human 

osteoblasts, found synthesis ofMMPs was repressed for the cells of a more differentiated 

origin. 62 Also, Liu and co-workers have shown that there can be tremendous variability 
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of mRNA expression among osteoblasts in calvarial cultures. It is speculated this may 

reflect differences in stage of cell cycle among individual cells. This observed 

heterogeneity of the mature osteoblastic phenotype may represent a more flexible pattern 

of genetic expression, rather than a single and unique phenotype. 63 

Interestingly, the data from the zymograms indicated an increase in activity for 

MMP-9 for the control cells grown on the collagen, and was present but very weak for 

cells without collagen. However,"both control conditions showed a decrease with 

mechanical stress, and activity was no longer discernable with zymography. Again, these 

data suggest perhaps a secretory change for MMP-9 rather than ,a transcriptional event. 

The resuits from the Western immunoblot analysis also correlated well with zymogram 

data for cells cultured without collagen matrix. Concentrations c;,fMMP-9 protein showed 

a temporal increase in controls, and decreased with stress; however, it was still detectable. 

At an early point of 6 hours of stress, this data also illustrated a very slight increase of 

MMP-9, but this effect could not be discerned over time, and may not be significant. The 

sensitivity of this assay indicated presence of the protein where perhaps enzymatic 

activity may have been too weak to detect with zymography. 

In contrast, the opposite response was observed for the other gelatinase, MMP-2. 

It has been consistently reported as being secreted into the medium of osteoblast cell 
I 

cultures at a constitutive level. 34, 38, 45 Since the cells from our study exhibited 

changes of being more fully differentiated when cultured on collagen, this may have 

rendered them less responsive to the higher stress 'levels utilized, but perhaps instead 

more sensitive to physiologic loading. The doublet band of activity for MMP-2 was' 

consistently noted in the zymograms. 64 It is interesting to note that the band of activity 
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of higher molecular mass which decreased on collagen controls, and was partially 

restored with mechanical loading, may represent a pre-processed form of the 

enzyme. 65 , 66. Both of the gelatinases are secreted in latent form as pro enzymes, and 

require cleavage of propeptides for subsequent activation in the extracellular matrix. 

Activity of the latent forms of these enzymes is expressed in non-reduced SDS gels due 

to the dissociation of inhibitor-enzyme complexes by SDS. 33 In tissues, MMP-2 is 

inhibited by TIMP-2 and MMP-9 by TIMP-1, as well as serum proteins such as a

macroglobulin 33. Interestingly, differences in expression for TIMP-2 and TIMP-3 

mRNA with mechanical stress was not observed in our study. TIMP-1 mRNA was not 

evaluated since PCR primers were not available. 

The activated forms of MMP-2 and 9 have been found to migrate to positions of 
' 

62 and 82 kDa, respectively, in non-reducing SDS gels. This occurs after non

proteolytic chemical activation with amino-phenylmercuric acetate, a thiol-modifying 

reagent . 64 However, this agent was not used in this study, and activated forms of 

MMP activity were not observed in any of the zymogram gels. 

These opposite results where each gelatinase responded differently to collagen 

substrate and mechanical stress emphasizes earlier findings by others that these two 

MMPs are regulated very differently. Overall, this could sugg~st a post-translational 

modification, perhaps, or changes in secretion of each MMP molecule. The cytoskeletal 

protein vimentin, which Buckley found to be increased 22-fold with mechanical stretch, 

is intimately associated with integrins of the cell membrane 29. Cell surface integrins 

help mediate responses to the extracellular matrix, as well as outside mechanical forces, 

and might play a role in changing secretion ofMMPs. MMP-2, which in latent form is a 
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pro-gelatinase, can be activated by another MMP, called MTl-MMP (MMP-14), which is 

a membrane-associated metalloproteinase. Strongin et al have found that MTl-MMP acts 

as a cell surface receptor for tissue inhibitor of metalloproteinase (TIMP-2 receptor), 

when it becomes activated. 67 MMPs can be activated either by other MMPs, or by 

plasminogen activator ( of the urokinase type), which is also sequestered on the cell 

surface. The exact mechanism of how pro-MMP-2 is activated by MTl-MMP at the cell 

surface is still unknown. It is apparent that changes in the extracellular matrix can 

modulate both inhibition and activation of metalloproteases, with the mechanical 

environment also playing a role. 

Although MMP-9 is found to be secreted by bone cells in culture, it has not been 

found in bone tissue in situ localized to osteoblasts. MMP-9 has also been shown to be 

secreted by various human osteoblast-like tumor cell lines, chondrocytes, fibroblasts, and 
' 

T-lymphocytes. 68 However, the finding ofMMP-9 expression in transformed cell lines 

may be indicative of various stages of incomplete differentiation. 33 Also, 

immunohistochemical studies using monoclonal antibodies have identified MMP-9 as 

being localized in human bone with osteoclasts and mononuclear cells, and. has been 

found to be expressed more highly (mRNA) in pathologic specimens of arthritic bone 

tissue. 69 The mechanism that has been proposed is that ~-9 acts in concert with 

MMP-1 and other cysteine or acidic proteases to degrade the organic matrix of bone, 

allowing osteoclasts access to the remaining mineralized portion. 69 fu fact, osteoblasts 

may play an important role by exposing or degrading the collagen matrix, which then 

attracts osteoclast precursors. 70 Most recently, a group in Japan identified alveolar 
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bone-lining osteoblasts phagocytosing collagen, lending further' support to the concept 

that osteoblasts are intimately involved in bone ·turnover. 71 

MMP-9 has also been shown to be highly expressed during development in mouse 

cells of the osteoclast lineage, where it has been suggested that it is used primarily for 

turnover of the bone matrix, and not basement membrane degradation (for which MMP-2 

is involved). 70 Additionally, calvarial bone organ cultures have been shown 

histologically to contain osteoclast precursors, but one immunocytochemical study 

demonstrated that this activity could be eliminated by stripping the endochondral 

membranes (which contain meningeal blood vessels) from the calvaria after harvesting or 

by subjecting them to enzymatic digest. 72 

A valid concern of this study might be the biologic relevance of the high amount of 

mechanical force that was applied to the cultured cells. Frost, in his mechanostat model, 

specified that strain levels of 4000-6000 µE (microstrains), applied in vivo, resulted in 

pathologic overload to bone, whereas 2000-3000 µE was more representative of 

physiologic loading; however, bone can withstand up to 35,000 µE 18. The amount of 

force used with the FlexerCell apparatus in our study was based on original studies by 

Buckley, et al., in his work with various in vitro osteoblast culture models, 29 since this 

machine delivers a biaxial stretch to the flexible membrane in the culture wells. Changes 

in integrin expression in the mouse calvarial cell model established in our laboratory 

were observed with the regimen of 24% elongation at 3 cycles/minute (used by 

Buckley) , which was the rationale for its use. This force, therefore, which is equivalent 

to 240,000 µE, is most likely hyperphysiologic. 
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However, the force applied to the flexible well-bottoms of the FlexWell plates by 

the FlexerCell device is not uniform. Gilbert et al found that cells in the center of the 

wells that receive the force comprise only 10% of the total amount, with cells closer to 

the periphery subject to the highest amounts of stress. 73 It was also found that the 

majority of cells were observed clustered towards the center of the membrane. This was 

also an observation in our study noted in phase contrast microscopy. It is therefore likely 

that a significant population of the cells were subjected to a force more closely 

approximating an average 24,000 µE, with a smaller subset receiving a higher range of 

force. 

Recently, a study of distraction osteogenesis of the mandible in the rabbit 

correlated strain levels with histological changes of the bone tissue. 74 Distraction 

osteogenesis has become an established treatment strategy for craniofacial disorders, 

where osteotomies are performed and tension applied to the segments to induce bone 

growth between them. The study indicated that cyclic force applied to the mandibular 

segments resulted in the formation oftrabecular woven bone at 2000 µE, thinner 

trabeculae with fibrocartilage formation at 20,000 µE, and fibrous tissue formation at 

200,000 µE. The force of mechanical stretching of240,000 µE or 24% elongation could 

more closely resemble what osteoblasts in vivo might undergo, in response to abnormal 

occlusal forces on implants. It is possible that this might lead to bone resorption rather 

than remodeling with subsequent fibrous tissue formation, mediated-perhaps by enhanced 

expression of gelatinases as well as other metalloproteinases. 
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CONCLUSIONS 

This study was undertaken to ascertain whether the effects of mechanical stress 

applied to bone cells in vitro could appreciably change expression of 

metalloproteinases. The findings clearly revealed that in respon~e to cyclic mechanical 

stretching, cultured osteoblast-Jike cells derived from neonatal mouse calvaria 

demonstrated changes in expression of the type IV collagenases or gelatinases (MMP-2 

and MMP-9 metalloproteinases) at a transcriptional level and a secretory level. The 

data are indicative qf an increase in mRNA for MMP-9 (gelatinase B), but a decrease in 

enzymatic activity and secretion with application of mechanical forces. In contrast, no 

observable increase was seen for mRNA expression in MMP-2, ,but an increase in some 

processed form ofMMP-2 (gelatinase A) was observed, but only when the cells were 

cultured in the presence of native type I .collagen gel. Such differences lend support to 

the concept that these two metalloproteinases are regulated very differently at the 

transcriptional level and at the secretory level, and that the extracellular matrix plays a 

crucial role in cellular responses to mechanical stress. 
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