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Introduction

The formation, growth, homeostasis and repair of the skeletal system are products of 

four processes: the differentiation of osteoblast precursors into osteoblasts, the production 

of organic matrix by osteoblasts, the ossification of that matrix into bone and resorption 

of bone by osteoclasts. Regulation of these processes can occur at multiple levels. 

Genomic regulation, hormonal regulation, local regulation by bioactive factors, 

regulation by mechanical load, and other regulatory mechanisms may have positive or 

negative effects on each of these processes. The process of osteoblast differentiation is 

not well understood. It is thought that pluripotential mesenchymal stem cells (MSC) are a 

self-renewing group of cells capable of differentiation into precursors of bone, cartilage, 

muscle, fat, and tendon. The earliest progeny of the MSC along the osteoblast lineage are 

osteoprogenitor cells (OPC). These OPC proliferate, possibly forming distinct transitional 

pre-osteoblast cells before proliferation slows and ostoblast specific markers such as 

alkaline phosphatase and osteocalcin appear in the preosteoblast, and to a greater extent, 

in the osteoblast (Caplan 1996, Aubin 1995). The binding of the transcripton factor Cbfal 

(core binding factor 1) to OSE2, a cis acting promoter of the osteocalcin gene, and other 

loci is a necessary step for osteoblast differentiation (Ducy 1997). The final step in this 

pathway is from osteoblast to osteocyte or bone lining cell. No good markers of any of 

the early steps from MSC to osteoblast exist, making this a theoretical construct. A 

possible schema of osteoblast differentiation, based on a model of hematopoetic lineage, 

is shown in Figure 1. Regulation of differentiation can occur at any (or all) of these steps. 

None of these regulatory mechanisms is fully understood. A better understanding of these
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Figure 1.
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Figure 1. Postulated osteoblast lineage schema: Mesenchymal Stem Cell (MSC), is 
self-renewing, and differentiates into Osteoprogenitor Cells (OPC) as well as progenitor 
cells for the other mesenchymal lineages (Dark Circle). The OPC, also self-renewing, 
produces the Preosteoblast (POB), possibly through one or more intermediate steps (?). 
The POB then divide into Osteoblasts (OB), which may eventually become Osteocytes 
(OC) or Bone Lining Cells (BLC).
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regulatory mechanisms could potentially lead to clinical advances in the treatment of 

congenital skeletal deformities, fractures and fracture non-unions, failed arthroplasty and 

metabolic bone disease including osteoporosis.

This thesis examines the role of two potential regulatory mechanisms, mechanical 

loading and local regulation by interleukin-1 p, on the differentiation of osteoblasts using 

a rat calvarial cell model.

Rat calvarial cell model

In vivo models of bone physiology give excellent insight into the overall effect of a 

given treatment. The interpretation of results in such an organismal model, where 

osteoblast differentiation, matrix formation, ossification and resorption are all occurring 

under the influence of controlled and uncontrolled hormonal, mechanical and local 

factors can be difficult. In some instances a more easily controlled in vitro model may 

provide an opportunity to look closely at effects on an individual process, such as 

osteoblast differentiation.

The rat calvarial cell (RCC) bone nodule methodology described by Ecarot-Charrier

(1983), Nefussi (1985) and Bellows (1986) provides an opportunity to examine osteoblast 

differentiation and bone formation (or lack thereof) in an easily controlled in vitro setting, 

without confounding by resorption. Cells isolated from fetal or neonatal rat calvaria using 

enzymatic digestion are an heterogenous mix of cell types including fibroblasts, 

osteoblasts and osteoprogenitor cells. Three-dimensional nodules of mineralized bone 

develop in cultures of these cells when the medium is supplemented with fetal bovine 

serum, ascorbic acid and an organic phosphate source. The nodules are biochemically and



ultrastucturally similar to woven bone (Bhargava 1988). Based on limiting dilution 

experiments in which the number of nodules formed in culture is linearly related to the 

number of initially plated cells, each nodule is thought to develop clonally from the 

differentiation of a single osteoprogenitor cell (Bellows 1986, 1989). Thus, the number of 

nodules in a given culture is an indication of the number of osteoprogenitor cells which 

have differentiated. This model provides an easily manipulated, objective measure of 

osteoprogenitor differentiation using bone formation, the sine qua non of the osteoblast, 

as an endpoint. It has been used to measure the effects of many factors on osteoblast 

differentiation, including dexamethasone (Bellows 1987), prostaglandin (Flanagan 1992, 

Tang 1996), parathyroid hormone (Bellows 1990) and l,25-(OH)2D3 (Ishida 1993).

Mechanical load

The relationship between mechanical loading and adaptive changes in bony 

architecture was noted more than one hundred years ago (Wolff 1892). Loading of bone 

can cause an increase in bone mass, and unloading of bone can decrease bone mass. The 

mechanisms of these effects are still not understood, though both prostaglandin E2 (PGE2, 

Harrell 1977, Somjen 1980, Yeh 1984, Rawlinson 1991) and nitric oxide (NO, Johnson 

1996) have been noted to increase in response to mechanical loading of bone or bone 

cells. Both PGE2 (Pead 1989) and NO (Fox 1996, Turner 1996) have been implicated as 

locally produced mediators of the anabolic effect on bone by mechanical loading. Recent 

studies have shown that PGE2 may modulate the effect of mechanical loading on bone in 

an organismal four-point bending model (Tang 1997). Other studies, using the rat 

calvarial model of osteoblast differentiation, have noted an induction of osteoprogenitor 

cells by PGE2 (Flanagan 1992, Tang 1996), but increased osteoprogenitor differentiation
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has not been shown in response to mechanical load in this, or any other in vitro model. 

Thus, it is not clear if mechanical loading has an effect on osteoprogenitor differentiation. 

The goal of the first section of this report was to develop an in vitro model of mechanical 

load induced osteoprogenitor differentiation and to explore possible mechanisms of 

action of a mechanical load induced effect including PGE2 and nitric oxide.

The primary and secondary hypotheses and specific aims of the first part of this study 

(Chapter 1) were:

H I. Mechanical load stimulates bone nodule formation by osteogenic cells in culture.

SA1. To determine the optimum strain regimen for bone formation in cultured rat 

calvarial cells in vitro. This includes determination of optimum strain magnitude, 

frequency and duration of load.

H2. The effect of mechanical load on bone nodule formation is mediated by PGE2.

SA2a. To measure increased endogenous PGE2 and NO production in mechanically 

loaded rat calvarial cells in vitro.

SA2b. To demonstrate enhanced mechanical load induced nodule formation in the 

presence of exogenous PGE2, and reduced nodule formation in the presence of the PGE2 

inhibitor indomethacin. This includes evaluation of minimum strain for nodule formation, 

time to nodule formation, and number of nodules.
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Interleukin-1(3

Little is understood of the mechanisms involved in local control of bone formation, 

but inflammatory cytokines, which can be produced by osteoblasts or surrounding 

stromal or inflammatory cells may play a role. Interleukin-1 (3 (IL-ip), a potent cytokine 

with diverse biological activities, is both produced by osteoblasts (Lorenzo 1990) and has 

receptors on osteoblasts (Shen 1990). The role of inflammatory mediators in bone 

homeostasis is not well understood; interleukin-1 has been reported in association with 

both clinical bone loss and bone formation.

Long-term exposure to cytokines, including IL-la and P, appears to be catabolic to 

bone, that is, the amount of bone is decreased. Investigators have found increased local 

levels o f interleukin-1 in areas of clinical bone loss associated with chronic inflammatory 

reactions such as periodontitis (Masada 1990), rheumatoid arthritis (Eastgate 1989), and 

periprosthetic osteolysis (Perry 1995). In vitro models have confirmed that bone 

formation is decreased in response to continuous exposure to IL-1 (Stashenko 1987, 

Ellies 1990, Ellies 1991).

The anabolic, or stimulatory, effects of acute inflammatory reactants on bone 

formation have been largely neglected, though they were reported as early as 1941, when 

Kuntscher described his “callus without fracture” experiments. He described exuberant 

callus in response to the acute inflammatory reaction after an oxidized, but sterile, steel 

wire was introduced into the diaphysis of a dog tibia with minimal trauma. An acute 

inflammatory phase is recognized as an early and important phase of fracture healing. 

Interleukin-1 or IL-1 messagenger RNA has been noted transiently at sites of impending 

bone formation, including fracture sites (Einhom 1995), sites of bone formation in
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neonatal mice (Takacs 1988), and areas of intramembranous ossification in human 

explants (Dodds 1994).

The effect of short-term exposure of bone or bone cells to IL-1 is not clear. Short

term subcutaneous injections of IL-1 have been shown to stimulate bone resorption 

(Konig 1988) and bone formation (Boyce 1989) in mice. Both positive (Ikeda 1988, 

Evans 1990, Bodo 1992, Rickard 1993, Modrowski 1995) and negative (Hanazawa 1986, 

Ohmori 1988) mitogenic effects and positive (Hanazawa 1986, Ohmori 1988, Rickard

1993) and negative (Ikeda 1988, Evans 1989, Evans 1990, Kuroki 1994) differentiative 

effects have been reported.

In the present study, the time and dose effects of IL-1 (3 on osteoblast differentiation 

were investigated using cultures of neonatal rat calvarial cells that have the capability to 

form discrete nodules of woven bone (Ecarot-Charrier 1983, Bellows 1986). The role of 

two candidate mediators of IL-1 effects, NO and PGE2, were investigated using inhibitors 

of these molecules. Both of these molecules have been reported in response to IL-1 p and 

both have been implicated in the mediation of bone formation.

The hypothesis for the second section of this report (Chapter 2) is:

Interleukin-If regulates osteoblast differentiation via a prostaglandin mediated 

pathway

The working hypotheses and specific aims of the study include:

HI. IL-1 P stimulates bone nodule formation in osteogenic cells in culture.

SAla. To determine dose and time response for IL-ip effect on bone nodules.

SAlb. To determine dose and time response for IL-ip effect on measures of cell 

proliferation and cell differentiation.
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H2. The effect of IL-ip on bone nodule formation is mediated by PGE2, and not by 

NO.

SA2a. To measure NO and PGE2 production in IL-1 (3 treated cultures.

SA2b. To demonstrate inhibition of IL-ip inducible bone nodules by inhibitors of 

PGE2 production, but not inhibitors of nitric oxide synthase.
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Chapter One

Abstract

The relationship between mechanical loading and adaptive changes in bony 

architecture was noted more than one hundred years ago, however, the mechanism of this 

process is still not understood. Effects of mechanical loading of bones in vivo include 

bone formation, though it is unclear if this represents upregulation of existing osteoblasts 

or increased differentiation of osteoblasts. In vitro effects of mechanical loading of 

osteoblast-like cells include increased proliferation, changes in collagen production and 

increased prostaglandin formation. No in vitro study has reported increased bone 

formation nor has been able to determine if mechanical load induces differentiation of 

osteoprogenitor cells.

This study used an in vitro mechanical loading model of rat calvarial osteoblasts to 

determine if loading affected differentiation of osteoprogenitor cells. Measurements of 

prostaglandin and nitric oxide, two possible mediators of the effects of mechanical load 

in vivo were also made.

This study was unable to correlate mechanical loading in vitro with increased 

differentiation of osteoprogenitors. Measurements of prostaglandin and nitric oxide were 

also inconclusive using this model. Possible reasons for the inability to detect these 

potential effects are discussed.
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Background and Significance

W olff was among the first to postulate that bones adapt to mechanical load (1892). 

His postulate was based on the regular orientation of bony trabeculae along trajectories. 

Since then the effects of mechanical load on bone in vivo have been documented 

clinically and experimentally using a variety of loading techniques (Lanyon 1984).

The effects of loading of the humerus in professional tennis players was studied by 

Jones (1977). Using standardized radiographs, a 34.9% increase in cortical thickness in 

men and a 28.4% increase in women was found in the dominant side.

A variety of in vivo animal models for mechanical loading of bone have been 

developed. By removing a portion of the ulna in sheep, Lanyon (1982) showed that the 

increased load applied to the intact radius resulted in new periosteal woven bone 

formation at 12 months. Using osteotimized, capped turkey ulna, Rubin and Lanyon

(1984) showed that loading 4 times daily (by applying compressive force through the 

capped ends) with physiologic strains [2050 microstrain (ps)], but non-physiologic strain 

distributions, prevented the bone tissue loss associated with unloading over a 6 week 

period. Loading with 36 cycles at 0.5 Hz daily increased bone mineral content up to 43% 

over the same 6 week period. Using the same method, Rubin and Lanyon (1985) showed 

that loading with 100 consecutive 1 Hz loading events daily for 8 weeks increased 

periosteal and endosteal bone formation when peak strains were greater than 1000 ps. 

Strains less than 1000 ps resulted in endosteal resorption and intra-cortical porosis. An 

externally applied 4 point bending unit was used by Raab-Cullen (1994a, b) to load rat 

tibiae. Loading for 3 weeks with 36 cycles of 1500 ps at 2 Hz was found to increase 

mineral apposition by up to 72%, and to increase medial periosteal surface of the tibia
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(70%) and fibula (92%) by histomorphometric analysis whether load was applied daily, 

every other day, or 3 days per week. Hillam and Skerry (1995) studied the effect of 

compressive loads to the rat ulna using external longitudinal compression applied by a 

material testing machine, creating twice normal strain (4500 p.s) at 10 Hz for 4 minutes, 

once a day, for 6 days. Fluorochrome incorporation and serial tartrate resistant acid 

phosphatase activity showed bone formation in the medial periosteal surface, which is 

normally a site of resorption in the growing rat.

The effects of mechanical loading on bone in vitro was studied by Glucksmann as 

early as 1942. Embryonic chick femora or tibiae were bent by placing them between 

terminal barriers in culture. Bone formation was increased and the pattern of newly 

deposited osseous architecture was along tension lines. Since then, multiple in vitro 

models of mechanical loading of bone or of osteoblasts have been developed. Hasegawa

(1985) used intermittent or continuous mechanical deformation of flexible bottomed 

culture plates to load rat calvarial cells grown on the plates. Loading the cells for 2 hours 

resulted in a 64% increase in DNA synthesis as measured by 3H-thymidine incorporation. 

An increase in non-collagenous protein, but not collagenous protein production was also 

noted in loaded cells. The amount of strain generated in this model was not determined. 

Buckley (1988) stressed chick calvarial osteoblasts grown on collagen coated rubber 

bottomed plates by applying vacuum to the underside of the plates. Cyclic strain was 

applied at 0.05 Hz with a maximum applied strain of 24% (i.e. a maximum 24% increase 

in the length of the substratum). Increased thymidine incorporation and cell alignment 

perpendicular to the strain vector were reported. Using the same system, Buckley (1990) 

reported an increase in cell associated collagen and non-collagen protein at 3 days.
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Secreted collagen and non-collagen protein were decreased after one day of loading but 

increased at 3 days. Harter and coworkers (1995) loaded a human osteosarcoma cell line 

(OHS-4) using the same vacuum operated device. OHS-4 cells were subjected to a 

maximum of 12% strain at 0.05 Hz for up to 4 days. Increased type I collagen mRNA 

was detected at 48 hours by Northern blot analysis. Immunofluorescent labeling of type I 

collagen revealed that secretion was also enhanced by loading.

Frost (1987) hypothesized that mechanical activity acted on bone in defined ways to 

influence skeletal tissue mass. When loads on the skeleton fall below a given mechanical 

threshold, bone resorption begins to outpace bone formation and bone mass declines. 

When loads exceed the mechanical threshold, bone formation outpaces bone resorption 

and there is a net bone gain. Frost has termed the mechanical threshold the 

“mechanostat.” He theorized that drugs, hormones, cytokines or other agents could 

change the mechanostat “set point” or threshold.

The earliest evidence of prostaglandin effects on bone showed it to be a potent 

stimulator of bone resorption in vitro (Klein 1970). However, later work from the same 

laboratory (Chyun 1984), showed treatment with 10'7 M PGE2 increased JH-thymidine 

incorporation and collagen synthesis in cultured rat fetal calvariae. These differing 

responses were attributed to 1) differential effects of PGE2 on cells isolated from central 

bone (inhibitory) versus periosteal (stimulatory), and 2) a biphasic concentration effect of 

of PGE2, with higher concentrations resulting in resorption, lower concentrations in bone 

formation (Raisz 1990). Others have noted a direct, dose-related stimulation of thymidine
o c

incorporation in calvarial cells by PGE2 from concentrations of 10' to 10’ M (Feyen 

1985). The in vivo effects of prostaglandins on bone were first noted in human infants
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treated with PGEi infusion for congenital cyanotic heart disease who developed cortical 

hyperostosis of the long bones after 3-4 weeks of treatment (Ueda 1980).

A variety of in vitro methods have been used to show an increase in prostaglandin E 

release following mechanical loading of bone cells. The earliest evidence for a role of 

prostaglandins in the response of bone to mechanical loading came in 1977 (Harell). 

Using an orthodontic screw device cemented to the bottom of a plastic culture plate, they 

were able to deform the dish by 0.1%. The periosteal cell cultures grown on the dish 

responded to the load with a seven-fold increase in PGE2 within 30 minutes. An increase 

in cyclic AMP was also noted. The PGE2 response was blocked by pretreatment with 

indomethacin, a prostaglandin synthesis inhibitor, leading the researchers to believe that 

the PGE2 was produced de novo. Similar results were published by Somjen (1980) using 

the same device to load rat calvarial bone cells. Again a rapid increase in cAMP and 

PGE2 were noted, and the response was blocked by indomethacin. A DNA synthetic 

response, increased H-thymidine incorporation, was observed at 24 hours in the loaded 

group. This response was also blocked by indomethacin. Yeh and Rodan (1984) used a 

system in which rat calvarial cells were grown on collagen ribbons which were stretched. 

Cells on 5 cm collagen ribbons were subjected to 8-10 cycles of “slow stretching” (2-3 

mm over 15 minutes) with rapid relaxation, over a 2 hour period. A four-fold increase in 

PGE was noted in loaded compared with nonloaded control cultures. Rawlinson and 

coworkers (1991) loaded cores of canine cancellous bone to 5000 ps at 1 Hz for 15 

minutes in vitro using a hydraulic piston. Release of PGE increased in response to 

loading. Using an antibody to PGE, they immunolocalized PGE to the lining cells of the 

trabeculae, but not to the osteocytes. Reich (1991) showed up to a 20 fold increase in
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PGE2 production and an increase in inositol trisphosphate in rat calvarial osteoblasts 

subjected to shear stress (24 dyne/cm ) by flow. The increases were partially inhibited by 

indomethacin. Jones (1991) used a four point bending device to load bone cells grown on 

glass or polycarbonate plates. Periosteal cells responded to 3000 ps, 30 cycles at 1 Hz 

daily with increased cell division. Haversian and periosteal cells responded to 10,000 ps 

(other parameters unchanged) with increased cell division. Periosteal cells, but not 

Haversian cells, loaded at 3000 ps or 10,000 ps showed an increase in PGE2 production. 

Brighton (1991a) described an increase in PGE2 (at 5, 15 and 30 minutes) and an increase 

in DNA synthesis (at 24 and 48 hours) in rat calvarial cells grown on flexible Pellethane 

membranes that were loaded to 400 ps at 1 Hz using hydrostatic pressure.

Though the in vivo, and clinically relevant, effect of prostaglandin treatment or 

mechanical loading is bone formation, very little has been done to investigate the 

complex relation among mechanical loading, prostaglandin and bone formation. Pead and 

Lanyon (1989) showed that indomethacin blocked new bone formation (measured 

histomorphometrically) at 7 days in rooster ulnae subjected to 300 repetitions of 300 ps 

at 1 Hz. This supports that an increase in prostaglandins, which are inhibited by 

indomethacin, are required for the bone formation response to mechanical loading. Using 

an in vivo four-point bending device and subcutaneous injections of PGE2 in rats, Tang 

(1997) used histomorphometry to show that PGE2 increased the skeletal anabolic 

response to mechanical loading. Vadiakas (1992) showed that loading ROS 17/2.8 

osteosarcoma cells grown on collagen-coated flexible bottomed culture plates deformed 

by vacuum to provide a maximum 24% strain at 0.05 Hz increased mineralization at 7 

days as measured by 45Ca incorporation. In none of these studies is it clear if the increase
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in bone formation in response to mechanical load is due to increased matrix biosynthesis 

by existing osteoblasts or increased osteoblast recruitment.

Fetal rat calvarial cells in culture form calcified nodules that exhibit all the 

ultrastructural features of bone (Bellows 1986, Bhargava 1988). Therefore, this culture 

system offers a tremendous opportunity to study bone formation, and more importantly, 

osteoblast differentiation in vitro. Using this model Flanagan (1992) showed that PGE2 

stimulates bone nodule formation in rat calvarial cells. Similar results were found by 

Tang (1996). At the present time no in vitro model has shown an unequivocal increase in 

osteoblast differentiation in response to mechanical loading.

A better understanding of the effect of mechanical loading on bone formation has 

relevance in several areas:

Disuse Osteoporosis. Unloading of the skeleton, by casting, bedrest or weightlessness 

during spaceflight, results in detectable demineralization of the load bearing bones in the 

lower extremities (Whedon 1984). Donaldson (1970) studied three healthy adult males 

who were restricted to bedrest for up to 36 weeks. A 4.2% loss in total body calcium with 

disproportionately large losses from the lower extremities was found. Mineral content of 

the os calcis decreased 44.5% from week 12 to week 36 as measured by gamma 

transmission. With reambulation, bone mineral was regained in the os calcis at a rate 

similar to the rate of loss during bed rest. A complete cessation of bone growth, as 

measured by tetracycline labeling, was reported in rats during a 19 day spaceflight 

(Morey 1978). Bone formation resumed during the 26 day post-flight period. Similarly, 

Vico (1988) showed marked reduction (55%) in trabecular bone mass in the proximal 

tibial diaphysis of rats exposed to only 7 days of microgravity.
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Stress Shielding. The adaptive cortical atrophy that occurs when normal bone is stress 

shielded by an orthopaedic implant (most often an uncemented femoral stem) can be 

considered a special case of disuse osteoporosis. In this example, only the bone shielded 

from load transfer by the implant is affected. The stiffness of the implant relative to the 

surrounding bone has repeatedly been implicated (Sumner 1992, Huiskes 1992, Bobyn 

1992, Jacobs 1993).

Fracture Healing. The healing of fractures is the most common orthopaedic problem 

requiring bone formation. Mechanical loading of fractures through functional weight 

bearing has been shown to accelerate healing (Sarmiento 1977).

In each of these areas mechanical loading has been shown to play a role in bone 

formation. Prostaglandins may also play a role. Jee et al. (1992) showed that daily PGE2 

injections prevented bone loss in hindlimb-immobilized rats. Inhibitors of prostaglandin 

synthesis, such as indomethacin and aspirin, have been shown to retard fracture healing 

in rats as measured by histologic grading (Allen 1980). Understanding the role of PGE2 

and the mechanism of effect of mechanical load may be valuable in the treatment of 

disuse osteoporosis, including bone loss due to stress shielding from implants, and 

fractures.
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Experimental Design
The experiments described here were designed to confirm the model of RCC isolation 

and nodule analysis and to determine the effect of mechanical loading of RCC on bone 

nodule formation in vitro. Variations on mechanical loading regimens were used as 

described in an attempt to provide physiologic loading profiles.

Confirmation of response to PGE2 by cultured RCC cells: The purpose of the 

initial experiment (Experiment A) was to verify cell isolation and nodule analysis 

techniques, therefore no loading was done. Reproduction of a published experiment 

(Flanagan 1992) involving nodule response to prostaglandin E2 and dexamethasone was 

undertaken. Cells were plated at 3000 cells/cm2 and treated with 200 nM PGE2, 50 nM 

dexamethasone, a combination of the two, or carrier (n = 4/group) for 10 days. Medium 

was changed every 2 days and cells were fixed and analyzed on day 15.

Effects of mechanical load on nodule formation: The initial loading experiment 

(Experiment B) was designed to determine the effect of mechanical load on nodule 

formation by cultured RCC exposed to a loading regimen of -14 kPa (maximum 20% 

strain) at 0.5 Hz. Durations of treatments included 1 load event, 5 minutes of loading, 30 

minutes of loading, and 1, 2, 4 and 8 days of loading. Plates loaded for 1 day or more 

were treated with 8 hours of loading and 16 hours of rest daily. Control cultures were not 

loaded. The loading regimen is similar to that of Buckley (1988, 1990) who used a 

similar loading device. To examine a possible influence of PGE2, which was shown by 

Tang et al. (1997) to increase the anabolic effect of mechanical load on rat bone in vivo, 

cultures were treated with 200 nM PGE2 or carrier. Additionally, in an effort to unmask 

possible effects of fetal calf serum (FCS), experiments were carried out in media
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supplemented with either 10% or 2% FCS. Medium was changed every 2 days. On day 

13 the plates were fixed, Von Kossa stained and analyzed (n = 3/group).

A second experiment (Experiment C) designed to determine the effect of mechanical 

load o f nodule formation in vitro used a slightly less robust loading regimen of -6 kPa 

(maximum 10% strain) at 0.5 Hz for 30 minutes, 1, 2, 4, 8 and 10 days. Cultures loaded 

for 1 day or more were loaded for 4 hours and rested for 20 hours. Control cultures were 

not loaded. Medium was changed every 2 days. Plates were fixed, Von Kossa stained and 

analyzed at day 14 (n = 6/group). A single FCS concentration (10%) was used and no 

exogenous PGE2 was added to the medium. To determine if mechanical loading affected 

proliferation of cells, additional loaded and control plates were used for cell counts on 

days 1, 2, 4, 6, 8 and 10 (n = 3/group/time point).

A third experiment (Experiment D) was designed as a repeat of Experiment C with a 

modification to the loading regimen (one-tenth the frequency of Experiment C) to allow 

cells to better tolerate longer loading durations. The loading regimen consisted of -6 kPa 

(maximum 10% strain) at 0.05 Hz for 1, 2, 4, 8 or 11 days. Control cultures were not 

loaded. A single FCS concentration (10%) was used and no exogenous PGE2 was added. 

Medium was changed every 2 days. Cultures were fixed, Von Kossa stained and analyzed 

at day 11 (n = 6/group). Cell counts were performed on additional loaded plates at days 2, 

4, 8 and 11 (n = 3/group/time point).

The fourth experiment (Experiment E) was designed to determine if mechanical 

loading later in the culture period (days 6-10) affected bone nodule formation differently 

than loading early in culture (days 1-5). A loading regimen of -8 kPa (12% maximum 

strain) at 0.05 Hz for 6 hours on and 18 hours off was used. Control plates were not
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loaded. A single FCS concentration (10%) was used and no PGE2 was added. Media was 

changed every 2 days. To determine if the effect of loading required prolonged times to 

detect a response, this experiment was carried to 28 days with fixation and Von Kossa 

staining at days 14, 21 and 28 (n = 6 wells/group/time point). All wells were analyzed at 

28 days. Cell counts were done on additionally loaded plates at days 4, 8, 12, 17 and 22 

(n = 3 wells/group/time point). This experiment was repeated one time (Experiment E2).

Effects of mechanical load on PGE2 formation and nodule formation: The fifth 

experiment (Experiment F) in this series was designed to correlate PGE? production with 

nodule formation in mechanically loaded cultures of rat calvarial cells. Cultures were 

loaded with a regimen of -10 kPa (maximum 15% strain) at 0.05 Hz continuously for 96 

hours starting 24 hours after plating. Media was changed 1 hour prior to the start of the 

loading regimen then 6 hours after loading ceased. It was then changed every 2 days. 

Media and cells were collected at 6, 48, 96 and 102 hours after the onset of loading. PGE2 

measurements in media and total protein determinations in the cell layer were completed 

for each time point (n = 3 wells/group/time point). In an effort to determine if 

differentiation was occurring in the absence of ossification of nodules, alkaline 

phosphatase activity was measured in loaded and unloaded groups at 6, 48, 96 and 192 

hours and 16 days after the onset of loading (n = 3 wells/group/time point). Additional 

plates were fixed and Von Kossa stained at 15, 22 and 29 days for nodule analysis (n = 6 

wel ls/group/timepoint).

Experiment G was designed to determine the effect of mechanical load on PGE2 

formation under serum free conditions. No nodule analysis was done. Cells were plated at 

higher densities (10,000 cells/cm2) and allowed to become confluent (2 days) in standard
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media containing 10% FCS. When confluent, cultures were changed to standard medium 

without FCS. Twenty-four hours later the medium was changed again to standard 

medium without FCS with 5 pg/ml indomethacin or carrier. Mechanical loading (-10 kPa 

at 0.05 Flz continuously) was started 2 hours later. Medium was collected for PGE2 

measurement at 20 minutes, 24, 48 and 72 hours after the onset of loading (n = 

3/group/timepoint). Cell counts were made at the same time points (n = 

3/group/timepoint).

A final experiment (Experiment H) was done in an attempt to clarify the relationship 

between mechanical loading and PGE2 production. Rat calvarial cells were plated at 

standard concentration (3000 cells/cm ) and cultured in standard medium supplemented 

with 10% FCS with 1 pg/ml indomethacin or carrier. A loading regimen of -8 kPa (12% 

maximum strain) at 0.05 Hz for 6 hours on and 18 hours off was used. Medium was 

changed every 2 days. Medium was collected for PGE2 measurements (n = 

3/group/timepoint) and cell counts (n = 3/group/timepoint) at 5 minutes, 30 minutes, 6 

hours and 24 hours after the start of loading. In an effort to document cell proliferation in 

response to mechanical loading more accurately than with cell counts alone, DNA 

synthesis was measured. Immediately after the fourth day of loading, 2 pCi of JH- 

thymidine was added to loaded and non-loaded cultures (n = 6/group) and cells were 

collected 2 hours later.

Effects of mechanical load on nitric oxide formation: These experiments were 

designed to determine if mechanical loading affected cytokine induced nitric oxide 

production by rat calvarial cells. The initial experiments (Experiment I) were designed to 

determine the effect of lipopolysaccharide (LPS) and tumor necrosis factor-a (TNF-a),
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two known inducers of nitric oxide, on nitrite accumulation in RCC culture medium. Rat 

calvarial cells were plated at 15,000 cells/cm2 in 96 well plates in standard medium with 

10% FCS and allowed to reach confluence. Cultures were then treated with combinations 

of LPS (0, 200, 2000, 20,000 and 200,000 ng/ml) and TNF-a (0, 0.2, 2, 20, 200 ng/ml) 

and nitrite in the medium was measured at 48 hours. This experiment was repeated 

(Experiment 12) with nitrite determinations done at 24 hours.

To assess the effect of mechanical loading on cytokine-induced nitric oxide 

production (Experiment J), rat calvarial cells were plated at 15,000 cells/cm2 in Flex I 

plates in standard medium and allowed to become confluent. Cells were then treated with 

200 ng/ml LPS and 20 ng/ml TNF-a (both % maximal nitrite production) and 

mechanically loaded (-8 kPa = 12% maximum strain, 0.05 Hz) for 24 hours (n = 

6/group). Nitrite was determined at 24 hours.

A similar experiment (Experiment K) used the same mechanical loading regimen (-8 

kPa = 12% maximum strain, 0.05 Hz), but cells (n = 6/group) were treated with TNF-a 

(20 ng/ml) or TNF-a (20 ng/ml) and LPS (200 ng/ml). Nitrite was measured at 24 hours.

Effects of mechanical load and cytokines on rat tibial cells: In an effort to 

determine if the effects of mechanical loading were different in cells isolated from 

weight-bearing bones, several experiments were undertaken using cells isolated from rat 

tibiae (RTC). In the first experiment (Experiment L), effects of LPS and TNF-a on nitrite 

production and cell number were determined. RTC were plated at 15,000 cells/cm in 24 

well plates with standard medium. Medium was changed every third day. At confluence 

(day 6) cells were treated with 200 ng/ml LPS and/or 20 ng/ml TNF-a for 48 hours.
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Nitrite (n = 12/group), total protein (n = 9/group) and cell counts (n = 3/group) were 

determined at 48 hours.

A second experiment (Experiment M) was designed to evaluate the effect of nitric 

oxide inducing cytokines on nodule formation in RTC. Rat tibial cells were plated at 

3000 cells/cm2 in 24 well plates in standard medium. Medium was changed every third 

day. Cells were treated with 200 ng/ml LPS and 20 ng/ml TNF-a or carrier from days 3 

to 15. Cells were fixed and Von Kossa stained on day 23 (n = 6).

A third experiment (Experiment N) was designed to determine the effect of 

mechanical loading on nodule formation in rat tibial cells. Rat tibial cells were plated at 

3000 cells/cm in Flex I plates in standard medium. Plates were mechanically loaded 

from days 6-22 or days 9-22 with -8 kPa (12% maximum strain) at 0.05 Hz for 6 hours 

on and 18 hours off daily. Cells were Von Kossa stained at day 23 (n = 6).
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Results

Confirmation of response to PGE2 by cultured rat calvarial cells: Experiment A 

confirmed the ability to repeat the results reported by Flanagan (1992) using the RCC 

culture model. Figure 2 shows that treatment with either dexamethasone or prostaglandin 

alone increased the number of nodules (pO.OOOl in each case). Combined addition of 

these agents caused a further significant increase in nodule number (p<0.0001).

Effects of mechanical loading on nodule formation: The first experiment 

(Experiment B), showed no statistically significant effect of mechanical loading on 

nodule number in loaded and unloaded cultures with or without the addition of PGE2 or 

with either 10% FCS (Figure 3a) or 2% FCS (Figure 3b). In the 2% FCS groups, 

designed to avoid a possible masking of nodule effects by FCS, a peak in nodules was 

observed in cultures loaded for 30 minutes in the non-PGE2-treated group, but the 

difference did not reach statistical significance. Increased numbers of nodules were not 

noted at either serum concentration in response to PGE2 in the absence of load (a repeat 

of a portion of Experiment A). This calls the validity of this experiment into question.

The second experiment (Experiment C) utilized a loading regimen without exogenous 

PGE2 and at a single FCS concentration. No difference in cell numbers was noted at any 

time point (Figure 4a). On the 10th day of mechanical loading, cells in the loaded group 

lifted off the underlying flexible membrane and so this group was not analyzed. Nodule 

numbers at day 14 were statistically significantly lower in group with 4 days of load (p<

0.05). However, loading for 30 min, 1, 2 or 8 days had no effect on the number of 

nodules that developed by day 14 (Figure 4b).
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Figure 2. Experiment A

Figure 2. Effect of Dexamethasone and PGE2 on rat calvarial cells nodule 
formation: Cells were treated with 200 nM PGE2, 50 nM dexamethasone or a 
combination of the two for 10 days. Cells were fixed and nodules analyzed at 15 
days. Results are the mean ± SD for 4 replicate cultures/group. * indicates 
difference from control (p < 0.0001). ** indicates difference from Dex and PGE2 
(p < 0 .0001 in each case).
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Figure 3. Experiment B

Figure 3a: 10% FCS
Rat calvarial cells were treated 
with 200 nM PGE2 or carrier and 
subjected to mechanical loading 
(-14 kPa, 0.05 Hz, 8h on/16h off) 
for up to 8 days. Cells were fixed 
and nodules counted at 13 days. 
Results are mean ± SD of 3 
replicate cultures per group. No 
difference was detected between 
the PGE2 and no PGE2 groups for 
any length of treatment.
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Figure 3b: 2% FCS
Rat calvarial cells were treated 
with 200 nM PGE2 or carrier and 
subjected to mechanical loading 
(-14 kPa, 0.05 Hz, 8h on/16h off) 
for up to 8 days. Cells were fixed 
and nodules counted at 13 days. 
Results are mean ± SD of 3 
replicate cultures per group. No 
difference was detected between 
the PGE2 and no PGE2 groups for 
any length of treatment.
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Figure 4. Experiment C

Figure 4a

Figure 4b

Days in Culture

Load Regimen

Figure 4: Effect of Mechanical Load on Cell Number and Nodule Formation:
RCC were subjected to -6kPa at 0.5Hz 4h on / 20h off for 30 min, 1, 2, 4, 8 and 10 
days. Cell counts were done every 2 days. Figure 4a shows mean ± SD for 3 
replicate cultures. No differences were found amongst the different load regimens at 
any point. Cells were fixed and stained on day 13. Figure 4b shows mean ± SD of 
nodule numbers for 6 replicate cultures. * indicates different from control (p< 0.05). 
10 day loaded cells pulled off the underlying plate at day 10.
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The third loading experiment (Experiment D) was essentially a repeat of Experiment 

C with a modification to the loading regimen (a decrease in frequency from 0.5Hz to 

0.05Hz) in an effort to allow cells to better tolerate exposure to longer loading durations. 

Once again, cell numbers/culture (Figure 5a) were not different between groups. Nodule 

number (Fig 5b) was also not different between groups, but showed a trend toward fewer 

nodules with shorter loading periods, normalizing with increasing days of loading.

Given the results of the previous experiments, Experiment E was designed to 

determine if there was a difference in nodule formation in cells loaded early in culture 

(days 1-5) compared to those loaded later in culture (days 6-10). Figure 6a shows growth 

curves of non-loaded, 1-5 day loaded and 6-10 day loaded cultures. Loaded cultures 

showed a significant increase (p<0.001) in cell number over control at day 12, and 1-5 

day loaded cell counts remained statistically higher (p<0.007) at 17 days. Nodule number 

(Figure 6b) was slightly decreased in the 1-5 day loaded samples stained at 14 days 

compared to control (p<0.006), but slightly increased in cultures stained at 28 days 

compared to control (p<0.01). Otherwise, there was no difference in nodule number 

between loaded and control cultures. Because nodules tended to enlarge and coalesce as 

cultures were allowed to progress, nodule number actually decreased at longer culture 

times. In an effort to account for this, total nodule area (the area of the plate covered by 

bone) was determined. Total nodular area (Figure 6c) was the same for all groups at day 

14 and day 21. By day 28, however, the area of the well covered by nodules was 

significantly increased in the 6-10 day loaded group (p<0.0001) compared to non-loaded 

control. Samples loaded for 1-5 day were not significantly different than control.
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Figure 5. Experiment D

Figure 5a

Figure 5b

Load Regimen

Figure 5. Effect of Mechanical Load on Cell Number and Nodule Formation:
RCC were subjected to -6 kPa at 0.05 Hz, 4 h on / 20 h off for 1, 2, 4, 8 or 11 days. 
Cell counts were done every 2 days. Figure 5a shows mean ± SD for 3 replicate 
cultures. No differences were found amongst different load regimens at any point. 
Cells were fixed and stained on day 13. Figure 5b shows mean ± SD nodule numbers 
for 6 replicate cultures. No statistical differences were noted between loaded and no 
load groups.
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Figure 6. Experiment E

Figure 6a: RCC were loaded (-8 
kPA, 0.05 Hz, 6h on/18 h off) 
during days 1-5 or 6-10 of culture. 
Cell counts were done every 4 
days (n=3). At day 12, wells 
loaded 1-5 days and 6-10 days had 
more cells than control. At day 17 
wells loaded from days 1-5 had 
more cells than control. * indicates 
p<0.007.

Figure 6b: RCC were loaded (-8 
kPA, 0.05 Hz, 6h on/18 h off) 
during days 1-5 or 6-10 of culture. 
Cells were fixed and nodules 
analyzed at 14, 21 and 28 days of 
culture. At 14 days wells loaded on 
days 1-5 had fewer nodules than 
control. No differences were noted 
at day 21. At day 28 wells loaded 
on days 1-5 had more nodules than 
control. * indicates p<0.01; ** 
indicates p<0.006.

Figure 6c: RCC were loaded (-8 
kPA, 0.05 Hz, 6h on/18 h off) 
during days 1-5 or 6-10 of culture. 
Cells were fixed and nodules 
analyzed at 14, 21 and 28 days of 
culture. Because of nodules 
coalescing late in culture, nodule 
area was meaured. No differences 
at 14 or 21 days were noted. At 28 
days wells loaded days on 6-10 had 
increased area of nodules. ** 
indicates p<0.0001.
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Experiment E2 was a repeat of Experiment E. No difference in cell number at any 

time point was noted (Figure 7a). No difference in nodule number (Figure 7b) or total 

nodule area (Figure 7c) was noted at any time point.

Effects of mechanical loading on PGE2 production and nodule formation: 

Experiment F was the first to attempt to determine if loading stimulated an increase in 

PGE2 production. Nodule number and area was determined on days 15, 22 and 29. No 

difference (Figure 8a) in number of nodules was detected at 15 or 22 days, however, 

loaded cultures had fewer nodules at 29 days (p < 0.01). There was no difference in total 

nodule area between groups at any time point (Figure 8b). Prostaglandin E2 levels, 

normalized to total protein, were increased in loaded cells (Figure 8c) at each time-point 

examined (p < 0.005). Alkaline phosphatase activity was not different between unloaded 

and loaded cultures at any time-point (Figure 8d).

In Experiment G the effect of mechanical load on PGE2 in the culture medium was 

assessed under serum free conditions. These data were normalized to cell number. A 

slight but not significant increase in PGE2 was observed at 20 minutes and this effect was 

blocked by indomethacin. No difference (Figure 9) in PGE2 was noted after 24 or 48 

hours of load application. However, at 72 hours the no load group showed a statistically 

higher PGE2 level than the loaded group (p<0.01).

Experiment H was the final experiment designed to examine the relationship between 

mechanical loading and PGE2 production. Cells were treated with mechanical loading 

and indomethacin (1 pg/ml or 3 x 10'6 M) and PGE2 levels were measured during the first 

24 hours of the load regimen. These data were normalized to cell number. No difference 

in PGE2 production was noted at any time point (Figure 10a). No difference in ’H-TdR
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Figure 7. Experiment E2

Figure 7a: RCC were loaded (-8 106 -
kPA, 0.05 Hz, 6h on/18 h off)
during days 1-5 or 6-10 of culture. CD
Cell counts were done every 5
days (n = 3) through 25 days. No 7/5 10 -
difference in cell number was a)
found at any time point. O

104 —r~ 
5

— i—  

10 15 20

Day

25
I

30

Figure 7b: RCC were loaded (-8 120-

kPA, 0.05 Hz, 6h on/18 h off) 100-
during days 1-5 or 6-10 of culture.
Wells were fixed and analyzed on * 80'
days 14, 21 and 28 (n = -§ 6°-
6/group/time point). No difference Oz:
in nodule number was found at any 40 '

time point. 20-

o-*

NL
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Figure 7c: RCC were loaded (-8 
kPA, 0.05 Hz, 6h on/18 h off) 
during days 1-5 or 6-10 of culture. 
Wells were fixed and analyzed on 
days 14, 21 and 28 (n =
6/group/time point). Because 
nodules began to coalesce with 
linger incubation periods, total 
nodular area was determined. No 
difference in total nodule area was 
found any any time point.

Days in Culture

31



Figure 8. Experiment F

Figure 8a: RCC were mechanically 
loaded (-10 kPA, 0.05 Hz) for the first 
96 hours of culture. Cells were fixed 
and nodules analyzed at 15, 22 and 29 
days. Data represent a mean ± SD of 6 
replicate cultures. No difference in 
nodule number was found at 15 or 22 
days, but loaded samples analyzed at 
29 days had fewer nodules. * indicates
p < 0 .01 .

Figure 8b: RCC were mechanically 
loaded (-10 kPA, 0.05 Hz) for the first 
96 hours of culture. Cells were fixed 
and nodules analyzed at 15, 22 and 29 ^
days. Because nodules tend to E.
coalesce with longer times in culture, S 
Total nodular area was measured. ®
Data represent a mean ± SD of 6 -o 
replicate cultures. No difference in z 
nodule area was found at 15, 22 or 29 
days of culture.

15 22 29
Days in Culture
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Figure 8. Experiment F

Figure 8c: RCC were mechanically 
loaded (-10 kPA, 0.05 Hz) for the first 
96 hours of culture. Prostaglandin was 
measured by EIA at 6, 48, 96 and 102 
hours. PGE2 was normalized to total 
protein. Data is expressed as mean ± 
SD of 3 replicate cultures. PGE2 levels 
were signifcantly higher in loaded 
wells at all times tested. * indicates 
p<0.005.
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Time (hour)

Figure 8d: RCC were
mechanically loaded (-10 kPA, 
0.05 Hz) for the first 96 hours of 
culture. Alkaline phosphatase 
determinations were made at 6, 
48, 96, 192 h and 16 days after 
the onset of loading. Data 
represent a mean ± SD of 3 
replicate cultures. No difference 
in alkaline phosphatase activity 
was found between loaded and 
unloaded wells at any time point.
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Figure 9: Effect of Mechanical load on PGE2 production. Mechanical load (- 
10 kPa, 0.05 Hz) was used to stimulate RCC in serum free conditions. Some 
groups (20 min and 72 h) were also treated with indomethacin (5 pg/ml). PGE2 
levels were measured by EIA at 0, 20 min, 24 h, 48 h and 72 h. Data represents 
the mean ± SD of 3 replicate cultures and was normalized to cell number. No 
differences were noted at 0, 20 min, 24 or 48 h. At 72 h no load produced higher 
PGE2 levels than loaded samples. Indomethacin greatly reduced PGE2 levels at 72 
h. * indicates p<0.01. ** indicates pO.0001.
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Figure 10. Experiment H

Time Loading

Figure 10: Effect of mechanical load on PGEi production. RCC were 
treated with mechanical load (-8 kPA, 0.05 Hz, 6h on/18h off) with or without 
indomethacin (1 pg/ml). PGE2 measurements were made at 5 min, 30 min, 6 h 
and 24 h. These were normalized to cell number and are presented as the mean 
± SD for 3 replicate cultures. No statistically significant differences existed 
among treatment groups at any time period. A JH-thymidine DNA synthesis 
assay was undertaken after 4 days of loading. Cells were labeled for 2 h. No 
difference between loaded (2957 ± 428 cpm/lOOk cells) and non-loaded (3526 
±213 cpm/lOOk cells) was detected.



incorporation was observed between loaded and unloaded cultures. A DNA synthesis 

assay was done with H-thymidine labeling. Proliferation assay showed no difference 

between loaded and unloaded cultures. (Load: 2957±428 cpm/lOOk cells vs. No Load: 

3526±213 cpm/lOOk cells).

Effects of mechanical loading on NO formation: The initial experiments 

(Experiments I and 12) involving nitric oxide were designed to determine a dose-response 

curve of nitrite to two known inducers of nitric oxide, LPS and TNF-a. Results of 

Experiment I are shown in Table 1. The maximum nitrite response at 24 hours was with 

the highest doses of LPS (200,000 ng/ml) and TNF-a (200 ng/ml) given. The one-half 

maximal response occurred in cultures treated with 200 ng/ml LPS and 20 ng/ml TNF-a.

Results of Experiment 12 are shown in Table 2. The maximum nitrite response at 48 

hours was with the highest doses of LPS (200,000 ng/ml) and TNF-a (200 ng/ml) tested. 

As in Experiment I, the one-half maximal response was seen in cells treated with 200 

ng/ml LPS and 20 ng/ml TNF-a.

Experiments J and K were designed to determine the effects of mechanical loading on 

cytokine induced nitric oxide production in rat calvarial cells. No difference in nitrite 

production between load and no load groups with any combination of LPS and TNF-a 

was noted in experiment J (Figure 11). In Experiment K (Figure 12) mechanical loading 

decreased nitrite production at 24 hours in cells treated with 20 ng/ml TNF-a (p < 0.047) 

and in cells treated with both 20 ng/ml TNF-a and 200 ng/ml LPS (p < 0.001).

Effects of mechanical load and cytokines on rat tibial cells: This series of 

experiments, using cells grown from explants of neonatal rat tibia, were designed to
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Table 1. Effect of TNF-a and LPS on nitrite production in RCC at 24 hours.

Nitrite (pM) 0 ng/ml 
TNF-a

0.2 ng/ml 
TNF-a

2 ng/ml 
TNF-a

20 ng/ml 
TNF-a

200 ng/ml 
TNF-a

0 ng/ml 
| LPS

5.56±0.75 5.49±0.54 7.27±3.40 7.16+0.43 9.50+0.06

200 ng/ml 
LPS

14.31 ±1.62 17.99±1.85 20.11+4.53 27.73+4.72 34.44+2.06

2000 ng/ml 
LPS

16.97±2.78 18.33±2.66 25.19+1.38 27.69+1.82 28.60±5.18

20000 ng/ml 
LPS

21,10±4.95 23.67±2.84 25.12+8.60 36.18+1.16 39.78+3.68

200000 ng/ml 
LPS

26.78±3.95 34.82±2.80 45.24+4.23 44.97+2.87 55.35+1.82

Confluent RCC were treated with combinations of TNF-a (0-200 ng/ml) and LPS (0-200,000 ng/ml) 
for 24 hours, then nitrite in the media was measured using the Griess reaction. Data are Mean ± SD of 
3 replicate cultures. Maximum nitrite production (55.35 pM) occurred in the presence of 200 ng/ 
TNF-a and 200,000 ng/ml LPS. One-half maximal dose was noted to be 20 ng/ TNF-a and 200 
ng/ml LPS (27.73 pM).
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Table 2. Effect of TNF-a and LPS on nitrite production in RCC at 24 hours.

1-----------
Nitrite (pM) 0 ng/ml 

TNF-a
0.2 ng/ml 

TNF-a
2 ng/ml 
TNF-a

20 ng/ml 
TNF-a

200 ng/ml 
TNF-a

0 ng/ml 
LPS

6.89±0.18 10.79±3.97 12.4512.19 13.3013.67 11.3713.37

200 ng/ml 
LPS

20.07±2.51 18.5213.02 18.9112.87 18.9111.52 19.7212.13

2000 ng/ml 
LPS

21.46±2.91 21.3811.25 22.8512.88 20.1811.11 21.6512.98

20000 ng/ml 
LPS

21.14±1.53 20.96+0.41 20.5311.41 21.6912.12 24.7814.91

200000 ng/ml 
LPS

22.12±2.05 17.6315.48 21.4611.00 25.8614.76 32.5116.27

Confluent RCC were treated with combinations of TNF-a (0-200 ng/ml) and LPS (0-200,000 ng/ml) 
for 48 hours then nitrite in the media was measured using the Griess reaction. Data are Mean ± SD of 
3 replicate cultures. Maximum nitrite production (32.51 pM) occurred in the presence of 200 ng/ 
TNF-a and 200,000 ng/ml LPS. One-half maximal dose was approximately 20 ng/ TNF-a and 200 
ng/ml LPS (18.91pM).

Table 2. E
ffect of T

N
F-a and LPS on nitrite production in R

C
C

 at 48 hours.



N
itr

ite
 (|

ll
M

)
Figure 11. Experiment J
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Figure 11: Effect of mechanical load on TNF-a and LPS induced nitrite 
formation. RCC were plated on flexible bottomed plates and allowed to become 
confluent. Cells were then treated with combinations of TNF-a (20 ng/ml = T20) 
and LPS (200 ng/ml = L200) along with mechanical load (-8 kPa, 0.05 Hz) for 24 
hours. Nitrite was measured at 24 hours using the Griess reaction. Data represent 
the mean ± SD of 6 replicate cultures. No differences between loaded and non- 
loaded groups were found with any combination of TNF-a and LPS.
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Figure 12: Effect of mechanical load on TNF-a and LPS induced nitrite 
formation. RCC were plated on flexible bottomed plates and allowed to become 
confluent. Cells were then treated with either TNF-a (20 ng/ml = T20) or TNF-a (20 
ng/ml) and LPS (200 ng/ml) along with mechanical load (-8 kPa, 0.05 Hz) for 24 
hours. Nitrite was measured at 24 hours using the Griess reaction. Data represent the 
mean ± SD of 6 replicate cultures. Mechanically loaded wells had significantly less 
nitrite per well than did non-loaded wells, both in the TNF-a (T20) and TNF-a and 
LPS (T20/L200) groups. * indicates p<0.047. ** indicates p<0.001.
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determine if effects of mechanical loading were different in cells isolated from weight 

bearing bones. The effects of cytokines on cell number and NO production in rat tibial 

cells was undertaken in Experiment L. Treatment with TNF-a did not increase nitrite 

production by RTC. LPS and the combination of LPS and TNF-a increased nitrite 

significantly over control (p > 0.0001), but the addition of TNF-a did not increase nitrite 

production over TPS alone. Cell counts after 48 hours of treatment with TNF-a 

(14,449±439), TPS (7,852±420), or TNF-a and TPS (8,244±1,520) were no different 

than control (13,34315,576).

The goal of Experiment M was to determine the effect of inducers of nitric oxide on 

nodule formation in rat tibial cells. No woven bone nodules developed over the 23 day 

experiment in either control or cytokine-treated RTC grown under conditions that support 

nodule formation by RCC. Control wells and wells treated with TNF-a alone became 

confluent at day 7. Wells treated with TPS or the combination of the EPS and TNF-a did 

not become confluent until after treatment was stopped (Day 15). Cells in all groups 

appeared healthy, with a fibroblastic appearance.

Experiment N used a regimen of mechanical loading alone to stimulate rat tibial cells. 

No bone nodules were formed in any well. Cells in loaded and non-loaded groups 

appeared healthy, with a fibroblastic appearance.
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Figure 13. Experiment L

TO/LO T20/L0 T0/L200 T20/L200

Treatment

Figure 13: The effect of TNF-a and LPS on nitrite production in rat tibial 
osteoblasts. Cells were isolated from neonatal rat tibiae using explant 
technique. Cells were treated with combinations of TNF-a (20 ng/ml = T20) 
and LPS (200 ng/ml = L200) for 48 hours and nitrite levels were then 
measured using the Greiss reaction. Data represent the mean ± SD of 12 
replicate cultures. LPS alone and in combination with TNF-a increased nitrite 
levels over control. The addition of TNF-a did not increase nitrite production 
over LPS alone, ^indicates pO.OOOl
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Discussion

This project set out to explore the possible relationship between mechanically 

induced bone formation and two potential mediators, prostaglandin and nitric oxide, 

using primary rat calvarial cells in an in vitro model of mechanical loading. Using 

primary and immortalized osteogenic cell lines, others have reported increased DNA 

synthesis (Hasegawa 1985, Buckley 1988, Brighton 1991), increased collagen production 

(Buckley 1990, Harter 1995) and increased PGE2 levels (Harrel 1977, Somjen 1980, Yeh 

1984, Brighton 1991). No one, however, has examined differentiation of osteoprogenitor 

cells under mechanical loading conditions in vitro. The hypothesis that mechanical 

loading stimulates the differentiation of osteoprogenitor cells was tested in cultures of rat 

calvarial cells that form nodules of woven bone that are ultrastructurally and 

biochemically identical to bone in vivo. The number of osteoprogenitor cells that commit 

to the osteoblast differentiation pathway and ultimately give rise to functional osteoblasts 

that contribute to nodule formation is sensitive to known modulators of bone formation 

such as glucocorticoids (Bellows 1987), PTH (Bellows 1990), l,25-(OH)2D3 (Ishida 

1993) and PGE2 (Flanagan 1992, Tang 1996) Therefore it seemed a likely model for this 

work, and initial experiments to test cell isolation and nodule analysis techniques were 

successful (Experiment A).

Mechanical Load and Osteoprogenitor Differentiation: The experiments to 

achieve the first specific aim (determining optimum strain for differentiation in cultured 

rat calvarial cells in vitro) proved daunting. The results of Experiments B-D testing 

various magnitudes of loading did not show any increase in the number of woven bone 

nodules -  the endpoint of osteoprogenitor differentiation. The time between mechanical
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loading of RCC and cell fixation was lengthened to determine if the cells sensitivity to 

mechanical perturbation was dependent on duration of culture. Experiment E showed 

fewer nodules in wells loaded from days 1-5 when measured at 14 days, but more 

nodules when measured at 28 days. This seemingly inconsistent response was not 

reproducible. In a repeat of this experiment (Experiment E2) no difference at any time 

point with any treatment was found. A final attempt to correlate mechanical loading of rat 

calvarial cells with differentiation of osteoprogenitor cells (Experiment F) revealed no 

difference in nodule number at 15 or 22 days and decreased nodule production at 29 days.

The failure to demonstrate that mechanical loading increased bone nodule number 

may be due to one of two causes. Either there is no relation between mechanical loading 

and osteoprogenitor differentiation, or there is a problem with the model used to detect 

this relationship.

Though the in vivo response to mechanical loading of bone is increased bone mass, 

this may be unrelated to increased osteoblast progenitor differentiation. Increasing the 

production of bone by existing osteoblasts could increase bone mass without prerequisite 

increases in mitosis and differentiation of osteoprogenitor cells and preosteoblasts. 

Reports that PTEl-stimulated bone formation in rats is not associated with an increase in 

mitosis in osteoprogenitor/preosteoblast cells (Dobnig 1995) supports this. Chow (1998) 

has reported that mechanical loading stimulates bone formation by activation of existing 

bone lining cells, which would not require differentiative steps. Likewise, decreasing 

activity of osteoclasts could give a relative increase in bone mass. A changing 

relationship, or uncoupling, of bone formation and resorption could also increase change 

bone mass.
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The model used here, rat calvarial cells in culture subjected to stretching of their 

underlying substrate, has many possible flaws that might preclude detecting a real 

relationship between mechanical loading and osteoblast differentiation. The loading 

regimen used, the mechanical load sensing system used by bone cells, the cells and 

culture system used and the power of the experiment may be factors involved in not 

detecting a real response.

The mechanical loading mechanism utilized in these experiments, the Flexercell 

system, uses vacuum to deform rubber-bottomed plates in a characteristic way (Banes 

1985). Due to thickness of the rubber membrane relative to its radius, the strain curve is 

biaxial and nonlinear (Gilbert 1994). The principle strain vector is directed radially, with 

a range of no applied strain at the center of each well, to a maximum applied strain at the 

periphery of each well that is dictated by the vacuum applied1. There is a smaller 

secondary strain vector directed perpendicular to the primary strain vector. For each 

experiment reported here, a maximum strain based on the vacuum applied is reported; the 

minimum strain, in the center of each well, is 0%. Maximum strains for these 

experiments ranged from 10% to 20% (10% strain indicates an increase in length of 

10%). This is much higher than physiologic strains felt in intact bones. Rubin (1982) 

reported physiologic strains in the weightbearing bones of horses and dogs in the 2100- 

3200 pe (0.21% to 0.32% strain). More recently Burr (1996) measured strains in human 

tibiae during a variety of activities and found a maximum strain of 1966 pe (0.196% 

strain). There is evidence that a window of stimulatory strain magnitude exists. Brighton 

(1991) reported increased osteoblast proliferation in vitro with strains of 400 pe but not

1 maximum strain = 0.001574 + 0.02682x -  0.0001413x2 + 0.00005670x3 -  0.0000009212x4
where x = kPa of vacuum. Gilbert (1994).
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with strains of 100 or 1000 ps. Neidlinger-Wilke (1994) reported increased osteoblast 

proliferation in vitro in cells subjected to 1% strain, but not at 2, 5 or 9% strain. The use 

of supraphysiologic maximum strains is a limitation of the older Flexercell unit used for 

this study; vacuum less than -6 kPa could not be accurately measured nor reliably 

applied. Though some cells in each of the experiments reported here would have seen 

“physiologic” strains, this would have been a small percentage of cells in each well. 

Effects of mechanical loading on osteoblasts or osteoblast like cells using the Flexercell 

model have been reported using supraphysiologic maximum strains. Buckley reported 

increased thymidine incorporation and cell alignment (1988) and increased cell 

associated collagenous and non-collagenous proteins (1990) in chick calvarial cells 

subjected to 24% maximum strain. Harter (1995) reported increased type I collagen 

mRNA in OHS-4 osteosarcoma cells subjected to 12% maximum strain. A 

“differentiation window” for applied strain, if one exists, may have upper limits near 

physiologic strains. If this is true, most of the candidate cells in each culture would have 

been subjected to strains higher than the upper limit for differentiation, and would not 

have been stimulated to differentiate in this system.

The sensory mechanism used by bone or osteoblasts to detect mechanical load is 

unknown. Several possible mechanisms are possible. Individual pre-osteoblasts, or other 

cells, may detect load themselves via focal adhesions between the cell and its surrounding 

substrate (Wang 1993). Alternatively, mechanical load may be detected by a network of 

osteocytes, buried within the mineralized bone matrix. These cells are linked by gap 

junctions to both surrounding osteocytes and bone surface cells forming a three- 

dimensional network that may function in the detection of strain on bone (Lanyon 1993,
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Mullender 1997). The matrix of bone itself may play a role in the detecting of mechanical 

load. Streaming potentials, which are electrical potentials that occur when ionized fluids 

are forced through charged channels when a solid (bone) undergoes bending, may play a 

role. In the mechanical loading model used here, individual cells were mechanically 

perturbed through the underlying substrate. If the detection of mechanical load in bone is 

through a 3-dimensional organized matrix, by a network of connected osteocytes, or a 

cell type not included in the heterogenous population of cells in these rat calvarial 

cultures, then no effect would be noted using the model utilized here.

There is evidence that load effects some bones more than others. Donaldson (1970) 

noted disproportionately larger losses of bone mineral content from lower extremity 

weight bearing bones in prolonged bedrest experiments. This is likely a result of loss of 

bone previously gained in response to load bearing -  a “resetting” of the mechanostat 

(Frost 1987). It is possible, however, that cells from weight bearing bones respond 

differently to load. As the calvarium from which these cells were isolated is not 

weightbearing, these cells may be unresponsive to load. Many authors have reported 

various effects of load on calvarial cells (Hasegawa 1985, Buckley 1988, 1990, Yeh 

1984, Reich 1991) but none has reported differentiative effects. Attempts were made to 

address this possibility by using cells isolated from rat tibial explants. These experiments 

however, failed to produce any nodules. The validity of the rat tibial cell as an osteoblast 

model is questionable, the cells isolated in these experiments may have been fibroblasts. 

Manduca (1997) reported that cells isolated from rat tibia expressed an increasingly 

osteoblast-like phenotype through long-term culture. Alkaline phosphatase quantitation 

or staining, could confirm whether these cells contained osteoblasts.
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It is possible that load alone is not sufficient to produce osteoblast differentiation. A 

second factor (e.g. hormonal) not included in the culture media used here, may be 

necessary for a differentiative response to load. The mechanostat theory advocated by 

Frost (1987, 1992) allows for alterations of the thresholds of load necessary to initiate 

modeling by systemic or local factors like hormones or medications. It is possible that a 

differentiative response requires a factor that is not present in the in vitro environment. 

Banes (1995) reported that platelet derived growth factor-BB (PDGF-BB) or load alone 

were not mitogenic to primary tendon cells. The combination of mechanical load and 

PDGF-BB, however, increased H-thymidine incorporation four-fold.

Attempts to achieve the second specific aim, measuring increased endogenous PGE2 

and NO production in response to mechanical loading also proved frustrating. The initial 

experiment (Experiment F) did find increased PGE2 levels in response to mechanical 

loading at each time point measured. Increased prostaglandin production in these cells 

did not correlate with increased nodule formation. These results, however, were not 

reproducible in Experiments G and H. It is unclear why no difference could be found. 

Previous studies using a variety of loading models in vitro have reported increased PGE2 

production in response to mechanical loading (Harrell 1977, Somjen 1980, Yeh 1984, 

Rawlinson 1991). Once again, it is possible that supraphysiologic strain has different 

effects.

Nitric oxide production was increased in rat calvarial cells treated with LPS and TNF- 

a, as has been previously described (Dinarello 1986, Hanazawa 1987). Experiment J 

revealed no difference in cytokine induced nitrite production in response to mechanical 

load. Experiment K revealed decreased nitrite production in response to load. Shear stress
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has been shown to increase constitutively produced nitric oxide in rat calvarial cells 

(Johnson 1996). The detection system used in the experiments reported here, the Griess 

reaction, is sensitive enough to detect changes in inducible nitric oxide production, but 

not sensitive enough to detect the picomolar concentrations of constitutively produced 

nitric oxide.

Because the third presupposed the first two specific aims, it was not achievable.

The inability to detect changes in nodule formation in response to mechanical load, 

and non-reproducibility of the PGE2 and NO assays between loaded and non-loaded 

groups calls into question the viability of this mechanical load model.
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Chapter 2

Abstract

The catabolic effects of long-term exposure of bone cells to interleukin-ip (IL-ip) 

are well documented, however, the effects of short-term exposure of bone cells to IL-ip 

are not well described. A rat calvarial cell model of differentiation was used to assess the 

effects IL-ip and other cytokines on bone nodule formation. A biphasic effect on nodule 

formation was found. Short-term treatment with IL-ip (10 -  10,000 pg/ml) for 24 to 48 h 

resulted in significantly increased numbers of nodules when measured at 15 days. 

Treatment with IL-lp (100 -  10,000 pg/ml) for longer periods (6 or 8 days) resulted in 

significantly fewer nodules when measured at 15 days. The stimulatory effect of IL-1 p on 

bone nodule formation was limited to treatment early in culture.

IL-ip and other cytokines were noted to induce nitric oxide from the iNOS pathway, 

and to induce increased prostaglandin production. Dexamethasone inhibited cytokine 

induced PGE2 and caused a superinduction of NO when used with cytokines. 

Experiments with inhibitors of these two possible mediators of the early effect of short

term IL-1 P treatment, nitric oxide and prostaglandin, indicate that the differentiative 

effect of early short-term treatment with IL-ip is mediated by prostaglandin.

A mechanism for the biphasic effect of IL-1 p on osteoblast differentiation is 

proposed.
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Background and Significance

An understanding of the local factors regulating bone formation has potential 

significance in all areas where failure of bone formation leads to clinical disease. 

Congenital skeletal deformities, fracture nonunion, failed bone ingrowth arthroplasty, and 

idiopathic osteoporosis are all serious clinical problems, together costing billions in 

health care dollars yearly, in which abnormalities in local regulation of bone formation 

may play a causal role. Little is understood of the mechanisms involved in local control 

of bone formation, but IL-1 (3 has been implicated in each of these clinical problems. 

Increased IL-1 levels have been found in areas of clinical bone loss associated with 

chronic inflammation such as periodontitis (Masada 1990), rheumatoid arthritis (Eastgate 

1989), and periprosthetic osteolysis (Perry 1995). The effects of acute inflammatory 

reactants on bone formation have been largely neglected, though they were reported as 

early as 1941. That year Kuntscher described his “callus without fracture” experiments in 

which an oxidized, but sterile, steel wire was introduced into the diaphysis of a dog tibia 

through the epiphysis with minimal trauma. The ensuing acute inflammatory reaction 

resulted in exuberant periosteal callus formation throughout the diaphysis. The clinical 

work investigating acute inflammation and bone has used a fracture model. The first 

stage of the inflammatory reaction occurs during the first 5 days post-fracture (reviewed 

by Simmons 1985). Gothlin (1973) used electron microscopy to characterize standardized 

fractures at various times during fracture healing in the rat. He noted a large number of 

undifferentiated cells as well as leukocytes, histiocytes and macrophages at fracture sites 

during this initial stage of fracture healing (day 0-5). Einhom and coworkers (1995) 

found interleukin-1 activity in the fracture callus of rats at days 3, 7 and 14 with a
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significant increase in activity at 3 days followed by a decrease over the ensuing 2 weeks. 

A better understanding of the role of IL-1 (3 in the local control of bone formation may 

shed light on these clinical problems as well as give some insight into the poorly 

understood phenomenon of coupling of bone resorption and formation.

The Interleukin-1 family

Lymphocyte activating factor, hematopoetin-1, mononuclear cell factor, endogenous 

pyrogen and lymphocyte proliferation promoting factor of neutrophils are a few of the 

many names (Liles 1995) given to the monokine first isolated from the supernatants of 

human leukocyte cultures (Gery 1972), which was later designated “interleukin-1” 

(Aarden 1979). As its many names imply, besides its initial description as a co-mitogen 

required for T-cell proliferation, many other physiologic roles for IL-1 have been 

discovered, including roles in B-cell proliferation, hematopoetic progenitor cell 

proliferation, slow wave sleep, fever induction in the central nervous system, and many 

others (reviewed by Dinarello 1992). There are actually three genetically and 

biochemically distinct interleukin-1 molecules, IL-la, IL-1 P, and IL-1 receptor 

antagonist (IL-lra; Carter 1990) which share about 25% amino acid homology. The 

genes for IL -la  and IL-1 (3, the agonists, are both found on chromosome 2 (human and 

mouse) and are both expressed as 31 kD precursors that undergo enzymatic processing 

into the 17.5 kD mature forms. Both IL -la  and IL-1 [3 act via the same receptor (Dower 

1986) and have comparable biologic activities. The IL-lra competes with IL-la and IL- 

1(3 for the IL-1 receptor, but does not have agonist activity.
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IL-1 receptors and signal transduction

Two IL-1 receptors have been cloned. All three IL-1 molecules can bind to each 

receptor molecule. Interleukin-1 receptor type I (IL-1RI; Sims 1989) is an 80 kD protein 

and interleukin-1 receptor type II (IL-1RII; McMahan 1991) is a 68 kD protein, each 

have been mapped to chromosome 2 and each has a single membrane spanning sequence 

and ligand binding domains which possess three immunoglobin-like domains of 

approximately 28% amino acid homology. The receptor types differ most dramatically in 

their intracellular domain. The IL-1RI has a 215 amino acid intracellular domain, the IL- 

1RII has just a 29 amino acid intracellular domain. The IL-1RII acts as a decoy receptor, 

and does not transduce any signal upon receptor-ligand binding (Sims 1993, Colotta

1993) . Recently it has emerged that IL-1RI is part of an expanding receptor superfamily 

homologous to the Drosophila Toll protein (Bom 2000). The signaling mechanism 

following IL-1 receptor-ligand binding is not completely understood. Almost every 

conceivable signal transduction mechanism has been proposed as an early IL-1 signal, 

including G-proteins (Rabuazzo 1995), calcium (Arora 1995), protein kinase A (Oddis 

1996), protein kinase C (Iitaka 1994), cAMP (Rodan 1990), cGMP (Leszczynski 1994), 

diacylglycerol (Schtitze 1994), and tyrosine (Kang 1995) and serine/threonine (Martin

1994) kinases. The most recent evidence, based on the IL-1RI and other members of the 

Toll-like receptor superfamily, is that receptor associated kinases (IRAK) act through a 

downstream adapter, TRAF6, to mediate activation of nuclear factor-xB (NF-kB) 

through phosphorylation of iKB-kinase (3. These IRAK may also activate mitogen- 

activated protein kinase (MAPK) pathways (Martin 2002, Janssens 2003).
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The first effects noted on bone by IL-1 were catabolic. Gowen (1983) reported that 

treating mouse calvaria pre-labeled with 43Ca for 48 hours with human IL-1 (100 U/ml) 

resulted in a loss of calcium by the explants which could not be prevented by 

indomethacin, indicating that it was not a prostaglandin mediated event. Using in vivo 

techniques, Konig (1988) was able to show increased urinary excretion of tritium from 

mice prelabeled with H-tetracycline following subcutaneous injections of recombinant 

human IL-1 a. Increased IL-1 levels have been found in areas of clinical bone loss 

associated with chronic inflammation. Clinical bone loss in the face of periodontitis 

(Masada 1990), rheumatoid arthritis (Eastgate 1989), and periprosthetic osteolysis (Perry

1995) have all been linked to IL-1. Osteoclast activating factor or OAF, long known as a 

mediator of localized bone loss was identified as IL-1 in 1985 (Dewhirst). Reports of the 

catabolic effects of IL-1 on bone are much more common than reports of any anabolic 

effects on bone.

Discovery o f anabolic effects o f IL-1 on bone cells

The first report of an anabolic effect of IL-1 on bone cells (Rifas 1984) described 

identification and partial purification of IL-1 from rat peritoneal resident macrophage 

conditioned media (MCM). Fractions of MCM containing the IL-1 activity were found to 

stimulate DNA synthesis and proliferation in fetal rat calvarial cell cultures and to 

increase the number of alkaline phosphatase containing cells and the total amount of 

alkaline phosphatase activity per culture. Shortly thereafter, Gowen (1985) described 

similar findings in a human model. Purified IL-1 produced by cultured human monocytes 

from normal volunteers, stimulated cell proliferation and DNA synthesis in human

Catabolic effects on bone
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trabecular bone outgrowths. The response to IL-1 was greater in pre-log phase cultures 

than in post-log phase cultures and effects on DNA synthesis were greater in the presence 

of the prostaglandin inhibitor indomethacin.

Anabolic effects o f IL-1 in bone organ culture

Purified human IL-1 at low doses (0.01 - 5 U/ml) was used by Canalis (1986) to show 

increased cell proliferation, as measured by H-thymidine incorporation and mitotic 

indices, and increased incorporation of 3H-proline into collagen in rat calvarial organ 

cultures treated for 24 hours. By 96 hours of treatment, 3H-proline incorporation into 

collagen fell to only 17% of controls, while H-thymidine incorporation into DNA 

remained elevated. Indomethacin inhibited the increase in collagen production at 24 

hours, but did not affect measures of cell proliferation. The stimulatory effect of IL-1 on 

DNA synthesis in this study was limited to the periosteum, while the effect on collagen 

production was noted in periosteal and periosteum-free calvaria cultures. Using much 

higher doses (5 - 500 U/ml) of recombinant murine IL-1 on fetal rat calvarial organ 

cultures, Smith (1987) found suppression of collagen synthesis after 48-96 hours, as 

measured by ’H-proline incorporation, that was not affected by indomethacin. DNA 

synthesis was increased in the presence of IL-1 in this model. Hurley (1989) used 

recombinant human IL-la at intermediate concentrations (1 - 30 U/ml) on rat calvarial 

organ cultures and reported no effect on DNA synthesis or collagen synthesis, but did 

note an increase in PGE2 production, which could be blocked by indomethacin. Work 

from the same lab (Marusic 1991) using recombinant IL-la (0 - 60 pM) for 24 hours on 

mouse calvarial organ cultures showed increased DNA synthesis and PGE2 production, 

but decreased collagen production. The IL-1 a effect on collagen production was reversed
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by cortisol, as was the effect on PGE2, but cortisol had no effect on the DNA synthetic

response.

Anabolic effects o f IL-1 on continuous cell lines

Using the osteoblastic cell line MC3T3-E1, Hanazawa (1986) reported a purified
# o . . .  . .

human IL-1 dose-dependent ( 0 - 1 0  U/ml) decrease in H-thymidine incorporation into 

DNA and cell numbers along with a time-dependent increase in alkaline phosphatase 

activity. This group later published similar results using recombinant human IL-1 a and 

IL-ip on MC3T3-E1 (Ohmori 1988). They reported decreases in DNA synthetic 

responses, cell proliferation and protein production, but an increase in alkaline 

phosphatase activity in the cells treated with either IL-1 a or IL-ip for 24 - 72 hours. 

Neither alkaline phosphatase nor DNA synthesis was affected by indomethacin. 

Completely different responses to recombinant IL-ip by MC3T3-E1 cells were reported 

by Ikeda (1988). Increased DNA synthesis, decreased collagen production, decreased 

alkaline phosphatase activity and increased PGE2 production were reported with IL-1 P 

concentrations of 0 - 50 U/ml and treatment times of 48 hours or less. Indomethacin 

decreased PGE2 production but did not affect the other measured parameters. More 

recently, Nakase and coworkers (1997) have reported that IL-1 p (1- 50 ng/ml) enhances 

BMP-2 induced alkaline phosphatase activity in MC3T3-E1 cells, though they saw no 

increase in AP activity with IL-1 p alone.

Anabolic effects o f IL-1 on primary cell lines

Tatakis (1988) reported a dose-dependent stimulation of PGE2 production in cultured 

rat calvarial cells treated with recombinant murine IL-1 a (0.5 - 100 U/ml) for 72 hours. A 

synergistic increase in PGE2 production was noted in the presence of parathyroid
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hormone. Evans (1989) used natural human IL-1 (3 (1-10 U/ml) to treat human trabecular 

bone cells in culture and found a dose-dependent increase in prostaglandin E2 production 

and a dose-dependent increase in l4C-thymidine incorporation into DNA when cells were 

treated in the presence of indomethacin, but no effect when cells were treated without the 

prostaglandin inhibitor. Vitamin D3 induced alkaline phosphatase and osteocalcin 

production, both markers of an osteoblastic phenotype, were inhibited by IL-lp. Using 

recombinant human IL-ip (0 - 100 U/ml) for a 24 - 48 hour treatment periods on human 

osteoblast-like cells grown from trabecular bone explants, the same group (Evans 1990) 

reported dose-dependent increases in DNA synthetic response and PGE2 production and 

dose-dependent inhibition of alkaline phosphatase activity and l,25(OH)2D3-induced 

osteocalcin production. Using recombinant human IL-1 a (0.1 - 5 U/ml) on primary 

human osteoblast-like cells, Bodo (1992) showed an increase in cell number and JH- 

thymidine incorporation and a decrease in 3H proline incorporation into collagen. Rickard 

(1993) reported that treating human osteoblasts cultured from trabecular bone explants 

with recombinant human IL-1 a (1 - 100 U/ml), in the presence of indomethacin, for 24 

hours resulted in a dose-dependent increase in cell proliferation and in proliferation of 

alkaline phosphatase staining cells. Kuroki (1994) noted a decrease in alkaline 

phosphatase activity and no change in cell number or osteocalcin production when they 

treated confluent cultures of human osteoblastic cells from periosteum with recombinant 

human IL-1 (3 (200 - 1200 U/ml) for 3 days. Modrowski (1995) reported an increase in 

number of cells in cultures from human trabecular bone when treated with recombinant 

human IL-1 a (10 - 100 U/ml).
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Pacifici (1987) reported that half (11/22) of the idiopathic osteoporosis patients in 

their study had increased IL-1 activity in peripheral blood monocytes compared to the 

other half of idiopathic osteoporotic patients or normal controls. Patients with elevated 

IL-1 levels also showed elevated histomorphometic indices of bone formation 

(calcification rate, fractional labeled surface and bone formation rate) after tetracycline 

double labeling and iliac crest biopsy. Boyce (1989) injected IL-1 a (2.5 pg) or vehicle 

subcutaneously over the calvaria of Swiss mice daily for 3 days and found locally 

increased numbers of osteoclasts and actively resorbing surfaces along with proliferation 

of periosteal cells when animals were sacrificed at 3 days. By 7 days, (4 days after last 

treatment) new woven bone had been laid down, and calvarial bone volumes were 

significantly greater than saline controls by day 11. This increase in bone formation was 

blocked by subcutaneous injections of indomethacin. In a similar, study Takada (1994) 

used continuous intramedullary infusion of IL-1 a (0.6 ng/hr) into the femora of rats for 2 

weeks and found increased bone formation using dual energy x-ray absorptiometry and 

histomorphometric analysis. Using a bone morphogenetic protein (BMP) induced 

heterotopic bone formation model, Fujimori (1992) reported that mice treated with BMP 

(5 mg, subcutaneously) and IL-1 a (4000 U/day, subcutaneously) made more heterotopic 

bone (22.0 ± 13.3 pg/implant) than did those mice treated with BMP alone (9.0 ± 3.8 

pg/implant).

Reports o f IL-1 effect using bone nodule methodology

The effects of treatment of cells in culture with IL-1 are difficult to compare between 

studies given different cell sources (human vs. rat), different IL-1 doses (0.5 U - 1200 U),

Anabolic effects o f IL-1 in vivo
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and different endpoints (measures of cell proliferation vs. measures of differentiation). 

The relevance of increased numbers of cells or increased levels of alkaline phosphatase to 

the clinically important measure of increased bone formation, or more importantly, 

differentiation, is questionable. Primary cultures of fetal or neonatal rat calvarial cells 

form three-dimensional nodules of mineralized bone when grown in long term culture in 

the presence of ascorbic acid and an organic phosphate source (Bellows 1986). These 

nodules are biochemically and ultrastucturally identical to woven bone (Bhargava 1988), 

and each develops clonally from a single osteoprogenitor cell (Bellows 1989). This in 

vitro method provides an opportunity to investigate regulation of bone osteoprogenitor 

cells under easily controllable conditions. Using bone nodule methodology, Stashenko 

(1987) reported that continuous treatment with purified human IL-1 (3 (2 U/ml) for 4 days 

had no effect on rat calvarial bone nodule numbers, while treatment for 7 days or longer 

resulted in a significantly fewer bone nodules. These experiments were carried out in the 

presence of dexamethasone. They noted no effect of IL-1|3 on DNA synthesis, a decrease 

in collagen and non-collagen protein production, and an inhibition of histochemically 

detectable alkaline phosphatase in IL-ip treated cultures at 13 days. Using the same 

culture system, Ellies and Aubin (1990) showed an increase in nodule number in cultures 

treated with 5 or 50 U/ml of recombinant human IL-la for the first 4 days of culture. 

Treatment for longer periods (12 or 17 days) resulted in a decrease in nodule numbers. A 

dose-dependent increase in cell number and alkaline phosphatase activity was noted with 

IL-la treatment in log-phase cells. Increased PGE2 was induced by IL-la and could be 

blocked by indomethacin, but no effect on nodule number was noted with short (< 5 

days) pulses of IL-la and indomethacin, though indomethacin blunted the decrease in
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nodule numbers in cells treated with IL-la for more than 5 days. This group (Ellies 1991) 

later reported on the effect of continuous treatment of rat calvarial cells with recombinant 

human IL-la (50 U/ml) on PGE2, phospholipase A2 (PLA2) and nodule formation. They 

found increased levels of PGE2 and PLA2 along with inhibition of nodule formation at 19 

days. Indomethacin partially blocked inhibition of nodule formation.

IL-1 in developing bone

Interleukin-1 has been detected in cells isolated from newborn mouse calvaria 

(Hanazawa 1987, Lorenzo 1990). Using in situ hybridization for IL-la mRNA in 

newborn C57BL/6 mice, Takacs (1988) was able to show hybridization in areas adjacent 

to freshly ossified bone in an area of endochondral ossification (humeral physis). No 

mention was made of the calvaria or other membranous bones. Dodds (1994) probed 

sections of osteophytic bone from femoral heads removed at the time of hip replacement 

surgery with an IL-lp antisense probe. They reported expression by active osteoblasts in 

areas of “intramembranous ossification” (i.e. periosteal and endosteal surfaces of the 

osteophyte), but not in areas of “endochondral ossification.” Interleukins have been 

implicated in the pathophysiology of skull malformation in patients with Apert’s 

syndrome, a rare craniofacial malformation (Bodo 1997). They showed that extracellular 

matrix (ECM) molecules, including collagen types I and III, fibronectin and 

glycosaminoglycans were elevated in periosteal cells isolated from Apert’s syndrome 

patients, and that treatment with exogenous IL-1 could modulate secretion of ECM 

molecules in these cells.
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Prostaglandin and Nitric Oxide in bone

Two molecules, prostaglandin and nitric oxide, may be involved as effector 

molecules following IL-1 receptor binding. Both are formed after stimulation with IL-1 

and, like IL-1, both have been shown to have biphasic effects on bone.

The prostaglandins are a family of oxygenated C20 fatty acids synthesized from 

arachidonic acid by the enzyme cyclooxygenase. The earliest evidence of the effects of 

prostaglandin on bone showed it to be a potent mediator of bone resorption in vitro 

(Klein 1970). Later work from the same laboratory (Chyun 1984), showed increased ’H 

thymidine incorporation and increased collagen synthesis in rat fetal calvariae treated 

with 10'7 M PGE2. The in vivo effects of prostaglandins on bone were first noted in 

human infants treated with PGEi infusion for congenital cyanotic heart disease who 

developed cortical hyperostosis of the long bones after 3-4 weeks of treatment (Ueda 

1980). Using the rat calvarial bone nodule formation model, Flanagan (1992) and Tang 

(1996) showed that PGE2 stimulates bone nodule formation in rat calvarial cells.

Nitric oxide is a short-lived free radical generated by one of the three nitric oxide 

synthase enzymes which convert molecular oxygen and L-arginine into NO and L- 

citrulline. Two of the nitric oxide synthase enzymes, endothelial (eNOS) and neuronal 

(bNOS), are constitutively expressed and are regulated by intracellular calcium 

concentration to produce picomolar concentrations of NO. The third, inducible form 

(iNOS) is regulated at the transcriptional level and can be induced by proinflammatory 

cytokines, including IL-1, to produce nanomolar concentrations of NO. Each of the NOS 

enzymes catalyzes (with NADPH, FAD and tetrahydrobiopterin) the conversion of O2 + 

L-arginine —»• L-citrulline + NO. The reaction can be competitively inhibited by the

61



addition of arginine analogs Nco-nitro-L-arginine-methyl ester (L-NAME) or L-NG- 

monomethyl arginine (L-NMMA).

Like PGE2, nitric oxide has been shown to have anabolic and catabolic effects on 

bone. MacIntyre et al. (1991) were the first to report increased bone resorption in rat 

osteoclast cultures treated with high concentrations of NO. Others have reported that the 

NOS competitive inhibitor L-NG-monomethyl arginine inhibits rat and human osteoblast 

proliferation (Riancho 1995). More recent work implicates NO as a mediator of 

mechanical load induced bone formation (Turner 1996, Fox 1996). A nitric oxide donor, 

2 ,2 ’-(hydroxynitrosoydrazio) bis-ethanamine has been reported to increase bone nodule 

formation in rat calvarial cell cultures (Otsuka 1998).

Summary o f Background Studies

There is a fairly large body of research dealing with effects of inflammatory 

cytokines and bone. Clinical investigations have appropriately focused on bone loss in 

the face of chronic inflammatory reactions as is seen with rheumatoid arthritis, 

periodontal disease and osteolysis following joint arthroplasty, as these are significant 

clinical problems. Following fracture, an acute inflammatory phase with increased levels 

of IL-1 in the first several days has been reported.

Two points are well made by the studies reviewed here. They are that long-term 

exposure to IL-1 is catabolic and that exposure to IL-1 stimulates prostaglandin 

formation. Long-term (>5 day) exposure to IL-1 resulted in catabolic effects (bone loss, 

less bone formation, decreased mitotic activity, decreased collagen formation, decreased 

measures of osteoblast differentiation or fewer bone nodules formed) in almost every 

study reviewed. The exception was Takada (1994) where continuous intramedullary
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infusion of IL-la into rat femora for 2 weeks resulted in increased bone formation using 

histomorphometry and dual energy x-ray absorptiometry as endpoints. Prostaglandin 

levels were increased in each study in which prostaglandin was measured following IL-1 

administration.

The reports are conflicting, however, when the effects of short-term IL-1 exposure are 

isolated.

Several authors present anabolic data with respect to mitogenic measures, measures 

of collagen formation or osteoblast differentiative measures. This data, however, is far 

from consistent. Because the cells in most of these experiments are not a homogeneous 

osteoblastic cell type, but a heterogeneous collection of cells in which osteoblast cells are 

a minority (the exceptions are the experiments utilizing the MC3T3-E1 cell line), 

measures of cell proliferation, mitogenesis or collagen formation likely include far more 

non-osteoblastic cells than osteoblastic cells, and are therefore less valuable. When 

measures of differentiation alone are considered, a less muddled, but still inconsistent 

picture emerges (Table 3).

Some of these inconsistencies may be due to methodological differences. Three of the 

four studies resulting in decreased differentiative effects with short-term IL treatment 

were done with human osteoblasts. These cells are collected at the time of surgery, 

typically for hip replacement (though Bodo harvested cells from stapedectomy 

specimens), and are from older patients whose differentiative capacity may be lacking. 

Evans (1989, 1990) gives almost no details of culture methods, including plating 

densities, culture densities at the time of treatment or length of time in culture before
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Table 3. Summary of studies of short-term effects of IL-1 on bone cells

ST U D Y M ODEL INTERLEUKIN REGIMEN MITOGEN COLLAGEN DIFFERENTIATION

R ifas
(1 9 8 4 )

RCC Partially purified rat IL 24  h
7

t Ta p
C analis
(1 9 8 6 )

RC organ
Cx

Purified human IL 24  h
0 .0 1 -5  U/ml

t t
Sm ith
(1 9 8 7 )

RC organ
C x

Recom binant murine IL 4 8 -9 6  h 
5-500 U/m l

t t
M arusic
(1 9 9 1 )

RCC Recom binant human IL-
lct

24 -7 2  h 
0-60  pM

t 4
H anazawa
(1986)

M C3T3 Purified human 
IL-1

24 h
0 -10  U/m l

I T a p

Ohm ori
(1 9 8 8 )

M C3T3 Recom binant human IL- 
l o e & p

2 4-72  h 
0-10  U/ml

4 4 Ta p
Ikeda
(1988)

M C3T3 Recom binant 9 
IL-1 p

24  h
0 -50  U/ml

t 4 4a p
Evans
(1989)

Human
OB

Purified human 
IL-1 p

4 8-72  h 
1-10 U/ml

4a p , o c

Evans
(1990)

Human
OB

Recom binant human IL-

1P
2 4-48  h 

0 -100  U/m l
t 4a p , o c

B odo
(1992)

Human
OB

Recombinant human IL- 
l a

24  h
0 .1-5  U/ml

t 4
Rickard
(1993)

Human
OB

Recom binant human IL- 
l a

24  h
1-100 U/m l

t Ta p
Kuroki
(1994)

Human
OB

Recom binant human IL-

1P
72  h

0-1200  U/ml
<-> <h>o c  4a p

M odrowski
(1995)

Human
OB

Recom binant human IL- 
l a

72 h
10-100 U/m l

t
Stashenko
(1987)

RCC Purified human 
IL-1 p

96  h 
2 U/m l

<-»Nodules

Ellies
(1990)

RCC Recom binant human IL- 
l a

96 h
5-50  U/m l

T A P fN o d u le s

Table 3: Summary of studies of short-term effects of IL-1 on bone cells. Studies 
investigating short-term (< 96 hours) effects of IL-1 a or P on proliferation, collagen 
production and measures of differentiation in osteoblast-like cells is presented. Cell 
types and IL-1 formulation and regimen are presented. Of note is that the 
differentiative measures following short term IL-1 treatment are quite inconsistent. 
RCC = rat calvarial cells. RC organ Cx = rat calvarial organ culture. MC3T3 = 
MC3T3-E1 cell line. Human OB = human osteoblast (surgical specimen) AP = 
alkaline phosphastase. OC = osteocalcin. Nodules = bone nodules
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treatment. Stashenko’s (1987) results are not surprising given the time points selected. 

The earliest time point, 96 hours, may be between an early anabolic effect and the late 

catabolic effect. This is supported by Stashenko’s reported late catabolic effects and 

Ellies (1990) results, which showed an early anabolic effect (in this case 1-4 days), an 

intermediate, baseline, regimen (1-8 days) and a late, catabolic effect (1-12 or 1-17 days).

Only two of the studies reviewed here have a design which would allow them to 

detect a biphasic effect of IL-1 on bone cells. Canalis (1986) followed rat calvarial organ 

cultures serially through 96 hours. He found early increases in cell proliferation and 

collagen formation, but late decreases in collagen formation. No measure of bone cell 

differentiation was made. A true biphasic effect of IL-1 on bone formation was shown by 

Ellies (1990), though the study was limited to IL-1 a, at 3 concentrations and few time 

points, the earliest of which was 96 hours of treatment.

The effects o f  IL-1/3 dose and time o f dose over a short-term (24-48 hours) and a 

long-term (14 day) time frame in an appropriate model o f bone cell differentiation have 

not been reported. The effects o f short term pulsing o f cells within the long-term time 

frame have not been reported. Additionally, the mechanism o f action o f short-term IL-1 (5 

treatment is not understood, and the effects o f inhibitors ofpotential mediators o f the IL- 

1/3 effects over a short-term exposure in an appropriate model o f bone cell differentiation 

has not been reported.

There is substantial evidence that an acute inflammatory reaction is anabolic for bone, 

and that IL-1, in particular IL-1 (3, may play a role in this effect. A better understanding of 

this role may have benefits in the clinical areas of fracture care, arthroplasty, idiopathic 

osteoporosis, and skeletal deformity.
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Most of the previous work toward understanding the anabolic effects of IL-ip on 

bone has used cell proliferation, collagen production and alkaline phosphatase activity in 

cell or organ culture. While these give some insight into the effects of the cytokine on 

bone cells, the true, clinically relevant effect is the differentiation of osteoprogenitor cells 

into bone forming cells, and the sine qua non of the osteoblast is bone formation. The in 

vivo studies of Pacifici (1987) and Boyce (1989) show increased bone formation, but in 

this organismal model, this could be a result of increased differentiation, up regulation of 

osteoblast activity or down regulation of osteoclast activity. Using in vitro bone nodule 

methodology provides an easily controlled environment which allows quantitation of 

differentiating osteoprogenitor cells by counting of bone nodules. Using these methods 

Ellies (1990) showed increased numbers of nodules after short treatment with IL-la, but 

that study was limited by the concentrations and time regimens tested. Previous reports 

hint at a biphasic temporal effect. Ellies saw an increase in nodules with IL-la treatment 

of less than 4 days and a decrease in nodules with treatment longer than 12 days.

At least two intercellular messengers, PGE2 and nitric oxide, both reported to have 

anabolic effects on bone, are released as a consequence of IL-ip treatment of osteoblasts. 

Neither of these potential mechanisms has been investigated with respect to an early 

differentiative effect after IL-lp stimulation of bone cells. In this report, the effect of IL- 

ip or other cytokine induction of NO and PGE2 will be determined and the role of 

prostaglandin or nitric oxide in IL-1 induced bone nodule formation will be investigated 

using specific inhibitors of these molecules.
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Experimental Design
Effect of cytokines on bone nodule formation by rat calvarial cells: Experiment O 

was the first experiment to measure the differentiative effects of TNF-a and LPS, two 

known inducers of IL-1 (Tatakis, 1993). The neonatal rat calvarial cell bone nodule 

formation assay was used to measure differentiative effects of TNF-a (20 ng/ml) and 

bacterial lipopolysaccharide (EPS, 200 ng/ml) when applied to cells for 48, 96 or 144 

hours starting on day 5 of culture (n = 4). Dexamethasone, a glucocorticoid which has 

been previously noted to increase nodule formation in this model was also used alone and 

in concert with TNF-a (20 ng/ml) and bacterial lipopolysaccaride (EPS, 200 ng/ml). 

Media was changed every 2 days. Cultures were fixed, Von Kossa stained and analyzed 

at day 16 of culture.

To determine if the increase in nodule number observed following a 48 hour 

treatment of rat calvarial cells with TNF-a and LPS was nitric oxide related, a second 

experiment (Experiment P) was planned. Rat calvarial cells were plated at 3000 cells/cm2 

and allowed to attach overnight. Cells were treated with TNF- a (20 ng/ml) and LPS (200 

ng/ml) with or without dexamethasone (1 pM) or with carrier for days 1-3, 1-5 or 1-7. 

Additional groups were treated from day 1-3 with TNF-a (20 ng/ml), LPS (200 ng/ml) 

and nitric oxide synthase inhibitor Nco-nitro-L-arginine-methyl ester (L-NAME, 100 pM) 

with or without dexamethasone (1 pM). Medium was changed every 2 days. Cultures 

were fixed, Von Kossa stained and analyzed at day 14 (n = 4/group/timepoint).

Nodule Dose and Time Response to IL-ip: To determine the effects of IL-ip on 

bone nodule induction and inhibition in rat calvarial cell cultures, a dose- and time- 

response experiment (Experiment Q) was carried out using recombinant human IL-1 (3.
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Beginning 24 hours after plating, cultures (n=4) were treated continuously for 1, 2, 4, 6 or 

8 days, with 0, 1, 10, 100, 1000 or 10,000 pg/ml (0, 0.187, 1.87, 18.7, 187 or 1870 U/ml) 

of IL-ip, or carrier (Figure 14). Media was changed every 48 hours. All cells were fixed 

and stained and analyzed on day 15 of culture.

Experiment R was undertaken to further define the time dependency of the IL-ip 

effect on bone nodule formation. Rat calvarial cell cultures (n = 4) were treated with 1000 

pg/ml (187 U/ml) recombinant human IL-ip for two days early in culture (days 1-3) 

during the middle of culture (days 5-7), or toward the end of culture (days 9-11). Other 

groups were treated from 1-7 days or from 1-11 days of culture. Controls were treated 

with carrier (Figure 15). All groups were fixed and Von Kossa stained on day 15.

Effect of IL-ip on Prostaglandin Production by Rat Calvarial Cells: Experiment 

S was designed to determine if exogenous IL-ip stimulated prostaglandin production by 

rat calvarial cells. The effect of IL-ip on rat calvarial cell prostaglandin production was 

determined by treating confluent (day 6) rat calvarial cell cultures with IL-ip (1000 

pg/ml or 187 U/ml), or with IL-ip and inhibitors of prostaglandin synthesis, 

indomethacin (1 pM) or dexamethasone (1 pM), for 48 hours (n = 4). Prostaglandin in the 

cell culture medium was measured by EIA. The number of cells in each culture well was 

determined using a Coulter Counter with correction made for coincidence.

Effects of cytokines on nitric oxide production by rat calvarial cells: The effect of 

TNF-a and lipopolysaccharide, both known inducers of IL-1 (Tatakis 1993), and 

dexamethasone on nitric oxide formation were investigated using several techniques. In 

the initial experiment (Experiment T), nitrite, the stable end-product of nitric oxide, was
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Figure 14: Experiment Q Timeline. Cells were plated at day 0 and allowed to attach overnight. Treatment 
began on day 1. Dark bars indicate days when cells were treated with various concentrations of IL-ip. All 
plates were fixed and nodules analyzed at day 15.
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measured. Confluent cultures of rat calvarial cells were treated for 24 hours with TNF-a

(20 ng/ml) and LPS (200 ng/ml), in the presence or absence of dexamethasone (1 pM) or 

with carrier. After the 24 hour treatment period, nitrite in the media was measured (n = 4) 

with the Griess reaction. Protein in the cell layer was measured with BCA. To determine 

if the effect of dexamethasone on nitrite production was caused by a contaminant, a 

repeat experiment (Experiment T2) was conducted as above (n = 4) but two different 

dexamethasone sources (Sigma D1756 and D4902) were used. Experiment T was also 

repeated on rat peritoneal macrophages (Experiment T3). Cells were plated at equal 

densities (n = 5/group), allowed to adhere for 24 hours, then treated with TNF-a (20 

ng/ml) and LPS (200 ng/ml), in the presence or absence of dexamethasone (1 pM) or 

with carrier for 24 hours. Nitrite was measured at 24 hour by the Griess reaction.

To ensure that the nitrite being measured was a product of induced nitric oxide 

synthase, a similar experiment (Experiment U) was done on confluent rat calvarial cell 

cultures using TNF-a (20 ng/ml) and LPS (200 ng/ml), in the presence or absence of 

dexamethasone (1 pM) or with carrier. Additionally, some cells (n = 4) treated with 

dexamethasone/TNF/LPS were also treated with an inhibitor of transcription (1 pg/ml a- 

amanitin) or an inhibitor of translation (5 pg/ml cycloheximide). At 24 hours, nitrite was 

measured by Greiss reaction.

A more direct measure of nitric oxide synthase activity was undertaken using a 

functional assay of NOS (Experiment V). Confluent rat calvarial cell cultures were 

treated with TNF-a (20 ng/ml) and LPS (200 ng/ml), in the presence or absence of 

dexamethasone (1 pM), or with carrier. After 24 hours in culture, cell protein was
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collected and a l4C-arginine—>14C-citrulline functional assay was performed as an 

indication of nitric oxide synthase activity.

An attempt to visualize relative nitric oxide synthase levels was undertaken next. In 

Experiment W, confluent rat calvarial cell cultures were stimulated with TNF-a (20 

ng/ml) and LPS (200 ng/ml), in the presence or absence of dexamethasone (1 pM) or 

with carrier, this time in a methionine-deficient medium supplemented with '^S-translabel 

to label proteins being synthesized. Following a 4 hour labeling period, proteins were 

collected and immunoprecipitated with anti-iNOS antibody. Autoradiography following 

polyacrylimide gel electrophoresis was used to identify relative iNOS levels (n=l/group). 

This experiment was repeated twice (Experiments W1 and W2)

Effect of IL-ip on nitric oxide production by rat calvarial cells: The effect of IL- 

1(3 alone and in combination with cytokines and dexamethasone was determined in a 

separate experiment (Experiment X). Confluent rat calvarial cell cultures were treated 

with dexamethasone (1 pM), recombinant human IL-ip (5 ng/ml) alone or in 

combination with TNF-a (20 ng/ml), LPS (200 ng/ml) or dexamethasone (1 pM). Nitrite 

was measured using the Greiss reaction at 24 hours (n = 4/group).

Effect of Inhibitors of Prostaglandin or Nitric Oxide on Nodule Formation: 

Experiment Y was an attempt to investigate a possible mechanism for short-term IL-ip 

induced bone nodule formation. Rat calvarial cell cultures (n=4) were treated with IL-1 p 

(1000 pg/ml or 187 U/ml) in the presence of the phospholipase A2 inhibitor 

dexamethasone (1 pM), the cyclooxygenase inhibitor indomethacin (1 pM) or the nitric 

oxide synthase inhibitor Nco-nitro-L-arginine-methyl ester (L-NAME, 100 pM) for 48
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hours (day 1-3). All groups were ethanol fixed, Von Kossa stained and analyzed on day 

15.

Effect of IL-ip on Rat Calvarial Cell Proliferation: Experiment Z measured the 

effect of IL-ip on rat calvarial cell proliferation by treating sparsely plated cultures (3000 

cells/cm2) with IL-ip (1000 pg/ml or 187 U/ml) for 48 hours or continuously (n = 4), or 

with carrier, and measuring cell numbers through the first 10 days of culture. At each 

time point culture medium was aspirated, and the cell layer washed 3X with PBS without 

added Mg+ or Ca++. Cells were released from the culture plate with Mg+- Ca++-free PBS 

containing 0.125% trypsin and 0.125% bacterial collagenase. Triplicate aliquots were 

counted using a Coulter Counter with correction made for coincidence.
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Results

Cells became confluent on day 4 or 5. Treatment regimens did not affect time to 

confluency. Multilayered nodules were typically visible at day 7 or 8 in cultures that 

developed nodules.

Effect of cytokines on bone nodule formation by rat calvarial cells: Experiment O 

was designed to determine if TNF-a (20 ng/ml) and LPS (200 ng/ml), together labeled 

“Cyto” in figure 16, affected rat calvarial cell osteoblast differentiation. As has been seen 

in previous studies (Flanagan 1992), dexamethasone alone (“Dex,” 1 pM) increased bone 

nodule formation significantly (p < 0.01) for each length of treatment. “Cyto” treatment 

increased nodule formation significantly with 48 hours of treatment (p < 0.001), but 

decreased nodule formation relative to controls for 96 and 144 hours of treatment (p < 

0.001 in each case). Interestingly, the combination of “Dex+Cyto” resulted in no nodule 

formation with every treatment duration (p < 0.001).

Experiment P utilized the same “Cyto” regimen (20 ng/ml TNF-a and 200 ng/ml 

LPS) but included L-NAME, an arginine analog which dose-dependently decreases NO 

formation, in the Day 1-3 group. As seen in figure 17, “Dex” alone again increases 

nodule formation significantly in every treatment group (p < 0.01 in each case). “Cyto” 

increased bone nodule formation in the day 1-3 group (p < 0.003). The “Cyto” effect was 

not inhibited by L-NAME (“LNAME+Cyto”). Both “Dex+Cyto” and 

“LNAME+Dex+Cyto” during days 1 -3 inhibited nodule formation back to control levels. 

With longer treatment times, days 1-5 and 1-7, “Cyto” had either no effect or decreased 

nodule number compared to control.
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Figure 16. Experiment O
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Figure 16: Effect of various courses of TNF-a and LPS on bone nodule 
formation in rat calvarial cells. RCC were treated with TNF-a (20 ng/ml) and 
LPS (200 ng/ml) “Cyto”, 1 pM dexamethsone (“Dex”) or a combination of the 
two (“Dex+Cyto”) for 48, 96 or 144 hours starting at day 5 in culture. At 16 
days in culture cells were fixed and bone nodules analyzed. Data represent 
mean±SD of 4 replicate cultures. Both “Dex” and “Cyto” increased nodule 
numbers significantly with 48 hours of treatment. Only “Dex” continued to 
stimulate nodule formation with 96 and 144 hours of treatment. In contrast, 
“Cyto” treatment for > 48 hours resulted in decreased nodule formation. The 
combination of “Dex+Cyto” resulted in a lack of nodules at all times tested, 
though cells appeared normal. * indicates p<0.001.
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Figure 17. Experiment P

Treatment (Days of Culture)

Figure 17: Effect of Dexamethasone, TNF-a and LPS and L-NAME on bone 
nodule production in rat calvarial cells. RCC were treated with “Cyto” (20 ng/ml 
TNF-a and 200 ng/ml LPS), “Dex” (1 pM), or the combination of the two, 
“Dex+Cyto” during days 1-3, 1-5 or 1-7 of culture. Additional groups were treated 
from days 1-3 with “LNAME+Cyto” (100 pM L-NAME and 20 ng/ml TNF-a and 
200 ng/ml LPS) or “LNAME+Dex+Cyto” (“LNAME+Cyto” with 1 pM 
dexamethasone). Wells were fixed and nodules analyzed at day 14. Data represent 
mean±SD of 4 replicate cultures. As expected, “Dex” increased nodule formation with 
each length of treatment. “Cyto” increased nodules with treatment from 1-3 days, had 
no effect on nodule formation with treatment from 1-5 days and decreased nodule 
formation in cells treated from 1 -7 days. “Dex+Cyto” treatment from 1 -3 days did not 
change nodules from control. “LNAME+Cyto” did not inhibit induction of nodule 
formation caused by “Cyto”
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Nodule Dose and Time Response to IL-ip: The response to various lengths of IL- 

1P treatment for the concentrations tested are shown in figure 18 (Experiment Q). 

Treatment with 1 pg/ml of IL-lp had no effect on nodule formation regardless of length 

of treatment. A biphasic effect was seen for the remaining concentrations. Short treatment 

times, 24 and 48 hours, resulted in significantly more nodules than control for all other 

IL-ip doses (p < 0.037 in each case). At 4 days of treatment only 100 pg/ml showed an 

increase in nodule number (p<0.0013), whereas treatment with 10,000 pg/ml treatment 

showed significantly reduced nodule number (p < 0.0056). Longer treatment times, 6 and 

8 days, resulted in significantly fewer (p < 0.0001 in each case) nodules than control for 

all concentrations of IL-ip except 1 and 10 pg/ml, which showed no difference from 

control. There was no difference between control groups in different time-course 

regimens in this study. With short treatment times (24 or 48 hours) there was no 

significant difference in nodule number in IL-lp doses between 10 and 10,000 pg/ml. 

With long treatment times (6 or 8 days) there was no significant difference in nodule 

number in IL-lp doses between 100 and 10,000 pg/ml.

The next experiment (Experiment R) was designed to better outline the effective 

“window of opportunity” of IL-ip on nodule formation. Results are seen in figure 19. As 

in the previous experiments, treatment with IL-ip (1000 pg/ml) during days 1-3 of 

culture resulted in significantly more nodules (p < 0.0001) than controls at 15 days, and 

continuous treatment from day 1 to day 7 or 11 resulted in significantly fewer nodules (p 

< 0.0001). A 2-day treatment in the middle of culture (days 5-7) or late in culture (days 9- 

1 1 ), however, had no effect on nodule formation at 15 days.
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Figure 18. Experiment Q

Figure 18: Dose-response of nodule 
formation in RCC to IL-ip. RCC
were treated with a range of 
concentrations of rhIL-ip (1- 10,000 
pg/ml) for 24, 48, 96, 144 or 192 
hours starting 24 hours post plating 
(see figure 13). Wells were fixed, and 
nodules anaylyzed at day 15. Data 
represent the mean ± SD of 4 replicate 
cultures. No difference from control 
was seen with 1 pg/ml IL-ip for any 
duration of treatment. Treatment for 
24 or 48 hours with 10 pg/ml of IL-ip 
resulted in increased nodule formation 
at 15 days (p<0.0017 and p<0.012 
respectively). Treatment for longer 
periods had no effect on nodule 
formation. Treatment with 100 pg/ml 
of IL-1P resulted in increased nodule 
formation at 24 h (p<0.0008), 48 h 
(p<0.025) and 96 h (p<0.0013). 
Longer treatment times resulted in 
decreased nodule formation (p<0.0001 
for 144 and 192 h). Short-term 
treatment for 24 or 48 h with 1000 
pg/ml IL-ip resulted in increased 
nodule formation (p<0.0001 and 
p<0.0004 respectively). Treatment for 
144 or 192 h resulted in inhibition of 
nodule formation (p<0.0001 in each 
case). Treatment with 10,000 pg/ml of 
IL-1P resulted in increased nodules at 
15 days after 24 (p<0.0002) or 48 h 
(p<0.0001) of treatment, and 
decreased nodules after 96 h 
(p<0.0056), 144 h (p<0.0001) and 192 
h (p<0.0001). * indicates statistically 
significantly different from control.
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Figure 19: Effects of 48 h IL-ip treatment at various times in culture. To
determine if the anabolic effects of 48 h treatment with IL-1 (3 were limited to 
early in culture, RCC were treated with 1000 pg/ml rhIL-ip for 48 h periods 
starting at day 1, day 5 and day 9 in culture. Additional wells were treated from 
days 1-7 and 1-11. Cells were fixed and nodules analyzed on day 15. Data 
represents the mean ± SD of 4 replicate cultures. As in previous experiments, 
treatment with IL-1P for 48 h during days 1-3 in culture resulted in increased 
nodule numbers (p<0.0001). Treatment for 48 h during days 5-7 or 9-11 resulted 
in no change from control. Treatment for longer periods, days 1-7 or 1-11 resulted 
in significantly fewer nodules (p<0.0001 for each case). * indicates p<0.0001.
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Effect of IL-ip on Prostaglandin Production by Rat Calvarial Cells: The effect of 

IL-ip on prostaglandin synthesis (Experiment S) is shown in figure 20. IL-1 (3 (1000 

pg/ml for 48 hours) increased prostaglandin synthesis 3.5 fold over control levels in these 

confluent 6 day old cultures (p < 0.0019). The addition of prostaglandin synthesis 

inhibitors indomethacin (1 jiM) or dexamethasone (1 pM), returned prostaglandin levels 

to control. Similar results were found in 2 and 8 day old cultures (data not shown).

Effect of cytokines on nitric oxide production by rat calvarial cells: Figure 21 

shows the results of Experiment T. The combination of 20 ng/ml TNF-a and 200 ng/ml 

LPS (“Cyto”) increased nitrite production significantly compared to control (p < 0.0001). 

Dexamethasone (1 pM) alone, “Dex,” had no effect of nitrite production, however the 

addition of dexamethasone to the “Cyto” group, “Dex+Cyto” caused a superinduction of 

nitrite over levels produced by “Cyto” alone (p < 0.0001).

To confirm this superinduction of nitrite production in response to dexamethasone 

and “Cyto,” a second experiment (Experiment T2) was done. Two different 

dexamethasone sources were used. Results are seen in figure 22. Once again “Cyto” 

increased nitrite production over control (p < 0.0001). Both dexamethasone sources, 

D1756 and D4902 caused a superinduction of nitrite when treated with “Cyto” (p < 

0.0001 in each case).

The results of Experiment T3, a repeat of Experiment T done with rat peritoneal 

macrophages are shown in figure 23. As in Experiment T, “Cyto” significantly increased 

nitrite production (p < 0.001) over control, while “Dex” alone had no effect. Contrary to 

the results in rat calvarial cells however, “Cyto+Dex” resulted in a decrease in nitrite 

production down to control levels.
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Figure 20. Experiment S

Treatment

Figure 20: Effect of IL-ip on PGE2 production. Confluent 6 day cultures were treated 
with IL-ip (1000 pg/ml) in the presence or absence of cyclooxygenase inhibitor 
indomethacin (1 pM) or phospholipase A2 inhibitor dexamethasone (1 pM). A PGE2 EIA 
was performed after 48 h of treatment. Data represent the mean ± SD of 4 replicate 
cultures. IL-ip increased PGE2 production significantly (p<0.0019). The addition of 
either indomethacin and dexamethasone reduced nodule numbers back to control levels. 
* indicates p<0.0019.

81



Figure 21. Experiment T

Figure 21: Effect of TNF-a and LPS on nitrite production in RCC. Confluent 
Rat calvarial cells were treated with 20 ng/ml TNF-a and 200 ng/ml LPS 
(“Cyto”) or with 1 pM dexamethasone (“Dex”) or both (“Dex+Cyto”). At 24 h 
nitrite was measured by using the Griess reaction. Data represent the mean ± SD 
of 4 replicate cultures. “Cyto” increased nitrite production over control levels 
(p<0.0001). “Dex+Cyto” increased nitrite production over control levels 
(p<0.0001) and over “Cyto” alone (p<0.0001). * indicates p<0.0001 with respect 
to control. ** indicates p<0.0001 with respect to control and “cyto”
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Figure 22. Experiment T2

Control Cyto Cyto + Cyto +
D1756 D4902

Experiment 22: Effects of two different dexamethasone preparations on 
cytokine induce nitrite production. To determine if the superinduction of nitrite in 
response to dexamethasone cytokines was due to contamination of dexamethasone, 
the experiment was repeated with two dexamethasone preparations. Confluent RCC 
were treated with 20 ng/ml TNF-a and 200 ng/ml LPS (“Cyto”) in the presence or 
absence of one of two 1 p.M dexamethasone preparations (Sigma D1756 and Sigma 
D4902). Nitrite was measured at 24 h using the Griess reaction. Data represent the 
mean±SD of 3 replicate cultures. “Cyto” increased nitrite over control levels (p 
<0.003). Each of the dexamethasone preparations caused a superinduction of nitrite 
production resulting in levels higher than control (p<0.0001 in each case) and higher 
than “Cyto” (p<0.0001 in each case).
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Figure 23. Experiment T3

Control Dex Cyto Dex+Cyto

Figure 23: Effect of TNF-a, LPS and dexamethasone on rat peritoneal 
macrophage NO induction. Rat peritoneal macrophages were treated with 
20 ng/ml TNF-a and 200 ng/ml LPS (“Cyto”), 1 pM dexamethasone (“Dex”) 
or both (“Dex+Cyto”) for 24 hours. Nitrite was then measured with the 
Griess reagent. Data represent the mean + SD of 5 replicate cultures. “Cyto” 
increased nitrite production signifcantly (p<0.001). The addition of 
dexamethasone, however, reduced nitrite back to control levels, contrary to 
what has been presented here in RCC. * indicates p< 0.001.
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Figure 24 shows the results of Experiment U, designed to determine if the nitrite 

being measured in response to 20 ng/ml TNF-a and 200 ng/ml LPS required transcription 

and translation for production. As in previous experiments, “Cyto” and “Dex+Cyto” 

induced significantly increased levels of nitrite (p < 0.0001). Both a-amanitin and 

cycloheximide significantly decreased the cytokine and cytokine+dexamethasone 

stimulation of nitrite accumulation indicating that both transcription and translation were 

necessary for the induction of nitric oxide in response to cytokines. This is consistant 

with induction of iNOS, which requires both transcription and translation.

A functional assay of NOS activity in response to 20 ng/ml TNF-a and 200 ng/ml 

LPS with or without dexamethasone was done in Experiment V. l4C-citrulline CPM/mg 

protein/minute in the EDTA containing samples (brain NOS and endothelial NOS are 

Ca++ dependent) represents the activity of iNOS after subtracting the nonspecific counts 

obtained in samples incubated with L-NAME. Results are shown in figure 25. “Cyto” did 

not increase counts in 14C-citrulline over control levels. “Dex+Cyto” did result in a 

superinduction of NOS activity over “Cyto” alone (p < 0.0173).

Experiment W was an attempt to quantify iNOS using immunoprecipitation of 

calvarial cells stimulated with 20 ng/ml TNF-a and 200 ng/ml LPS with or without 

dexamethasone. Autoradiographs (Figure 26) developed discemable bands at the 

appropriate molecular weight (130,000 kDa). No quantitation of bands was done. The 

“Cyto” band is discemably darker than control, and the “Dex+Cyto” band is obviously 

darker than the “Cyto” band, as would be expected from experiments reported above. The 

“Dex” band however is about the same intensity as “Dex+Cyto,” which is unexpected 

given previous results. This experiment was repeated twice. Experiment W2
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Figure 24. Experiment U

Figure 24: Effect of inhibitors of transcription and translation on cytokine 
induced nitrite levels. Confluent RCC cultures were treated with 20 ng/ml TNF- 
a  and 200 ng/ml LPS (“Cyto”), lpM dexamethasone (“Dex”) or both 
(“Dex+Cyto”). Additionally wells were treated with “Cyto” and an inhibitor of 
transcription (1 pg/ml a-amanitin) or an inhibitor of translation (5 gg/ml 
cycloheximide). Nitrite was measured at 24 h using the Griess reagent. Data 
represent the mean ± SD of 4 replicate cultures. “Cyto” and “Dex+Cyto” increased 
nitrite production significantly over control (p<0.0001 in each case). Both a- 
amanitin and cycloheximide decreased cytokine induced nitrite production 
significantly (p<0.0001 in each case). This indicates that the nitrite induction by 
“cyto” requires translation and transcription, implicating the iNOS enzyme.
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Figure 25. Experiment V
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Figure 25: Effects of TNF-a, LPS and dexamethasone on NO production as 
measured by conversion of l4C-arginine to 14C-citrulline. Confluent RCC were 
treated with 20 ng/ml TNF-a and 200 ng/ml LPS (“Cyto”), 1 jiM dexamethasone 
(“Dex”) or both (“Dex+Cyto”) for 24 hours. Proteins were then collected in the 
presence of proteinase inhibitors and a functional assay of NOS based on the 
conversion of 14C-arginine to 14C-citrulline was performed. Data represents the 
mean ± SD of 3 replicate cultures. The NOS activity induced by “Cyto” did not 
reach significance. “Dex+Cyto” did result in increased NOS activity compared to 
control (p<0.0025).
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Figure 26. Experiment W
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Figure 26: iNOS immunoprecipitation #1. Confluent RCC were treated with 20 
ng/ml TNF-a and 200 ng/ml LPS (“Cyto”), 1 pM dexamethasone (“Dex”) or both 
(“Dex+Cyto”) in the presence of j5S-translabel. Labeled proteins were collected 
then immunoprecipitated with iNOS polyclonal antibody and protein A-separose. 
Isolated proteins were subsequently subjected to PAGE with high-molecular 
weight standards, stained, then autoradiographed. The autoradiogram is shown 
here. The band at 130 kDa represents immunoprecipitated iNOS. Control cells 
showed little iNOS. “Cyto” induced higher amounts. Both “Dex” and “Dex+Cyto” 
showed more intense banding still.
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Figure 27. Experiment W2
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Figure 27: iNOS immunoprecipitation #2. Confluent RCC were treated with 20 
ng/ml TNF-a and 200 ng/ml LPS (“Cyto”), 1 pM dexamethasone (“Dex”) or both 
(“Dex+Cyto”) in the presence of 3?S-translabel. Labeled proteins were collected 
then immunoprecipitated with iNOS polyclonal antibody and protein A-separose. 
Isolated proteins were subsequently subjected to PAGE with high-molecular 
weight standards, stained, then autoradiographed. The autoradiogram is shown 
here. The band at 130 kDa represents immunoprecipitated iNOS. Control cells 
showed little iNOS. “Dex” induced higher amounts. “Cyto” showed more intense 
banding still, while “Dex+Cyto” showed decreased signal.
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Figure 28. Experiment W3

Figure 28: iNOS immunoprecipitation #3. Confluent RCC were 
treated with 20 ng/ml TNF-a and 200 ng/ml LPS (“Cyto”), 1 pM 
dexamethasone (“Dex”) or both (“Dex+Cyto”) in the presence of ,5S- 
translabel. Labeled proteins were collected then immunoprecipitated 
with iNOS polyclonal antibody and protein A-separose. Isolated proteins 
were subsequently subjected to PAGE with high-molecular weight 
standards, stained, then autoradiographed. The autoradiogram is shown 
here. The band at 130 kDa represents immunoprecipitated iNOS. Control 
cells showed little iNOS. “Cyto” induced higher amounts. “Dex” 
response was about the same as “Cyto”, “Dex+Cyto” showed the same, 
or possibly more, intense banding than “Cyto”.

90



autoradiograph is seen in figure 27. In this instance band intensity is 

control<Dex+Cyto<Dex<Cyto. The autoradiograph from the third experiment in the 

series, Experiment W3 is shown in figure 28. Band intensity in this experiment is 

control>Dex>Cyto>Dex+Cyto. In each experiment the combination of TNF-a and LPS 

increased band intensity over control.

Effect of IL-ip on nitric oxide production by rat calvarial cells: Experiment X 

was designed to measure the effect of IL-1|3 alone and in combinination with 

dexamethasone and other cytokines on nitric oxide formation, as measured by nitrite. 

Figure 29 shows the results of the experiment. IL-1(3 alone significantly increased nitrite 

formation over control levels (p < 0.0001). Dexamethasone alone did not increase nitrite 

levels, but dexamethasone in combination with IL-1 {3 induced a superinduction in nitrite 

levels, higher than IL-1 p alone (p > 0.0136). The combinations of TNF-a or LPS with 

IL-1P also induced nitrite levels higher than control (p < 0.01 in each case), and in the 

case of IL-ip and TNF-a, a superinduction of nitrite to levels higher than IL-ip alone 

was obtained (p > 0.0093).

Effect of Inhibitors of Prostaglandin or Nitric Oxide on Nodule Formation: The

effects of inhibitors that prevent the production of possible mediators of IL-1 p or 

cytokine induced bone formation (Experiment Y) are shown in figure 30. IL-1P alone 

increased nodule number compared to control (p < 0.0001). An inhibitor of nitric oxide 

synthase, L-NAME (100 pM), had no effect on IL-ip (1000 pg/ml for 48 hours) induced 

nodule number at 15 days. Inhibitors of prostaglandin synthesis, dexamethasone (1 pM) 

and indomethacin (1 pM), however, reduced IL-1P (1000 pg/ml for 48 hours) induced 

nodule number at 15 days to control levels.
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Figure 29. Experiment X

Figure 29: Effect of IL-ip, dexamethasone and other cytokines on nitrite 
induction. Confluent RCC cultures were treated with 1000 pg/ml IL-ip, 1 pM 
dexamethasone, or both, or with IL-ip and 20 ng/ml TNF-a or 200 ng/ml LPS. 
Nitrite was measured at 24 h using the Griess reagent. Data represent the mean ± SD 
of 4 replicate cultures. IL-ip alone (p<0.01) or in combination with dexamethasone, 
TNF-a or LPS increased nitrite production. The combination of IL-ip and 
dexamethasone caused a superinduction of nitrite, over that produced by IL-ip alone 
(p<0.013).
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Figure 30. Experiment Y

IL-1 (3

Figure 30: Effect of inhibitors of PGEi and NO on IL-ip induced bone nodule 
formation. RCC were treated during days 1-3 with 1000 pg/ml IL-1 P, 1 pM 
dexamethasone, or both. Other wells were treated from days 1-3 with IL-1 (3 and 1 
pM indomethacin or IL-ip and 100 pM L-NAME. All wells were fixed and nodules 
analyzed at day 15. Data represents the mean ± SD of quadruplicate cultures. 
Dexamethasone (p<0.0006) and IL-ip (p<0.0001) increased nodule number over 
control. The dexamethasone inhibited IL-1 p induced nodules to control levels. The 
cyclooxygenase inhibitor indomethacin likewise reduced IL-ip induced nodule 
formation to control levels. The NOS competitive inhibitor L-NAME did not alter 
IL-1 p induced nodule formation. The nodules induced by short-term IL-1 p treatment 
are prostaglandin, not NO mediated.
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Effect of IL-ip on Rat Calvarial Cell Proliferation: Experiment Z involved cell 

counts of control, cells treated with IL-ip on days 1-3, and cells treated continuously with 

IL-lp through 10 days of culture (Figure 31). At 48 hours, the treated cell cultures 

showed a small, but significant increase in cell number compared to control (p < 0.0312 

in each case). Continuously treated cells had increased cell numbers at 96 hours 

(p<0.0001). No significant difference in cell number was found at the 144 or 192 h time 

points. At 10 days there were significantly more control cells than either of the treated 

group (p < 0.0028 in each case).
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Figure 31. Experiment Z
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Figure 31: Effect of pulse or continous exposure to IL-ip on cell counts.
Cell counts from RCC treated with 1000 pg/ml IL-ip during days 1-3 were 
compared with cells treated continuously with IL-ip for the 10 day course of 
the experiment. Treated cells saw a small but significant increase in cell 
number at 48 h (p<0.312 in each case). Continuously treated cells again had a 
small but significant increase in cell number at 96 h (p<0.0001). No 
differences were seen at 144 or 192 h. By 240 h, both treated groups had 
significantly fewer cells than control (p<0.0028 in each case).
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Discussion

Interleukin-1 is most commonly associated with catabolic effects on bone. In 

conditions such as rheumatoid arthritis (Eastgate 1989), periodontitis (Masada 1990) and 

periprosthetic osteolysis (Perry 1995) elevated levels of IL-1 have been associated with 

clinical bone loss. Inflammatory activation can result in bone formation, however, 

(Kiinstcher 1941) and is found early in healing callus (Einhom 1995). Many anabolic 

effects of IL-1 on bone or bone cells in vitro have been reported. Increased DNA 

synthesis in response to IL-1 treatment in vitro has been seen in rat calvarial cells (Rifas 

1984), rat calvarial organ culture (Canalis 1986, Smith 1987, Marusic 1991), MC3T3-E1 

(Ikeda 1988) and human osteoblast cells (Evans 1989, Bodo 1992). Other models have 

found inconsistent differentiative results following short-term treatment with IL-1. Using 

an MC3T3 model Hanazawa (1986) and Ohmori (1988) reported increased alkaline 

phosphatase activity with 24 hours of treatment with purified IL-1 and 72 hours of 

treatment with recombinant IL-la or (3 respectively. Using the same model, Ikeda (1988) 

reported decreased alkaline phosphatase activity after 6 hours of treatment with 

recombinant IL-1 p. A human osteoblast culture model was used by Evans (1990), Kuroki 

(1994) and Rickard (1993). Evans treated cells with recombinant IL-1 (3 for 24-48 hours 

and found decreased alkaline phosphatase activity and decreased osteocalcin levels. 

Kuroki reported decreased alkaline phosphatase activity and unchanged osteocalcin 

levels following treatment with recombinant IL-ip for 72 hours. Rickard (1993) treated 

human osteoblasts with recombinant IL-1 a for 24 hours and found increased numbers of 

cells staining positive for alkaline phosphatase. It is difficult to interpret the conflicting 

reports in these varying models. Methodological differences notwithstanding, these
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models, one using a continuous cell line (MC3T3) another using primary human 

osteoblasts collected at the time of hip replacement surgery in older patients may not 

offer good models for measurement of differentiative capacity.

The effects of treatment of cells in culture with IL-1 are difficult to compare between 

studies given different cell sources, different IL-1 regimens, and different endpoints 

(measures of cell proliferation vs. measures of differentiation). The relevance of 

increased numbers of cells or increased levels of alkaline phosphatase to the clinically 

important measure of bone is questionable.

Some animal studies have also noted an anabolic effect of IL-1 on bone. Boyce 

(1989) injected IL-la subcutaneously over the calvaria of Swiss mice daily for 3 days 

and found locally increased bone volumes by day 11. This increase in bone formation 

was blocked by subcutaneous injections of indomethacin. In a similar study, Takada 

(1994) used continuous intramedullary infusion of IL-la into the femora of rats for 2 

weeks and found increased bone using dual energy x-ray absorptiometry and 

histomorphometric analysis. Olmeda and coworkers (1999) reported that local treatment 

of an extramedullary defect in rat tibia treated with exogenenous IL-1 (3 (0.5 ng/hr) for 72 

hours resulted in increased numbers of osteoblasts in the defect and in the surrounding 

cambium at 14 days as measured histologically. It is not clear from these studies if the 

anabolic effect of IL-ip on bone is due to differentiation of new osteoblasts, increased 

metabolic activity of existing osteoblasts, or even down regulation of osteoclasts.

Regulation of bone homeostasis is complex. Bone formation and resorption are 

coupled in the organismal model, making determinations of effects of treatment more 

difficult to interpret. The rat calvarial cell bone nodule methodology described by Ecarot-
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Charrier (1983) and Bellows (1986) provides an opportunity to examine osteoblast 

differentiation and bone formation (or lack thereof) in an easily controlled in vitro setting, 

without confounding by resorption. This model provides an easily manipulated, objective 

measure of osteoprogenitor differentiation using bone formation, the sine qua non of the 

osteoblast, as an endpoint. The use of primary cell lines over transformed cell lines may 

make results more relevant to the in vivo situation.

This model of osteoblast differentiation, used in the studies reported here, shows 

several interesting results, some of which have been previously reported:

1. IL-1P increases bone nodules after short-term treatment of RCC.

2. IL-1 (3 decreases bone nodules after long-term treatment of RCC

3. IL-1P increases PGE2 production after treatment of RCC.

4. IL-1P induces NO production after treatment of RCC.

5. Dexamethasone increases bone nodules after treatment of RCC.

6. IL-1 p and dexamethasone in combination decreases bone nodules in RCC.

7. IL-1P and dexamethasone in combination decreases PGE2 production in RCC

8. IL-1P and dexamethasone in combination superinduce NO production in RCC. 

This discussion will serve to frame these results in the light of previous reports and lay 

out a mechanism of action of IL-1 p on differentiating osteoblasts that may account for 

some of the seemingly disparate results seen above.

The studies reported here show a biphasic effect of cytokines, including TNF-a with 

LPS and IL-1P, on rat calvarial cell bone nodule formation. Treatment with IL-1 p at 

concentrations of 10 pg/ml (1.87 U/ml) or greater for 24 or 48 hours during the first three 

days in culture resulted in a significant increase in the number of nodules compared to
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controls. Treatment with IL-1(3 doses of 100 pg/ml (18.7 U/ml) or greater for 6 or 8 days 

resulted in significantly fewer nodules than control. Intermediate treatment times of 4 

days gave more, the same number, or fewer nodules depending on the concentration of 

IL-1 (3 used.

Increased bone nodule formation in response to short-term treatment with IL-lp has 

not been previously reported. Ellies (1990) described increased nodule numbers in 

response to short-term treatment (72 hours) of rat calvarial cells with “high dose” IL-la 

(5 or 50 U/ml) early in culture, however, no response was noted with 24 hours of 

treatment. Stashenko (1987) treated rat calvarial cells with IL-1 (3 but did not report an 

increase in nodule production with short-term treatment. The shortest time course 

reported in that study was 72 hours, longer than the consistently stimulatory regimens 

reported here. Perhaps more importantly, Stashenko maintained cells in media containing 

dexamethasone (0.1 pM), which was found in this study to inhibit the anabolic effect of 

IL-1P on nodule formation.

In the present study, the anabolic effect of short-term treatment of rat calvarial cells 

with IL-1P or with TNF-a and LPS on nodule formation is limited to treatment early in 

the culture period. Short-term treatment in the middle or near the end of culture had no 

effect on nodule formation. Ellies (1990) reported similar results using IL-la noting that 

short-term treatment resulted in increased numbers of nodules only if cells were treated 

while proliferating. Owen (1990) has elegantly shown differential gene expression in the 

proliferative, matrix maturation, and calcification phases of differentiation in rat calvarial 

cells. Given the results both here and in Ellies work (1990), the anabolic effect of IL-1 on 

nodule formation is likely limited to the proliferative phase. Indeed, data from the present
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study and others would indicate that presence of IL-1 in the matrix maturation phase of 

rat calvarial cell differentiation would inhibit nodule formation. Bone nodule production 

in response to either IL-la (Ellies 1990, 1991) or IL-1 p (Stashenko 1987, current study) 

for longer than 96 h was decreased or absent. Similar biphasic results have been reported 

in rat calvarial cells in response to short-term or continuous administration of osteogenic 

protein-1 (BMP-7, Zohar 1998). Rat calvarial cells subjected to a 12 hour pulse of BMP- 

7 increased bone nodule formation, continuous exposure decreased bone nodule 

formation.

Treatment of cultures with IL-1P for 48 hours or continuously resulted in small, but 

statistically significant differences in cell number at various time points. Because less 

than 1% of the cells in the heterogeneous rat calvarial cell isolates represent 

osteoprogenitor cells (Bellows 1989), any changes in cell number are probably due to an 

effect of IL-1P on fibroblasts or other cell types. This data does confirm that short-term or 

continuous treatment of rat calvarial cells with IL-1 p was not lethal to cultures.

IL-1 treatment has been shown to result in the production of nitric oxide (Ralston 

1995, Damoulis 1994) and in prostaglandin production (Ellies 1991, Evans 1990) in bone 

cell cultures. Both prostaglandin (Ueda 1980, Flanagan 1992, Tang 1996) and nitric 

oxide (Riancho 1995, Turner 1996, Fox 1996, Otsuka 1998) have been shown to have 

positive and negative effects on bone formation. In the present study, both nitrite, the 

stable end product of nitric oxide degradation and PGE2, were increased in response to 

IL-1 P treatment. The effect of IL-1 (3 on PGE2 is likely mediated by NF-kB. NF-kB has 

been shown to mediate IL-1P induced PGE2 production in a variety of cell types (Newton 

1997, Wang 1998, Belt 1999, Nakao 2000, Mifflin 2002). NF-kB has also been
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implicated in the mediation of cytokine induced NO production (Cavicchi 1999, 

Katsuyama 1999, Tan 2002).

In addition to being increased in response to IL-lp treatment, nitrite levels were 

increased in response to treatment with TNF-a and LPS. TNF-a, itself a pleotropic 

cytokine, and LPS, or endotoxin -  a component of bacterial cell walls, are potent 

inducers of IL-ip (Dinarello 1986, Hanazawa 1987). The increase in nitrite measured 

after treatment with the combination of TNF-a and LPS was blocked by a-amanitin and 

cycloheximide, indicating that both transcription and translation were necessary for 

nitrite production. This is consistent with inducible nitric oxide synthase (iNOS) as the 

source of nitric oxide production by cytokine target cells in rat calvarial cell cultures. 

Both of the constitutive nitric oxide synthase enzymes are Ca++ dependent and do not 

require transcription or translation from NO production. A functional NOS assay 

measuring the conversion of l4C-arginine into l4C-citrulline confirmed induction of iNOS 

by TNF-a and LPS. Attempts to determine relative iNOS levels by immunoprecipitation 

of iNOS in cells induced with TNF-a and LPS proved inconsistent with respect to the 

effect of dexamethasone on iNOS, but in each case, cells induced with the combination of 

TNF-a and LPS appeared to have an increased iNOS band compared to control.

The present study indicates that prostaglandin mediates the increase in nodule 

formation in response to early, short-term IL-ip treatment of rat calvarial cells in culture. 

This contrasts with Ellies’ (1990) report in which indomethacin had no effect on short

term IL-la induced nodule formation. Exogenous prostaglandin has previously been 

shown to increase nodule number in this model (Flanagan 1992, Tang 1996). This 

difference is likely due to differences in response to mediators of IL-ip effects between
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the proliferative phase and the matrix maturation phase of osteoblast differentiation. 

Interestingly, Ellies (1991) reported that IL-la increased prostaglandin levels in 

proliferating rat calvarial cells in culture, but that it had no effect on prostaglandin levels 

in cultures once they had become multilayered. In the current study, prostaglandin levels 

were elevated in multilayered cultures eight days after plating in response to IF-1(3.

A role of prostaglandins in bone formation in the acute inflammatory phase following 

injury or surgery has been intimated by multiple studies. Inhibition of prostaglandin 

production by non-steroidal anti-inflammatory drugs has been shown to inhibit fracture 

healing (Allen 1980, Lindholm 1981, Altman 1995), inhibit spinal fusion (Dimar 1996), 

and to inhibit heterotopic ossification following orthopaedic procedures (Vastel 1999, 

Persson 1998, Dorn 1998, Amstutz 1997).

The synthetic glucocorticoid dexamethasone was used in the present study, with 

interesting results. Dexamethasone is a potent potentiator of bone nodule formation in the 

rat calvarial cell model (Bellows 1987) as was seen in the current study (Figures 16, 17, 

30). In the current study, dexamethasone inhibited PGE2 production in response to IL-ip 

(Figure 20). The inhibition of prostaglandin production by dexamethasone is well known 

and thought to be a result of antagonism of NF-kB by direct or indirect mechanisims 

(Almawi 2002). A second unexpected, and previously unreported, response to 

dexamethasone was seen in the nitric oxide response of rat calvarial cells with IL-1 {3 or 

the combination of TNF-a and EPS. In experiments measuring the nitrite response of rat 

calvarial cells to IL-1P (Figure 29) or the combination of TNF-a and EPS (Figure 21), a 

superinduction of nitric oxide in cells also treated with dexamethasone was noted. Cells 

treated with dexamethasone alone showed no increase in nitrite formation. Initially it was

102



thought that this might represent a contaminant in the dexamethasone. However, a 

different dexamethasone source was tested (Figure 22) with identical results. When the 

experiment was performed using rat peritoneal macrophages however, no superinduction 

was noted (Figure 23). The idea that dexamethasone somehow preferentially caused the 

breakdown of NO to favor nitrite (NO2") over nitrate (NO3'), perhaps leading to an 

improper interpretation, was tested using the functional NOS assay which confirmed a 

superinduction of NOS activity (Figure 25). This phenomenon of superinduction of NO 

formation by dexamethasone has not previously been reported. In general, 

dexamethasone is reported to inhibit cytokine induced NO production (Damoulis 1994, 

Ralston 1994, Riancho 1995, Hukkanen 1995, Katsuyama 1999). This effect has been 

attributed to inhibition of tetrahydrobiopterin synthesis and L-arginine transport 

(Simmons 1996) and to down regulation of nuclear factor-xB (Kleinert 1996). There are 

conflicting reports however. Cavicchi (1999) found that dexamethasone did not reduce 

cytokine induced iNOS activity in the human intestinal epithelial cell line Caco-2 early in 

culture, though it did later in culture. Dexamethasone was noted to increase NO 

production in IL-ip treated rat islet cells (Mauricio 1997) and in a human astrocytoma 

cell line (Guthikonda 1998). Jarvinen (1996) reported that dexamethasone had no effect 

on IL-ip induced NO production, but decreased PGE2 production in rat articular cartilage 

explants. Similar results were found in human cartilage explants (Vuolteenaho 2001).

Dexamethasone inhibited the increase in nodule number attributable to short term IL- 

lp administration. Increased numbers of nodules when dexamethasone was used alone, 

and inhibition of nodule formation when used with IL-ip (Figure 30) or with other 

cytokines (Figures 16, 17) was found. This response has not previously been described.
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Synthesizing the literature and findings presented here, a proposed mechanism of 

action for the effects on osteoblast differentiation seen in this report are shown in figure 

32. IL1-P acts through the IL1-P receptor which, through IRAK and TRAF6, activates 

NF-kB. NF-kB in turn, activates COX-2 to produce PGE2 and may induce iNOS to 

produce NO. Alternatively, iNOS is activated through another IL1-P receptor mediated 

mechanism. PGE2 production has a positive feedback on NF-kB production (Poligone 

2001), while NO has a negative feedback effect on NF-kB (D’Acquisto 2001). The 

purported mechanism hinges on different effects of PGE2 and NO on osteoblasts in early 

culture compared to late culture. This may be due to differential effects on cells in the 

proliferative phase versus the matrix maturation phase of differentiation, or may be due to 

differential effects of low versus high-density cultures (Laulederkind 2000). In the early 

proliferative phase/low-cell-density conditions, as are found early in the culture of RCC 

in this model, PGE2 induces osteoblast precursor proliferation. Increased levels of PGE2 

have no effect on higher density cells in the matrix maturation or calcification phases of 

nodule formation later in the culture period (Figure 19). Nitric oxide has no effect on 

osteoblast precursors in the proliferative (low density) phase (Figures 17 and 30). 

However, increased concentration of NO may block the transition into the matrix 

maturation phase or may induce apoptosis (Damoulis 1994, Mancini 2000, Armour 2001) 

in cells in the matrix maturation phase (Figures 16, 17, 18, 19), inhibiting nodule 

formation. Dexamethasone alone increases the number of differentiated nodules likely 

via a BMP-6 modulated mechanism (Boden 1997). The effects of dexamethasone on IL- 

ip mediated differentiation events are complex. Dexamethasone inhibits NF-kB

104



Figure 32. Proposed Mechanism of IL-1 p effects on osteoblast differentiation

Figure 32: Proposed mechanism of IL-ip effect on osteoblast differentiation. IL-1P
binds IL-ip receptor which, through IRAK and TRAF6, activates NF-kB. NF-kB 
activates COX-2 producing PGE2. PGE2, through an unknown mediator, induces 
proliferation of osteoblast precursors (O). IL-ip receptor, through NF-kB or other 
pathways, induces iNOS to produce NO. NO inhibits osteoblast precursors from 
advancing to matrix maturation, or causes apoptosis. Dexamethasone induces 
proliferation of osteoblast precursors (through a mechanism different than PGE2), while 
inhibiting NF-kB and superinducing iNOS (in the presence of IL-ip or other cytokines).
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(Almawi 2002), and therefore the IL-ip induction of PGE2 (Figure 20). This blockade of 

PGE2 production abrogates the anabolic effect of IL-1 (3 on osteoblast differentiation 

when used during the proliferative phase (Figures 16, 17, 30). The superinduction of NO 

by the combination of dexamethasone and IL-1 (3 (Figures 21, 22), possibly a result of 

iNOS RNA stabilization by dexamethasone or through another mechanism (Fantuzzi 

1995), further inhibits nodule formation through the mechanism described above, 

including blocking the anabolic effect of dexamethasone on nodule formation. According 

to the proposed mechanism, dexamethasone and PGE2 should have additive anabolic 

effects on bone nodule formation though the effects of dexamethasone and IL-1 (3 (acting 

through PGE2) are inhibitory to each other. This is born out in experiment A (Figure 2). 

The mechanism proposed here attempts only to address the effects of IL-1 p, 

dexamethasone and their mediators on osteoblast differentiation. It is possible that the in 

vivo and clinical effects of these molecules include modulation of established osteoblasts 

or the activation of the OPG/RANKL/RANK osteoclastogenesis pathway. It has recently 

been reported that mice deficient in TRAF6, one of the mediators of IL-ip receptor 

activity, have severe osteopetrosis (Naito 1999), indicating that perhaps this pathway has 

relevance in osteoclastogenesis. These effects would not be seen using the bone nodule 

methodology used here.

In conclusion, interleukin-ip has biphasic effects on bone nodule formation. Short

term (24 - 48 hour) treatment with IL-1 P or TNF-a and LPS early in culture induces bone 

nodule formation. Longer-term treatment with IL-ip or TNF-a and LPS is inhibitory 

toward nodule formation. Both IL-ip and the combination of TNF-a and LPS induce 

nitric oxide production through the iNOS pathway and induce increased PGE2 production
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in rat calvarial cells. Dexamethasone inhibits IL-1 (3 induced PGE2 production and causes 

a superinduction of NO when used with IL-ip. Experiments with inhibitors of NO and 

PGE2 production indicate that the early induction of nodule formation in response to IL- 

1 p is prostaglandin mediated. A mechanism to explain these findings is proposed which 

includes positive effects on osteoblast differentiation in the proliferative phase mediated 

by PGE2 and inhibitory effects on osteoblast differentiation in the matrix maturation 

phase mediated by NO.
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Chapter 3

Materials and Methods

Materials

Gravid rats were obtained from SASCO (Omaha, NE). Type I collagenase, trypsin, [3- 

glycerophosphate, ascorbic acid, indomethacin, prostaglandin E2, dexamethasone, a- 

minimum essential medium, fetal calf serum (FCS), penicillin-streptomycin-fungizone 

(PSF) antibiotic-antimycotic solution, Sigma 221 buffer, p-nitrophenylphosphate, 

trichloroacetic acid, naphthyethylenediamine dihydrochloride, sulfanilamide, silver 

nitrate EDTA, EGTA, CaCE, MgCE, phenylmethylsulfonyl fluoride, L-valine, L- 

citrulline, L-arginine, tetrahydrobiopterin, L-NAME and NADPH were obtained from 

Sigma Chemical Company (St. Louis, MO). The Flexercell Strain Unit™ and flexible 

bottomed plates (Flex I plates) were obtained from the Flexcell Corporation 

(McKeesport, PA). Prostaglandin E2 enzyme-linked immunoassay (load experiments), 

14C-arginine and tritiated thymidine were obtained from Amersham (Arlington Heights, 

IL). S-methionine Translabel was obtained from ICN (Costa Mesa, CA). 

Lipopolysaccaride, tumor necrosis factor-a, IL-1P and the prostaglandin E2 enzyme- 

linked immunoassay (IL-1 experiments, DEO 100) were obtained from R&D systems 

(Minneapolis, MN). Leupeptin, aprotinin and soybean trypsin inhibitor were obtained 

from Boehringer-Mannheim (Mannheim, Germany). Dowex AF500W-X8 resin was 

obtained from Bio-Rad (Hercules, CA). Rabbit anti-mouse iNOS polyclonal antibody 

(N32030) was obtained from Transduction Laboratories (Lexington, KY). The
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bicinchoninic acid (BCA) protein assay was obtained from Pierce Chemical (Rockford,

IL).

Methods

Cell Isolation and Culture: Gravid Sprague-Dawley (17-18 day gestation) breeders 

were housed in Creighton University’s animal facility until pups were delivered. Rat 

calvarial cells were isolated from one-day old rat pups using the method of Bellows

(1986). After ether anesthesia and guillotine sacrifice, parietal bones were incubated in 

phosphate buffered saline (PBS) with 0.25 mg/ml crude collagenase at 37° C with 

constant shaking. The initial 20-minute isolates were discarded as they hold no 

osteogenic capacity. The cells collected in the next 80 minutes comprised a 

heterogeneous calvarial cell population that was cultured in a-MEM supplemented with 

10% FCS, 10 mM (3-glycerophosphate and 50 pg/ml ascorbic acid. After forty-eight 

hours in culture, cells were trypsinized, washed and counted on a Coulter Counter (Model 

Zf, Coulter Electronics, Hialeah, FL). Cells were then plated into 24 well cell culture 

plates, or in collagen coated flexible bottomed plates (Flex I plates) for load experiments,
■y

at 3000 cells cm (unless otherwise noted) in standard medium (Day 0). After 24 hours in 

standard medium, the experiments were begun by initiating loading or changing media to 

standard media supplemented as described for each of the experiments (Day 1). Cells 

were fed either standard medium or supplemented standard medium every two days as 

described. All cultures were maintained at 37°C in a humidified 5% CO2 environment. 

Only first subculture rat calvarial cultures were used.

For some experiments neonatal rat tibial osteoblasts were harvested. Neonatal rat 

tibiae were dissected from overlying soft tissue under a dissecting microscope. Tibiae
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were minced then explanted into standard media and allowed to incubate for 4-6 days 

with media changes every 2 days. Cells that grew off the explants were harvested and 

used for experiments.

Rat peritoneal macrophages were isolated from adult (post-partum female) rats. After 

ether anesthetic, the rat abdomen was prepared with ethanol. Through a 0.5 cm incision 

into the peritoneal cavity, 15 ml of sterile phosphate buffered saline was instilled then 

atraumatically recovered. Recovered peritoneal macrophages were washed and plated in 

standard a-MEM with 10% fetal bovine serum and 10 mM (3-glycerophosphate and 50 

pg/ml ascorbic acid with antibiotic/antimycotic solution.

Mechanical Loading: A Flexercell Strain Unit™ was used to mechanically load 

cells (Banes 1985, 1990). This device uses microprocessor controlled solenoid valves to 

control vacuum to the undersurface of flexible bottomed culture plates which rest on a 

special gasket inside a standard incubator. The negative pressure deforms the membrane, 

and the adherent cells, in a controlled, reproducible, and well-characterized manner. 

Vacuum was produced by a standard diaphragm type gel drying vacuum pump (Bayrant 

400-2901). This pump developed sufficient vacuum (-30 kPa), but the rate of evacuation 

of the pump (18 in3/sec) was probably not sufficient for loading in this system. A large 

evacuation chamber was therefore constructed from a four-foot length of ten-inch 

diameter rigid PVC pipe capped at each end. Vacuum hose fittings and a vacuum gauge 

were installed. This resulted in a “reservoir” of 3770 in ’ of vacuum. The strain applied to 

the wells using this device is biaxial and non-linear. The primary strain vector is directed 

radially. It ranges from zero in the center of the well to a maximum at the periphery of 

the well. There is a smaller circumferential strain vector. Maximum strain, frequency and
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duration of loading were controlled from a computer keyboard and are reported for each 

individual experiment. Non-loaded control plates were handled similarly to loaded plates, 

and remained in the same incubator. Each experiment began 24 hours after plating, to 

allow for cells to become adherent.

Bone Nodule Analysis: At the end of each experiment requiring nodule analysis, the 

cells were fixed with 100% methanol. The Von Kossa method (silver nitrate staining) 

was used to identify mineralized bone nodules. Cells were incubated in a 10% silver 

nitrate solution for 30 minutes in the dark then rinsed with distilled water. Exposure to 

bright light (100 Watt bulb) for 1 hour resulted in black staining of calcium deposits. 

Plates were then digitized at 600x600 dots per inch using a Microtek IIXE flatbed 

scanner linked to a Gateway 4DX-33 microprocessor. For Flexplates, the flexible rubber 

bottom of each well was removed and the well bottom and attached stained cells were 

then digitized. This yields a resolution of 0.0179 mm2. Digital images are transferred to a 

calibrated Leica Quantimet 500 image analysis station where individual black nodules 

were objectively counted and sized by a standard contrast recognition algorithm. Small 

artifacts were excluded by designating a minimum size for nodule recognition (-0.036 

mm2). In some experiments, particularly those in which nodule analysis was done after 

extended periods of culture (>20 days), adjacent nodules could coalesce, becoming a 

single nodule for counting purposes. In these cases the area of the well that was covered 

by bone nodules was determined along with nodule number.

PGE2 Determination (Mechanical Load experiments): Duplicate aliquots of 

culture medium were analyzed using a commercially available Prostaglandin E2 enzyme- 

immunoassay system. The assay is based on competition between unlabeled PGE2 and a
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fixed quantity of peroxidase labeled PGE2 for a limited amount of PGE2 specific 

antibody. Absorbance at 450 nanometers was measured (BT2000 Microkinetics Reader, 

Fisher Biotech, Pittsburg, PA) after incubation with 3,3,5,5-tetramethylbenzidine/H202 

substrate.

PGE2 Determination (IL-1 experiments): Duplicate aliquots of culture medium 

were analyzed using a commercially available prostaglandin E2 enzyme-immunoassay. 

The assay is based on competition between sample or standard PGE2 and a fixed quantity 

of alkaline phosphatase-linked PGE2 for a limited amount of PGE2 specific antibody. 

Absorbance at 405 nanometers was measured after incubation with p- 

nitrophenylphosphate.

Alkaline Phosphatase Activity Assay: Following aspiration of medium, cells were 

washed 3X with PBS then collected in a Tris-buffered saline with scraping. The cells 

were sonicated (four 5 second bursts) and then homogenized using a Dounce 

homogenizer. Equal amounts of sample and assay buffer (0.15 M Sigma 221 solution, 1 

mM MgCl2 and 7.5 mM p-nitrophenolphosphate) were combined and incubated for 30 

minutes at 37° C. Absorbance at 405 nanometers was measured after each reaction was 

quenched with 10X volume of 0.1 M NaOH.

Cell Proliferation Assay: One pCi 'El-thymidine was added to each well for 2 hours. 

The cells were then washed and subjected to ice-cold 5% trichloroacetic acid (TCA) 

precipitation. TCA precipitable material was collected on glass fiber filters using a 

Millipore Vacuum Manifold, and then counted using a liquid scintillation counter 

(Beckman LS 6800).
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Cell Counting Protocol: After aspiration of medium, cells were washed three times 

with PBS without Mg+ or Ca++. Cells were released from the polycarbonate or rubber 

bottomed plates with a solution of 0.125% trypsin and 0.125% bacterial collagenase. 

Triplicate aliquots of the cell suspension were counted using a Coulter Counter (Model 

ZF, Coulter, Hialeah, FL) with corrections for coincidence.

Measurement of Total Protein: Total cellular protein was determined using a 

commercially available bicinchoninic acid (BCA) protein assay. Following aspiration of 

medium, cells were washed three tmes with PBS then collected in a Tris-buffered saline 

with scraping. The cells were sonicated (four 5 second bursts) then homogenized using a 

Dounce homogenizer. Duplicate aliquots of each sample were subjected to BCA assay. 

This assay incorporates the biuret reaction (protein + Cut+ in an alkaline buffer yields 

Cu+) with detection by reaction of Cu+ with two molecules of BCA (Smith 1985) which 

forms a reaction product with a strong absorbance at 562 nanometers.

Nitrite determination: Nitric oxide released into the culture medium was estimated 

by measurement of nitrite, a stable end product of the short lived NO molecule by the 

Greiss reaction (diazotiation of naphthylethylenediamine diHCl by NO2 and coupling to 

form azochromophore). Medium was collected from cultures at times noted and mixed 

with an equal volume of Greiss reagent (2.5% concentrated H3PO4, 0.05% 

naphthyethylenediamine dihydrochloride, 0.5% sulfanilamide; Green 1982). After a brief 

incubation period, absorbence at 546 nm was measured and compared to a known sodium 

nitrite curve. Values are normalized to cell number or total protein.

iNOS Functional Assay: A radiochemical assay to measure the activity of inducible 

nitric oxide synthase was adapted from Salter (1991). It is based on the conversion of
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14C-arginine + O2 to 14C-citrulline + NO. Cells were collected in a 10 raM HEPES buffer 

(pH 7.2) with 0.1 mM EDTA and protease inhibitors (10 pg/ml leupeptin, 2 pg/ml 

aprotinin, 100 pg/ml phenylmethylsulphonyl fluoride, 10 pg/ml soybean trypsin 

inhibitor) after three rapid freeze-thaw cycles. Total protein was measured by BCA assay. 

Samples were then incubated with 5x volume of 50 mM potassium phosphate assay 

buffer (pH 7.2) containing 60 mM L-valine, 1.2 mM L-citrulline, 24 pM L-arginine, 0.24 

mM CaCb, 1.2 mM MgCl2, 0.0 ImM tetrahydrobiopterin and 0.1 mM NADPH and 2 

pCi/ml 14C-arginine for 30 minutes at 37° C. Samples were prepared with or without the 

arginine analog Nco-nitro-L-arginine-methyl ester (L-NAME, 1 mM) and with or without 

the calcium chelator EGTA (1 mM). The reaction was terminated by the addition of 1:1 

H20:Dowex AF500W-X8:Na+ resin which binds free 14C-arginine. 14C-citrulline left in 

the supematent was counted on a liquid scintillation counter. Nonspecific production (L- 

NAME) counts are then subtracted from Ca++ independent (EDTA, iNOS) counts to 

determine iNOS produced NO.

iNOS immunoprecipitation: Relative iNOS levels were measured using

immunoprecipitation of radio-labeled proteins with an iNOS specific antibody. Cells 

were placed in methionine-deficient (1 pM) media with 50 pCi/ml 35S-methionine 

translabel and treated as described with cytokines for 3 hours. Four hours after labeling, 

proteins were collected in 1 ml of a lysis buffer of 150 mM NaCl, 50 mM Tris (pH 7.5), 

1% NP-40, 1% Triton X-100, 1 mM sodium orthovanadate, 2 mM EGTA and protease 

inhibitors (10 pg/ml leupeptin, 2 pg/ml aprotinin, 100 pg/ml phenylmethylsulphonyl 

fluoride). Cellular debris was pelleted and discarded. Total protein was measured using 

BCA. Rabbit anti-mouse iNOS polyclonal antibody (5 pi) was then added to each tube
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and allowed to incubate on a rocker overnight at 4° C. One hundred pi of 50% Protein A- 

Sepharose was then added to each tube and allowed to incubate for 1 hour with gentle 

rocking. Antibody-Protein A-Sepharose complexes were collected with centifugation and 

washed twice with lysis buffer and once with a wash buffer consisting of 10 mM Tris, 

1M NaCl and 0.1% NP-40. After decanting the wash, a 1:1 volume of 2X sample buffer 

(0.5 M Tris, pH 7.2, 25% glycerol, 10 mM EDTA and 10% SDS) was added and the 

sample boiled for 5 minutes to release the labeled iNOS protein from the antibody- 

Protein A-sepharose complex. The sepharose was pelleted and the supernatant containing 

the labeled iNOS was electrophoresed (see appendix for electrophoresis solutions) with a 

molecular weight standard on a SE 250 “mighty small” polyacrylamide gel (5%T/2.7%C) 

with ~30mA constant amperage. The gel was then stained with Coomassie blue and 

molecular weight standards noted. The Gel was dried under vacuum at 60° C, then 

autoradiographed at -80° C overnight.

Statistical Analysis. Student’s t-test was used for comparisons between a control and 

experimental group. Analysis of variance (ANOVA) with Fisher’s PLSD post-hoc testing 

(when necessary) was used for experiments involving comparisons between multiple 

groups. In all cases a p value less than 0.05 was considered significant. Statistical 

analysis was performed using Statview 4.02 (Abacus Concepts, Berkeley, CA) running 

on an Apple Macintosh 6500 computer.

Determination of an appropriate sample number for experiments was determined 

using known or estimated means and standard deviations as indicated, a and (3 errors as 

indicated, and a standard power calculation formula (Colton, 1974). A representative
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power calculation for estimation of sample size necessary to demonstrate a 35% 

difference in nodule number between treated and non-treated samples is shown.

n =
Me ~MC

n = 2
(1.96 + 1.28)15 

135-100

n = 3.86

where: a = 0.05
p = 0.10
a= Standard Deviation 
pe = Experimental Mean 
pc = Control Mean
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Appendix

Electrophoresis Solutions

Monomer (30% T. 27% O  
Acrylamide 58.4 g 
Bis 1.6g
ddH20  to 200 ml

4X Running Gel Buffer (T.5M Tris-HCh pH 8.8)
Tris 36.3 g
ddH20  to 200 ml
Adjust pH to 8.8 with HC1

4X Stacking Gel Buffer (0.5M Tris-HCl, pH 6.8)
Tris 3.0 g
ddH20  to 50 ml
Adjust pH to 6.8 with HC1

10% SDS 
SDS 5g
ddH20  to 50 ml

Tank Buffer 
Tris 3g
Glycine 28.8 g 
SDS 20 ml of 10% soln 
ddH20  to 2 L 
Do not pH

2x Sample Buffer 
Tris 2.5 ml Soln C 
SDS 4.0 ml Soln D 
Glycerol 2.0 ml 
2-ME 1.0 ml 
ddH20  to 10 ml 
Aliquot and freeze

Transfer Buffer (0.192 M glycine, 0.025M tris pH 8.3, 20% methanol)
Tris 6 g
Glycine 28.8 g
Methanol 400 ml
ddH20  to 2 L
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Gel Recipes

5% T, 2.7% C 4% T, 2.7% C
Separating Gel Stacking Gel

30% T, 2.7% C 1.67 ml 0.67 ml
Running Buffer 2.50 ml —

Stacking Buffer 1.25 ml
10% SDS 0.10 ml 0.05 ml
ddH20 5.67 ml 3.00 ml
Ammonium Persulfate 50pl 25 pi
TEMED 5 pi 2_pl

10 ml 5 ml

Electrophoresis: SE 250- Mighty Small II
Hoefer PS 1200 power supply 
20 mA constant Amp through stacker 
30 mA constant Amp through runner 
45 min -  1 hour

Transfer: TC Transphor unit
Fisher FB 570 power supply 
100 V constant V, 1 hour 
30 V overnight 
membrane on “+” side
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