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I. INTRODUCTION
A. STATEMENT OF THE PROBLEM
Bone is renewed continuously and is capable of complete repair after injury.
These renewal and repair processes involve opposing events: dissolution of existing
mineralized extracellular bone matrix and formation of new matrix with subsequent
mineralization. Distinct cell lineages are responsible for bone resorption and formation.
The osteoclast lineage is of hetnatopoietic origin and includes the differentiated,
multinucleated osteoclast that is the primary bone-resorbing cell. In contrast, the
osteoblast forms bone matrix and appears to originate from a stromal cell within the bone
marrow cavity. The mechanistns that couple osteoclast and osteoblast activities within
the bone are attributed to actual cellular activity (Dexter, 1982), and explain the sequence
'-

of events that occurs in a remodeling site (Baylink, 1982).
Bone morpho genesis is a multifactori~l process (Loza, 1996) defined by the
coupling activities of catabolic osteoclasts and anabolic osteoblasts. Bone remodeling
continues throughout life as osseous tissue is retnoved by activated osteoclasts and
counterbalanced by the apposition of new osteoid by osteoblasts. This process maintains
the skeletal and metabolic integrity of the bone (Jee, 1992).
Growth and development of the skeletal system are dependent upon the actions of_
exogenous and endogenous cell regulatory factors. These regulators maintain the unique
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balance between the catabolic effects of osteoclasts and the anabolic effects· of osteoblasts
(Horowitz, 1993). These bioactive agents act as cell-signaling molecules atid include
growth factors, cytokines, vitamins and hormones.
Several studies support the- concept that altered levels of systemic hormones may
directly and indirectly influence the balance between bone apposition and osteoclastmediated bone resorption (Vittek, 1984; Miyagi, 1992; Girasole, 1992; Scheven, 1992).
The body's content of sex hormones fluctuates markedly during various periods
throughout life, most notably in women. Studies have been conducted on the effects of
estrogen and progesterone on bone morphogenesis, however, the complex actions of
these hormones on specific target tissues have not been elucidated (Prior, 1990).
Steroid sex hormones have direct effects on gingival and osseous tissues. Gingival
inflammation may be exaggerated during puberty and pregnancy, ·when marked increases
in the hormone levels of\Vomen exist (Bardin, 1.989). Other studies have reported
'

'

increased gingival inflammation and hyperplasia in women taking oral contraceptives
(Vittek, 1984; Mizagi, 1992; Arafat, 1974). Oral tissues are more susceptjble to
unbound, circulating hormones when compared to other tissues such as skeletal muscle .
. Therefore, the oral tissues seem to be Inore vul.i:lerable.to the effects ofhormonal changes
(Vittek, 1984). Results from a previous study have suggested that steroid hormones
exhibit (Rembiesa, 1974) an immunosuppressive effect. This effect results in a decrease
in the host's immune response and could contribute to the destruction of periodontal
tissue (Rembiesa, 1974).
Steroid sex hormones affect inflamtnation through their actions on
polymorphonuclear neutrophil (PMN) chemotaxis (Miyagi, 1992) and their regulation of
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cytokine circuitry that controls bone remodeling (Horowitz, 1993; Girasole, 1992).
Endogenous sources that alter the total levels of circulating sex steroids can be multiple.
Decreases in these levels can be from either decreased production (i.e. menopause),
increased metabolic breakdown of these hormones or increased production of carrier
proteins. Increased endogenous levels, on the other hand, can be due to increased
production from sources such as the ovaries, and/or tumor sources. However, the most
common reason for nonphysiologic increases in circulating levels of sex hormones is the
exogenous intake of enteric.or parenteric contraceptive hormonal devices (Speroff, 1989).
Oral contraception, a widely practiced form of birth control, is most commonly
and effectively ad~inistered using a combination of the hormones estrogen and
progeste.rone or their analogues. These hormones interfere with fertility primarily
through the inhibition of ovulation (Bardin,

1989)~

The effects that oral contraceptives

have on bone morphogenesis and periodontal disease have been studied extensively
(Vittek, 1984; Miyagi, 1992; Girasole, 1,.992; Scheven,. 1~92)~ Estrogen deficiency has
been correlated with decreased bone density in patients with osteoporosis, while an
increase in serum progesterone levels has been correlated with an increase in gingivitis in
pregnant women (Kornman and Loesch, 1980). Only a few studies have been conducted
to examine whether women taking the contraceptive, Norplant™ are at greater risk for
periodontal disease and/or skeletal bone loss than women who do not take this
contraceptive (Croxatto, 1993). The Norplant™ device is implanted subdermally and
releases levonorgestrel (LNG), a synthetic progestin, for up to five years. These devices
release enough hormone to produce strong antiestrogenic effects on the qody, and may
play a direct role in bone formation (Dexter, 1982; Croxatto, 1993; Roserf, 1989).

:.._:
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Therefore, the specific aim of this study was. to determine if LNG, a synthetic progestin,
affects osteoclast differentiation and activity (resorption) differently than does natural
progesterone (P4) that seems to promote bone fo11Jlation and/or increased bone turnover
(Eriksen et al., 1988).

B. REVIEW OF RELATED LITERATURE
1.) Bone Formation and Mineralization

· Bone is a unique mineralized connecti_ve tissue that is constantly changing
(Buckwalter et al., 1996a). Mature bone exists in two forms: cortical bone (compact),
located within the shafts of long bones, and cancellous bone (trabecular), located in the
vertebrae, the long bone epiphyses and within the ribs. (Buckwalter et al., 1996a). Eighty
percent of the mature skel~ton is composed of cortical bone and 20% is comprised of
trabecular bone (Recker, 1992; Buckwalter et al., 1996b). The m~chanisms by which
bone can be formed are intramembranous bone formation and endochondral bone
formation. Intramembranous· bone is produced by an aggregation of mesenchymal cells
that synthesize a matrix containing osteoprogenitor cells. These cells ultimately
differentiate into the bone-forming cells called osteoblasts. Intramembranous bone
formation occurs in many of the bones of the face, the vault of the skull and most of the
clavicle (Buckwalter et al., 1996b). Endochondral bone is formed by mesenchymal cells
differentiating into chondrocytes, which form a cartilage bed that is transformed
subsequently by osteoblasts into bone (Arey, 1965). This type of growth is responsible
for the continued elongation of the long bones. Bones grow in size by appositional bone
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formation. Apposition occurs :in the periosteum and results in an increase in the diameter
of the long bone shafts layer by layer (Buckwalter et al., 1996b). Bone remodeling is the
removal and replacement of bone throughout life (Buckwalter et al., 1996b).
The three types of bone cells that are primarily responsible for bone formation
and resorption are the osteoblasts, the osteocytes and the osteoclasts. Osteoblasts are
cuboidal cells with a single nucleus that are believed to be responsible for synthesis of
bone proteins (e.g. type I collagen, osteocalcin, fibronectin) in bone matrix and for
control of bone mineralization. Osteoblasts are also thought to release soluble mediators,
which in turn, signal the start of the resorption process (Roodman, 1996). When the bone
matrix is deposited by osteoblasts and is then calcified, some of the cells become
embedded in the mineralized matrix and are then called osteocytes. The osteocytes are in
lacunae.that are interconnected by cannaliculi within the mineralized bone matrix. This
arrangement allows the osteoblasts to manufacture proteins in the bone matrix and to
regulate the composition of the bone interstitial fluid. Evidence suggests that osteocytes
may send chemical signals to osteoclasts and osteoblasts in response to mechanical loads,
stresses, and strains (Buckwalter et al., 1996b).
The primary cell of bone resorption is the osteoclast. The osteoclast is a large,
multinucleated cell that can reach up to 100 1nicrons in diameter. The half- life of an
osteoclast in vitro is around 6-1 0 days, and in vivo the life span appears to be seven
weeks (Chambers, 1985a). Osteoclasts are found in normal bone at sites of active bone
cell activity such as. the ll'l:etaphyses of growing bones (Buckwalter et al.,: 1996a).
Osteoclasts. have been difficult to distinguish from other cells~ particularly
macrophage polykaryons. Macrophages, other phagocytic cells and osteoclasts share
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many characteristics, such as numerous lysoson1es and mitochondria, common surface
proteins and the capacity for strong attachment to tissue culture dishes. Overall, research
has distinguished osteoclasts from other cells by their expression of calcitonin receptors
and their ability to form resorption lacunae (i.e. pits) in cortical bone (Boyde et al., 1990;
Chambers, 1992). One study showed that stimulation of osteoclasts with calcitonin in

vitro resulted in increased cyclic adenosine tnonophosphate (cAMP) production and
retraction of the cell from the surface, thereby arresting bone resorption (Chambers,
1985).
The origin of the osteoc~ast };las been .a subject of controversy for many years. It
is unclear whether the osteoclast progenitor arises from either a pluripotent stem cell that
develops into cells of the monocyte-macrophage lineage, or from another lineage distinct
from. the monocyte-macrophage fatnily (Roodman, 1996). Most of the evidence suggests
that osteoclasts share a common pluripotent stem cell with other hematopoetic cells such
as the macrophage-monocyte. farp.ily (Roodman, 1996). Several hormones and growth
factors including 1, 25-dihydroxyvitamin D3 (Liggett and Lian, 1994; Roodman, 1996),
granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony
stimulating factor (M-CSF) (Hattersley and Chambers, 1990) direct these precursors
down the osteoclast line~ge and result in the fusion of the mononuclear cells to form
osteoclasts (Hattersley and Chatnbers, 1990).
Morphologically, osteoclasts have a ruffled border with a complex 'folding of the
cytoplasmic plasma membrane (Tatsuo et al., 1992). The area under the ruffled border is
acidic, favoring resorption of bone mineral by lysosomal enzymes (e.g. cathepsin K)
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(Tatsuo et al., 1992). The ruffled border is surrounded by a clear zone that is rich in actin
filaments and is free from organelles. The clear zone forms a tight peripheral seal to the
bone and serves as an attachment of osteoclasts to bone, but does not itself cause
resorption (Chambers, 1985). This clear zone pennits the accumulation of high
concentrations ofhyarogen ions and proteases secreted by the osteoclasis in the
extracellular resorption ar~a Itndemeath the cell. The presence of mineral is necessary for
the osteoclast to become active and begin the process of resorption (Chambers, 1985).
The acid seqretion by the osteoclasts requires a~ proton pump (Roodm~, ·1996). Evidence
suggests that a vacuolar type proton pump transports protons against a concentration
gradient. Protons are supplied by enzymes such as carbonic anhydrase II (Roodman,
1996). In cancellous bone, osteo~lasts .cre~te depressions in the bone surface referred to
as Howship' s lacunae.
Another characteristic of an osteoclast is that it stains positively for acid
phosphatase. Tartrate- resistant acid phosphatase (TRAP) enzyme activity has been used
as a specific marker for osteoclasis (Tatsuo et al., 1992). TRAP is located in the area of
the ruffled border of the osteoclast and in the associated bone surfaces (Fukushima et al.,
1991). In vitro bone cultures support evidence for the correlation of TRAP release with
bone resorption (Fukushima et al., 1991); however, the complete physiologic function for
TRAP has not been elucidated.
The mechanism by which osteoclast precursors are stimulated to form active
resorbing osteoclasts is unknown, although several mechanisms have been proposed.
These mechanisms include cytokines and signals from other cells that are: associated with
bone resorption and conformational changes in the bone matrix (Malone et al., 1982;
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Mundy, 1989). However, cell- to- cell contact between osteoblastic cells and osteoclast
progenitors appears to be required for differentiation of the progenitors into osteoclasts
(Mundy, 1989).

2) Hormonal Influences on Bone Development
a. The Influence of Estrogen
Estrogen has been considered to be the "cornerstone of support" for the skeletal
system by many researchers (Genant, 1982; Lindsay, 1976; Ettinger, 1985). It is one of
the principal circulating sex steroids in females and is also found in males (Lauber,
1995). Estrogens, like other steroids, initiate actions primarily by regulating gene
/

expression. These lipophilic hormones diffuse passively through cellular membranes and
bind to receptors present in the nucleus that are highly homologous with receptors for the
other steroid hormones, thyroid hormone, vitamin D and retinoids (Dietrich, 1976).
Estrogen receptors are found in the fe1nale reproductive tract, breast, pituitary,
hypothalamus, bone, liver, and other tissues, and also in various tissues in men
(Mangelsdorf et al., 1995). The estrogen receptor (ER) is a member of the steroidal
subfamily of nuclear receptors that has different subtypes (Mangelsdorf et al., 1995). The
ER has two subtypes (a and

P) whose distinct biological affects have not been fully

elucidated.
ERs are present in osteoblast--1ike cells irz vitro and may be visualized in tissue
sections by specip.c antigenic markers (Colston, 1989). Osteoblastsexposed to estrogen
showed ·changes in proliferation rate, up-regulation of alkaline phosphatase, osteonectin
synthesis, and modification of local cytokine networks (Gray, 1984; Ralston, 1989;
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Pacifici, 1987). Although estrogen does not appear to directly affect osteoclasts, some
osteoclast- modulatory cytokines are altered by this hormone (Ralston, 1989; Pacifici,
1987). With bone identified as one of its targets, estrogen has been proven to be essential
for normal epiphyseal closure, sexual dimorphism in the skeleton, establishment of peak
bone mass, maintenance of mineral homeostasis during pregnancy, lactation in placental
mammals and maintenance of bone balance in adults (Prior, 1990; Turner, 1994).
Loss or reduction of estrogen has been shown to have deleterious effects on bone.
Ovariectomy leads to a decrease in ash weight and bone mineral density in mammals
(Kalu, 1991; Lindsay, 1978; Jayo, 1990). Such changes have been linked to cortical bone
modeling and a net resorption of cancellous bone (Wronski, 1988). These studies
suggested that estrogen deficiency plays an essential role in mediating bone loss, an idea
supported by the fact that such changes in bone density can be prevented with estrogen
replacement therapy (Abe, 1992; Barengolts, 1990).

b. Progesterone (P4)

Along with estrogen, P4 affects a wide variety of tissues and metabolic processes
(Graham, 1997). The major physiologic roles ofP4.in maffimals are the release of
mature oocytes and the maintenance of pregnancy by promotion _of uterine growth and
suppression of myometrial contractility (Clarke, 1993). Progestins also are lipophilic and
.diffuse freely into cells where they bind to the P4 receptor. Like other members of the
steroid/thyroid receptor superfamily, the P4 receptor is a ligand-activated nuclear
transcription factor that interacts with a P4. response element in target genes to regulate
their expression (Tsai, 1994). The P4 receptor is expressed in the female reproductive
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tract, the mammary gland, the central nervous system (CNS) including the region of the
pulse generator in the hypothalamus and the pituitary.
Expression of the P4 receptor is generally more limited than expression of the
estrogen receptor or even other steroid hormone receptors (Perone, 1994). In many cells,
expression of the P4 receptor is induced by estrogens, and its presence is a common
marker for estrogen action in both res~arch and clinical settings (Perone, 1994). There is
a single P4 receptor gene, but two forms of the receptor, (A and B) are observed in some
tissues.· These forms .arise from utilization pf two translational start codons. The P4 type
A receptor is a truncated form of the type B·receptor. Progesterone binds both the A and
B forms that are active as transcription factors. The physiological and pharmacological
significance of the tWo forms .are unkn:own. at present (Wei, 1993).
'

,,

.

In many biological systems, progestins enhance differentiation and oppose the
actions of estrogens to stimulate cell proliferation. As noted previously, this action of
progestins may involve decreasing estrogen receptor levels, increasing local met~bolism
of estrogens to less active metabolites, or inducing gene products that blunt cellular
responses to estrogenic agents (Wei, 1993).
Research supports the role of sex steroids in the modulation of matrix protein~
and metalloproteinases in bone metabolism. A·net decrease in the rates ofbone
resorption and formation results in a reduction in the rate of bone mass loss. This loss· is
attributed to the down-regulation of messenger ribonucleic acid (mRNA) for bone
matrix- associated proteins by estrogen (Osteen, 1994). Progesterone m~y also play a
role in the synthesis ofbone matrix through modulation ofmetalloproteinases (Osteen,
1994). In addition, P4 may act as a ligand for the glucocorticoid receptor and antagonize
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glucocorticoid-mediated bone loss (Bruner, 1995; Chase, 1970). Glucocorticoids block
1, 25- (OH)2-vitamin D-induced osteocalcin synthesis and prevent attachment of
osteoblasts to matrix proteins'such as osteonectin (Chase, 1970).

c. Levonorgestrel (LNG)

Norpl~ntR, which contains the synthetic progestin LNG, is a contin~ously
releasing contraceptive implant. This drug provides contraception without the
thromboembolic ri's~s of the estrogens present in most oral contraceptives and has
therefore gained popularity as a fonn of birth control. Serum levels of LNG in NorplantR
users continuously decline from the time the device is implanted, varying from 1600
pg/ml initially, to approximately 258 pg/ml at 60 months (Croxatto, 1993). The sustained
levels of LNG produce strong antiestrogenic effects on the body (Croxatto, 1993).
Recent clinical data suggest that P4, with no androgenic effects, might have a
beneficial effect on bone tun1over by enhancing bone formation (Roseff: 1989). Since
LNG is very similar to P4 in molecular structure, it could have similar action on the bone.
At the same time, excess LNG could have deleterious effects on bone morphogenesis by
l

down-regulating estrogen production by the ovaries and potentially leading to a
substantial decrease in bone density (Roseff, 1989).

d. Parathyroid Hormone {PTH)
Parathyroid hormone is a single chain, 84-amino acid polypeptide.
Physiologically, PTH appears t<:> be produced exclusively by cells within the parathyroid
glands. The mechanism of action of PTH involves binding to an adenylate
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cyclase/guanyl nucleotide binding protein-c.oupled membrane receptor, with production
of adenosine 3' to 5' -cAMP and activation of cAMP-dependent protein kirtase -A
(Partridge, 1981; Peck, 1973; Raisz, 1977). PTH is a major calciotropic ho~one, which
targets several organ systems. It has been shown to indirectly affect the catabolic activity
of osteoclasts as well as the anabolic activity of osteoblasts (Burger, 1984). Two phases
of osteoclast PTH-responsiveness appear to occur: (1) a short-term activation of mature
osteoclasts and immediate precursors, and (2) a long-term recruitment of new osteoclasts
by replication of progenitors. Osteoclast numbers increase with administration ofPTH,
which may be explained by fusion of osteoclast precursor cells {Tatevossian, 1973;
Chambers, 1984). PTH stimulates osteoclast motility and attachment to bone surfaces
(Vignery, 1978; Miller et al., 1984). It increases osteoclast size, ruffled border areas,
tartrate- resistant acid phophatase (TRAP), activity carbonic anhydrase and lysosomal
enzyme activity (Miller, 1978; Miller, 1985; Anderson, 1985; Delaisse, 1988). PTH and
calcium are thought to be connected via a feedback loop. PTH promotes calcium
reabsorption in the kidney and activates osteoblasts. This activity is believed to prompt
osteoclast resorption and the release of calcium (Fitzpatrick, 1996; Silverberg, 1996). In
turn, extracellular calciutn regulates the amount of endogenous PTH release.
Hypocalcemia stimulates PTH release and synthesis whiie hypocalcemia suppresses PTH
release and synthesis (Adami, 1992;. Deftos, 1989).

e. Calcitonin (CT)
Calcitonin is a32-mni_no acid peptide. that is primarily produced by parafollicular
or C cells of the thyroid gl~nd.· .Like PTH," CT synthesis in bone has not peen reported
(Heersche, 1974). Similar to tnany peptide hormones, CT acts via membrane-receptor
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binding and cAMP activation (Peck~ 1979). Because the activities of both PTH and CT
can increase cAMP levels in bone, more attention should be paid to the rising levels of
cAMP instead of the mere opposing activities of these two peptide hormones (Pearce,
1996). Calcitonin's biologic activity is depende;nt upon the nature and presence of its
receptors which have been located in bone, kidney, the respiratory system, the
reproductive system, the central nervous system and the gastrointestinal tract.
Calcitonin is considered to be a potent osteotropic factor, whose primary function
is to inhibit osteoclast-mediated bone resorption (Chambers, 1991). This inhibitory effect
is due to the ability of CT to induce quiescence of cellular motility in osteoclasts (Gravel,
1994). When exposed to CT, the osteoclast demonstrates retraction of its pseudopodia,
and a decrease in membrane ruffling which ultimately results in a small rounded
nonmotile cell (Zaidi, 1987). In addition, CT alters more that just the morphologic
appearance of the osteoclast. CT inhibits the release of acid phophatase, carbonic
anhydrase, which plays a key role in bone- resorptive activity, and tyrosine kinase, which
assists in the adhere!lce of the osteoclast and the mineral matrix being resorbed (Zhang,
-

.

1994; Berry, 1994; Weinerman, 1990). Because of its inhibitory effect on osteoclastmediated bone resorption, CT has been used successfully in the treatment of diseases
with the ominous hallmark of rapid bone loss. Short-term prospective studies have
shown that CT can prevent bone loss and increase bone density when administered
subcutaneously (Aloia, 1985; Civitelli, 1988; Macintyre, 1988). Although combination
therapy with estrogen provided no additive effect, it was found to be just as effective as
estrogen when administered to post-menopausal women over a 12-18 month period
(Macintyre, 1988). Long-term studies have demonstrated that CT is effective in
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stabilizing a modestly increased bone mass as quantified by total body calcium (Aloia,
1985).

C. HYPOTHESIS
Few studies have been conducted to examine whether women takin~ the
contraceptive, Norplant™ are at greater risk for periodontal disease and/or skeletal bone
loss. The hypothesis of this study was that LNG, a synthetic progestin, could induce
cultured porcine'mairow cells. to produce soluble factors affecting the recruitment,
.,

development and bone resorbing activity of osteoclasts differently than does P4 (the
natural progestin).

D. SPECIFIC AIMS
1) To harvest bone marrow cells from porcine long bones and culture them in
chambered wells affixed to quartz slides sintered with a submicron film of calcium
phosphate.
2) To confirm the osteoclast phenotype within the culture through various
staining techniques.
3) To examine the ability of LNG to affect porcine osteoclast-mediated resorption in

vitro by quantifying pit formation on a calcium phosphate substrate.

II. METHODS AND MATERIALS

A. Marrow Harvest and Cell Culture
Animals were housed in an American· Association for Accreditation of Laboratory
Animal Care (AAALAC) facility and treated in accordance with protocols approved by
the Eisenhower Army Medical Center Animal Care and Use Committee. The animals
were first used in emergency medicine training laboratories and then sacrificed. Farm
pigs between 50-60 lbs, aged 3-6 weeks, (Animal Dairy and Veterinary Sciences,
Clemson University, Clemson, SC, USA) were anesthetized with halothane and
euthanized with sodiutn pentobarbital. Long bones (femora, tibiae, fibulae, humeri, radii·
an.d ulnae) were removed and immediately placed in sterile beakers of ice-cold phosphate
buffered saline (PBS) containing 100 U penicillin!p.l mg streptomycin (Gibco BRL,
Grand Island, NY), 0.05 mg/ml gentamicin (Gibco.aRL) and 1.25 J..Lg/ml fungizone
··.>

(Gibco BRL). ·Th~ hones were Cleaned of adherent soft tissues and the bone shafts were
split longitudinally using a bone c~isel (fig. 1 A and B). Porcine marrow, cell cultures
were established according to a modi~cation of a previously published procedure (Galvin
et al., 1996). Marrow and trabecular bone were harvested from the epiphyses and ·shafts
and placed into a sterile sample bag (Fisher) containing ice-cold Supplemented
Dulbecco's modified Eagle's medium (S-DMEM) with 15 U/ml heparin'(Elkins-Sinn,
Inc. Cherry Hill, NJ, USA). S-DMEM contained Dulbecco's modified Eagle's medium
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without phenol red (Gibco BRL), lx modified Eagle's medium nonessential amino acids
(Sigma, St. Louis, MO, USA), 10% heat-inactivated fetal bovine serum (FBS) (EquitechBio, Inc., Ingram, TX, USA), 1 x 10-8 M 1, 25-dihydroxy vitamin-D 3, (CalBiochem,
LaJolla, CA, USA), 100 U penicillin and 0.1 mg streptomycin per ml (Gibco BRL),
50 1-1g/ml gentamicin (Gibco BRL), 1.25 1-1g/ml fungizone (Gibco BRL), 0.6% sodium
bicarbonate (Sigma), 15mM HEPES (Sigma), 0.11 mg/ml sodium pyruvate (Sigma) and
10-5M P-mercaptoethanol (Sigma). The suspension ofbone fragments and marrow was
agitated for 1-2 min. to aid in the detachment and suspension of the cells. The cells
remained on ice for. several min. to further facilitate the separation ofthe cells from the
fat and bone particles. The suspension between the fatty layer and the settled bone was
removed with a 10 ml pipette, passed through a sterile cell dissociation sieve (40 mesh
. filter, Sigma CD-1) and collected in a sterile 50 ml conical tube (Fig 2). The filtered
suspension was underlaid with an equal volume ofFicoll-Paque (Research Grade
I

•

'

'

Pharmacia Biotech, Piscataway, NJ, USA) and the tubes were centrifuged for 30 min. at
18-20°C at 400 :X g. The marrow layer was removed and resuspended at 3 times the
volume in Hank's Balanced Salt Solution (HBSS) (Gibco BRL). Cells were centrifuged
for 10 min. at 18-20 oc at 100 x g and the pellet was resuspended in HBSS. Cells were
again centrifuged for 10 min at 18-20 oc at 100 x g. The supernatant was discarded and
the pellet suspended in ice-cold S-DMEM. Cell yield was calculated following the
trypan blue dye exclusion test by counting of the viable cells on a hemocytometer. The
cells were diluted w;ith S-DMEM and seeded into wells of Osteologic™ MultiTest ™
Slides (Millenium Biologix Inc., Kingston, Ontario, Canada) with a surface area of
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0.38 cm

2

•

These wells are affixed to a quartz slide sintered with calcium phosp~ate

substrate measuring approximately 1J-Lm in thickness. In preliminary experiments (1-4),
cells were seeded at a density of2.5 x l0 5 cells/cm2 • Cells were then plated at various
seeding densities to determine whic4 density would permit resorption to be observed over
a manageable period of time. In this experiment, cells were seeded at densities of .
5.72 x 103 cells/cm2 , 7.00x

fo 5 cells/cm2, 4.11x 106 cells/em? and 7.37 x 106 cells/cm2

and harvested after 4 days. In the final experiment (experiment 5), cells were seeded at a
density of7.5 x 105 cells/cm2 • The cells were incubated at 37

oc in a humidified

incubator containing 5% carbon dioxide in ambient air. After 24 hours, the cell culture.
medium was replaced with fresh medium containing the appropriate hormone treatment.
One-half of the medium volume wa~ replaced every 48 hours, and cultures were
maintained for 14-21 days (fig 2).
In order to evaluate the possible effects of hormone in the control FBS, duplicate
experiments were performed using charcoal-stripped FBS. Charcoal-strippe,d FBS is
processed using a proprietary charcoal /dextran treatment shown to remove many
hormones and growth factors. Cells grown in control media or supplemented DMEM
with 10% FBS (CSS-DMEM) were terminated at the same time points. Cells were
removed by soaking in 5.25% sodium hypochlorite for approximately 5 min. and then
rinsed with distilled water. Slides were analyzed ·commercially by Milleriium Biologix,
Inc. using the Microst™ automated resorption analyzer. Whole well photographs were
taken with a dissecting microscope and Scion Image TM software.

.·,·.
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B. Buffy Coat Preparation from Porcine Wbole Blood
In order to examine other hematopoietic cells for resorption, approximately ·
230 ml o"r porcine whole blood were removed by jug:ular catheterization and dispensed
into 50 ml conical heparinized tubes. The tubes were centrifuged at 1200 x g for 10 min.
at 17 °C and the supernatant was removed and diluted with S-DMEM (7.5 ml) with
heparin. Cells from the supernatant, called the huffy coat, were prepared in the same
manner, from the same pig and at the same time as the marrow cells described above.
Buffy coat cells were plated at the same seeding density as the marrow cells
(7.5 x 105 cells/cm2). The amount of cellul'!l" activity (resorption) for this cell population
was evaluated via light microscopy as well as by Millenium Biologix, Inc. using the
Microst™ automated resorption analyzer (fig. 3).

C. Hormone Treatments
Stock solutions of steroid hormones (E2, P4 and LNG) (Sigma, St. Louis, MO)
were prepared in 100% ethanol and were further diluted into working solutions in ethanol
and added to cell cultures to achieve final concentrations as shown below. The peptide
hormones used for the negative and positive control groups (CT and parathyroid
hormone, respectively) (Sigma, St. Louis, MO) were prepared in HBSS.

28

D. Experimental Treatment Groups:
Cell cultures received one of. the eight treatments listed below (fig. 4):

Group I:
·Group II:

Control group received S-DMEM with ethanol vehicle alone.
Estrogen group receivedS-,DMEM with 1 x to- 10M E2.

Group III:

P4 group received S-DMEM with 4 x 10-7M P4.

Group IV:

P4 plus E2 group received S-DMEM with 4 x 10-7M
P4 and 1 X 1o- 10M E2.

Group V:

·LNG group received S-DMEM with 5 x 10-7 M
D (-)-Norgestrel.

Group VI:

LNG plus E2 group receiveq S-DMEM with 5 x 1o-7 M
D (-)- Norgestrel and 1 x 10-10 M E2.

Group VII:

Negative control group received S-DMEM with 1.0 x 10-7 JY1 salmon
Calcitonin

Group VIII: Positive control group received S-DMEM with 2.5 x 10 -s M parathyroid
hormone (bovine 1-34 fragment).

E. Enzyme Immunoassay (EIA)
Tissue culture media samples (1 OO!J.L) were collected after 1, 2 and 4 days for
hormone treatment groups I, II, I;II, IV, and V and stored at -20° C. EIA's for LNG, P4
and E2 were conducted at the Department of Population Health and Reproduction
(University of California, Davis), as described in a previously published paper (Munro et
al., 1996).

29

F. Histological Methodology

a. TRAP Stain
Studies have demonstrated that resistance to suppression by tartrate is a
characteristic marker for osteoclasts (Wergedal and Baylink, 1969; Hammarstrom,
Hanker et al., 1971). Cultured cells were stained for TRAP using a kit (387-A) and
instructions provided by the manufacturer (Sigma). Briefly, cells were fix~d for thirty
seconds in fixative solution (3% v/v formaldehyde, 66% v/v acetone and 25.5% v/v
citrate solution) and thoroughly rinsed in deionized water. Cells were incubated in the
dark for o~e hour at· 37 oc in a solution containing diazotized Fast Garnet GBC Solution,
napthol AS-BI phosphoric acid, acetate buffer solution and tartrate solution per the
· manufacturer's directions. Trap-positive cells ~tained purplish-red.

b. Actin Ring Formation
Cytoskeletal actin ring formation is a marker for actively resorbing osteoclasts.
Cultures were stained with phalloidin to detect the formation of actin rings. Cells were
fixed for 30 min. in ice-cold 70% ethanol in PBS, pH 7 .3, and were then rinsed three
times, ten min. each, in 1% bovine serum albumin in PBS (BSA-PBS). Cells were
stained for 25 min. in 5 U/ml Oregon Green 488-phalloidin (Molecular Probes, Eugene,
OR, USA) in BSA-PBS, washed three times .in BSA-PBS and mounted in PBS-glycerol
(1:1 v/v mixture). Actin rings were visualized by epi-illumination fluorescence
microscopy.
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c. Extracellular Acidification Staining
Acridine orange accumulates in osteoclasts and more specifically, in the
subosteoclastic resorptive compartment (Baron et al., 1985). Cells were stained to
investigate the pH of the bone-resorbing area of the cells. The cells were ~ith stained
with 5J.Ll/ml of acridine orange in DMEM for 15 min. at 37°C followed by a 15min.
incubation in fresh DMEM. The cells were examined under epifluorescen~e.

d. Nuclear Staining
Specimens were counter-stained with 20J.Ll/ml of propidium iodide (PI, Sigma) in
the final wash before mounting to visualize nuclei. Slides were soaked in cold ethanol
and fixed at 4°C overnight. Slides were washed twice in PBS and PI solution (PI and
sodium citrate buffer pH 7.6) was added. Following the addition of PI, the specimens
were protected from light. The cells w~re visu~liz~d by fluore~cence microscopy using
epi-illumination.

e. Acid Vacuole Stain
Cells on the Osteologic™ slide~ were stained.with 0.01% neutral red in culture
medium for 1 to 5 min. followed by a medium change. Acidic vacuoles within the living
cells were visualized and examined using bright-field microscopy.

f. Slide Substrate Stain
To visualize the calcium phosphate substrate on the Osteologic™ l\4ulti-Test™ well
slides, Von Kossa staining was performed. The slides were fixed in absolute alcohol,
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soaked in silver nitrate solution (5% in dei()nized water) for 60 min. while exposed to
direct light and then ·rinsed in distilled water. The slides were then soaked in sodium
thiosulfate (5% in deionized water) for2 min. and rinsed in distilled water. The slides
were countersta}ned in nuclear fast red solution (0. hug nuclear fast red in 100 ml of 5%
solution of aluminum sulfate) for 5 min. and then rinsed in deionized water.

g. Scanning Electron Microscopy (SEM)
'

The cultured cells were removed from the Osteologic ™ slides prior to
performing SEM. To remove the cells, slides were soaked· in 5.25% sodium hypochlorite
for 5 min., rinsed with distilled water for several min. and then air-dried. SEM was
conducted. Osteologic ™ slides were fixed overnight with 4% glutaraldehyde in 0.1M
sodium cacodylate buffer, dehydrated through ethanol, critical point dried and coated to
10 nm with gold. Specimens were visualized using a JOEL JSM-6400V scanning
electron microscope and photographed using Polaroid™ technology.

h. White Light Interferometry
To identify the depth and distribution of the resorption pits, cells ~ere removed
from the OsteologicTM slides as described previously, and analyzed for resorption by
white light interferometry. The slides were analyzed using a WYKO NT-2000
interferometric microscope (WYKO Corp., AZ, USA) and images were generated on a
PentiumR compatible PC under MicrosoftR Windows NTR custom-designed WYKOR
Vision 32 ™ Ahalysis Software.
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i. Resorption Assay
After 14-21 .days of incubation, t~e: ~ells were removed from the wells by soaking .
in 5.25% sodium hYPochlorite for approximately 5 min. and then rinsed with distilled
water. Sli.des were analyzed commercially by Millenium Biologix, Inc. using the
MicrostTM automated resorption analyzer. Data were reported as the percent or'resorbed
calcium phosphate substrate per well. Whole well photographs were taken with a
dissecting microscope and Scion Image ™ software.

j. Statistical Analysis
The statistical analysis was conducted at the Medical College of Georgia
Department of Biostatistics, utilizing Statistical Software for Statisticians (SASR) and
. MicrosoftR ExcelR software programs. These data were found to be non-randomly
distributed and the variance non-homogeneous among ·groups, so distribution-free
nonparametric tests were used. The one-way analysis of variance (ANOV A) was used to
determine whether a difference existed among the treatment groups, while the StudentNewman-Keuls (SNK) post test was used to determine which differences in resorption
were significant.

RESULTS

A. Osteoclast Characterization
l.Phase Contrast Microscopy of Living Cells
Cells cultures were observed daily by phase contrast microscopy and evaluated
for the appearance of osteoclastic activity (resorption). A representative culture of
porcine marrow cells consisted of numerous stnall refractile mononuclear precursor cells,
flat adherent fibroblasts and osteoblasts (figs. 5 and 6). Cells cultures were observed
daily by phase contrast microscopy and evaluated for the appearance of multinucleated
cells (fig. 5A and B). Some cells were large with multiple nuclei while others were small
with a single nucleus (fig. 5A). Large polykaryons possessing several nuclei are present
(fig.SA and B). Bright field phototnicrographs of calcium phosphate thin films showed
regions of resorption of the calcium phosphate substrate (fig. 5 and 6). Resorption of the
thin layer of substrate mineral was detnonstrated as a clear zone that lacked granularity
(fig. 6 A and B).

2. Neutral Red Stain
Staining of cultures on OsteologicTM slides with neutral red revealed large
perinuclear, acidic vacuoles within polykaryons (fig. 7). Neutral red stain uptake by the
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osteoclasts was attributed to the lysosomal content of the cells. The pH-sensitive dye was
red within the acidic compartments of these cells. Resorption of the calciurh phosphate
mineral was noticed adjacent to the cells as clear areas (fig.7).

3. TRAP Staining
TRAP activity, indicative of osteoclasts, was confirmed in the porcine marrow
cultures using brightfield microscopy. All specimens staining positive for TRAP
demonstrated perinuclear purple-red staining. TRAP-positive cells demonstrated stained
cytoplasmic granules (fig. 8 A-C). Pseudopodia and other processes could be visualized
(fig. 8A and B). The multinucleated nature of the osteoclasts could be visualized by this
staining technique and appeared to be small circumscribed clear structures within the cell
(fig.8A). In figure 8 C, two large TRAP-positive cells appear to be in the process of
fusing.

4. Oregori Green 488-Phalloidin Staining For Actin Rings
Cytoskeletal actin rings indicative of the bone-resorbing state of the cells, were
visualized by fluorescence microscopy using epi-illumination (fig. 9B).
Figure 9A represents the same field of cells seen under brightfield microscopy. Many
smaller osteoclasis were present within the resorbed area and surrounded a larger
osteoclast depictedin·the center (fig 9B). The actin rings were clearly visible as dense
fluorescent circular structures located within the center of the cells (fig: 9A and. B).
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5. Propidium Iodide' Stained Cells
Propidium Iodide, an intercalating ag,ent, is used to aid in the visual~zation of the
multinucleated nature of the osteoclasts. Fixed cells were counter-stained with PI in the
final wash before mou!lting to visue1.lize nuclear DNA. Under fluorescence: illumination,
these nuclei stained red (fig. 10 A and B). Specimens were counter-stained with
phalloidin for beta actin that delineated the perimeter of this cell (fig. 10 B). Within
nearby osteoblast-like cells, actin filaments extended across the cytoplasm randomly.
Osteobla~t-like

cells demonstrated staining of the cytoskeletal filaments and the nuclear

DNA (fig. 10 B).

6. Acridine Orange
Upon incubation with acridine orange, intense orange fluorescence was
visualized. The orange stained clusters were centrally located within the cells (fig. 11).
Staining with acridine orange further demonstrated the multinucleated nature of the
osteoclasts since the nuclei appeared green with fluorescence (fig. 11). Counterstaining
the cells with phalloidin for beta actin delineated the perimeter of these cells (fig. 11 ).
Within nearby osteoblast-like cells, actin filaments were seen extending across the
cytoplasm in various directions.

7. Von Kossa Stain Assay
The Von Kossa stain for calcium was used to visualize the calcium phosphate
'

'

substrate remaining on the slides (fig. 12).· Phase contrast microscopy of 12-day marrow
I

.
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cells on the calcium phosphate substrate showed several zones of resorbed calcium
phosphate (fig. 12).
8. Scanning Electron Microscopy
After slides were collected for SEM (JEOL JSM-6400V, JEOL Corporation)
fixed, critical point dried and. gold sputter-coated, they were photographed with
Polaroid™ technology at magnifications ranging from 60X to 7500 X. The irregular and
rough topography of the Osteologic™ substrate can be easily visualized in·figure 13 A
and B. Mature osteocfasts were often several times the size of osteoblasts and
demonstrated a variety of shapes (fig 14 A and B). Cytoplcismic processes extending from
mature osteoclasts were easily visualized, and consistent with cellular loc<;>motion (fig. 14
A and B). In addition, areas of remoyed subst~ate in the form of pits were formed
adjacent to osteoclasts (fig. 15 A-B).

B. Resorption of Calcium Phosphate Substrate
1. Resorption Efficiency Based on Seeding Density
Cells were plated at various seeding densities to determine which density would
permit resorption to be observed over a manageable period oftime (fig.16). Experiments
were terminated after 4 days and resorption quantified. For an initial density of .
5.72x103 cells/cm2 , 2.6% resorption was recorded (fig.16A). For the density of7.00x105
cells/cm2, 13.8% resorption was recorded (fig.16B). For the density of 4.11x106
cells/cm2 , resorption was nearly 100% (fig.16C). For the cell seeding-density of
7.37x106, over 50% resorption was calculated (fig.16 D).
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2. White Light Interferometry
The interferometer was used to quantify the surface areas and volumes of
resorption pits in the mineralized substrate. The slides were analyzed using a WYKO
NT-2000 interferometric microscope. The computer-generated image ofthe surface
topography was viewed in two and three dimensions. (fig. 17A-D).

C. Statistical Analysis
Using SASR software to calculate the ANOVA, significant differences among
treatment groups were identified (Pr>F= 0.0001). Data were assigned a rank value and
analyzed using the Student Neuman Keul (SNK) Test. All data are reported as the mean
rank value of 6 replicates per treatment group.

STUDY 1 (experiments 1-4)

This study was c·onducted at a cell seeding density of2 X 105 cells/cm2 and
represents data from 4 separate harvests (fig. 18; individual experiments fig~.19 and 20).
Data represented by bars of the same color did not differ significantly from each other.
The protocols were iden~ical in each of the 4 experiments but the ~imals were different.
In study 1 (fig. 18), LNG and P4 treatments resulted in significantly less
resorption when compared to the control group [mean rank resorption (mrr) of 52.3, 28.9,
89.3 respectively]. E2 also induced less resorption when compared to the control group
(mrr of 73.8 and 89.3 respectively); however the difference was not significant. There
appeared to be a trend for LNG to promote more resorption than P4, however, this was
not statistically significant (fig. 18). When compared to groups treated with E2 only (mrr
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of73.8), both LNG and P4 supported less resorption (mrr of 52.3 and 28.9 respectively).
The combination ofP4 arid E2 produced a·significant d~~re~se in the amount of
resorption seen as compared to the control group (mrr of 47.6 and 89.3 respectively), as
well as groups treated with E2 alone (mrr 73.8). The combination ofE2 and LNG
showed a significant decrease in the amount of resorption compared to the control group
(mrr of 47.1 and 89.3), but not a significant' decrease when compar~d to those wells
treated with LNG alone (mrr of 52.3 and 4 7.1 ).

STUDY 2 (experiment 5)
In study 2, cells were prepared similarly to the cells used in experiments 1-4.

However, a cell seeding density of 7x 105 cells/cm2 was used. The data from this study
were generated from a different harvest. The data represented by bars of the same color
did not differ significantly from each other (fig. 21). In direct contrast to the results
reported in study 1, LNG stimulated significantly more resorption when compared to the
control group (mrr 76.7 and 56.2 respectively), E2 (mrr 51.71) or P4 (mrr 47.9).
Although not significantly different, P4 promoted less resorption than the control group
(mrr 47.9 vs. 56.2), and E2 alone (mrr 47.9 vs. 51.71). In contrast to data from
experiments 1-4, the combination ofE2 and P4 promoted a signific~t increase in
resorption (mrr 75.64) when compared to the control groups (mrr 56.2) as well as groups
treated with P4 (mrr 47.9) or E2 alone (mrr 51.11). Groups treated with LNG plus E2
showed a significant increase in the amount of resorption when compar~·d to the control
(mrr 85.68 vs. 56.2) or E2 alone (mrr 85.68 vs.-_51.71); however, no significant
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differences in the amounts of resorption were seen between groups treated with LNG and
- E2 versus LNG alone (mrr of 85.68 and 76.6 respectively).

STUDY 3 (experiment 5)
5

2

.Jn study 3, a cell seeding density of7x10 cells/cm was used and the data from

this study were generated from the harvest used in study 2. This experiment compared
the amount of resorptive activity of cells grown in S-DMEM with 10% FBS to that of
'

.

~

cells grown in CSS-DMEM (fig. 22). The amount of cellular activity was evaluated after
4 days via light microscopy and by the Microst™ automated analyzer. The charcoalstripped medium failed to support long-term growth of the marrow culture equivalent to
that observed with 10% FBS when viewed microscopically (data not shown).
Significantly less resorption was noted in the wells receivin_g the charcoal.:.stripped
..

DMEM (CSS-DMEM) when compared to the control wells receiving S-DMEM with
10% FBS [mean rank resorption (mrr) of 4.7% and 56.7%, respectively] (fig. 23).
Additionally, resorption from cells derived from the huffy coat of porcine blood
was compared to the harvested marrow cultures (fig. 24) In the second part of study 3,
centrifugation was used to separate the huffy coat from the porcine whole blood. Cell
cultures were terminated at day twenty and cellular activity (resorption) was evaluated
with light microscopy (fig.24). Buffy coat cells from the porcine whole blood grown in
S-DMEM demonstrated significantly less resorption than the control wells seeded with
cells from the marrow (mrr of7.2 and 56.2-respectively). Buffy coat cells also had
slightly greater resorption than marrow cells grown in the charcoal stripped medium (mrr
of7.2 vs. 4.7), but this increase in resorption was not statistically significant (fig. 23).
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STUDY 4 (experiment 5)
In study 4, a cell seeding density of 7x 105 cells/cin2 was used and the data from

this.study were generated from the harvest used in studies 2 and 3 (fig. 25). The LNG
dose response compared the concentration of LNG used in the initial experiments
(5x10-7M) to a range of concentrations that reflected levels in vivo. Groups treated with
the LNG dose of 5x10-7M (100 fold higher than the high dose seen in Norplant users),
demonstrated significantly more resorption than the control group (mrr of 78.63 and 56.2
respectively), as well as all of the groups treated ·with the other doses of LNG within the
therapeutic range (fig. ~5). Groups treated with the LNG doses of 5x10-9M, 1x10-9M,
and 5x10- 10M·did not differ significantly from each other or from the control (mrr of
51.07, 48.72, 51.5 and 56.2 respectively} but demonstrated significantly more resorption
than the wells treated with the LNG dose of5x10-8M (mrr 29.7), which is 10-fold higher
than the high dose seen in Norplant users. (fig .. 25).

FIGURE 1.

Porcine bone marrow harvest

(A) Long bones of 6 week-old female farm pigs are shown with dissection
armamentarium.
(B) Bone cleaned of adherent soft tissues, and split longitudinally to allow for removal of
marrow and trabecular bone.
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Marrow Harvest

A

B

FIGURE 2:Experimental Protocol Summary

1)
2)
3)
4)
5)

Marrow cells were harvested, filtered and separated with Ficoll-Paque gradient.
Cells were seeded at a density of7.5x1rf cells/cm. 2 _
Cells were incubated for 24 hrs before initial hormone treatments were added.
Half- medium changes occurred every 48 hours.
To determine hormone levels, conditioned medium was removed at day 1,2 and 4 for
enzyme immunoassay (EIA).
6) Between days 9-21, cells were removed from the substrate and the resorption assay
was conducted to quantify osteoclastic activity.
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Experimental Protocol
Harvest cells
Filter Cell~ and Separate
With Ficoll-Paque Gr.adient
Plate Primary
Culture Cells
Incubate for 24 hours

Add Steroid Treatments -Half
Medium Change every 48 hours

Day 1, 2 and 4
Harvest Conditioned
Medium
ForEIA

Day 9-21
Cells For Resorption
Assay

FIGURE 3: The Microst™ Automated Resorption Analyzer
The Microst™ automated resorption analyzer scanned each slide and provided results_ as
a percentage of the area resorbed by the osteoclastic activity from 10 random fields per
wel,l for a total of 160 images per slide.
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~crostTMinaaging

1
1.6mm

1.2 mm

FIGURE 4: Osteologic™ Multi- test well slides
Osteologic™ Multi- test well slides consist of 16 chambered wells each with an area of
0.38 cm 2 . The wells are mounted onto a quartz slide sintered with an adherent calcium .
phosphate film approximately 1J..Un in thickness. Representative hormone treatments are
listed on the left.
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Study Design Groups
•

Control

•

Estradiol
[1 x to-10M]

•

Levonorgestrel
[ Sx 10-7 M]

•

Progesterone
[4 X 10-7M]

•

Estradiol+Levonorgestrel
[1 x10- 10 M]+( 5 x 10·7 M]

•

Estradiol+Progesterone
(1 x10-10 M]+ [4 x 10-7M]

•

Calcitonin

•

[1.0 X 10-7 M]
Parathyroid Hormone
[2.5 X 10-8M]

FIGURE 5: Photomicrographs of representative porcine marrow cells grown on multitest slides in control media
(A) The culture consisted of numerous small refractile mononuclear cells (black arrows),
flat adherent fibroblastic or osteoblastic cells (green arrow, original magnification
JOOx).
(B) Large polykaryons possessing several nuclei are present (arrows) and surrounded by
cleared areas (pits) lacking granularity (original magnification 1 OOx.).

45

Osteoclast Cultures at 9.5 Days
on Multi-Test Slides

FIGURE 6: Representative photomicrograph ofmature cells seeded onto the calcium
phosphate substrate of the Osteologic TM slide
(A) Cell cultures were observed daily by phase contrast microscopy and evaluated for the
appearance of multinucleated cells. Several large osteoclasts represented in this
photomicrograph (black arrows) were visualized within the demineralized zone (white
·
arrow, original magnification 200x).
I!

(B) In this photomicrograph, a small portion of the calcium phosphate substrate
remained in view (white arrow head). The border was cupped and consistent with
resorption. Subjacent to the substrate border were several large osteoclasts (black
arrow heads, original magnification 200x).

li
1:
1:
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Osteoclasts via Phase
Contrast Microscopy

A

B

FIGURE 7: Neutral Red Stained Cells
Representative brightfield micrograph of neutral red-stained osteoclasts on calcium
phosphate thin film. Live cells are associated with zones of mineral resorption (white
arrows).
Resorption of the calcium phosphate mineral was visible adjacent to the cells as clear
areas (black arrows, original magnification 200x).
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Neutral Red
Staining for Acid
Vacuoles

FIGURE 8: Tartrate -resistant acid phosphatase (TRAP) positive cells

Multinucleated cells from the mature culture on the slides stained positively for TRAP
after 7 days.
(A and C) Multiple nuclei were visualized by this staining technique and appeared as
small circumscribed clear structures within the cell (white arrow).
(A and B) Pseudopodia and other processes can be visualized (black arrows, original
magnification 200x).
(C) Two large TRAP- positive cells appear to be in the process offusing together.
Cytoplasmic vacuoles were present at the periphery (black arrows, original
magnification 400x).

Tartrate-Res istan t
Acid Phosphatase
Staining (TRAP)

A

B

c
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FIGURE 9: Oregon Green 488-phallloidin stained cells
(A) Representative photomicrograph of the same field of cells· seen under brightfield
microscopy and fluorescence microscopy.(B). Several osteoclasts were identified (black
arrows, original magnification 200x).

(B) Actin rings were visualized by fluorescence microscopy using epi-illumination. Beta
actin is concentrated in the actin rings in actively resorbing osteoclasts. The actin rings
were clearly visible as dense fluorescent circular structures located in the center of the
cells (white arrow he~ds, original magnification 200x).
·
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Phalloidin Staining for Actin
Rings

A

B

FIGURE 10: Propidium Iodide (PI) Stained Cells

(A) Specimens were stained with PI to visualize nuclear DNA. Representative
fluorescence micrograph (rhodamine filter) showed the propidium -stained (red) nuclei.
Numerous nuclei were present within the central body of the large osteoclasts (open
arr~w). Smaller cells possessed fewer nuclei (solid arrow, original magnification 400x).
J

(B) This photomicrograph represents the same field of cells seen infigure (A). The cells
stained with PI were counter-stained with phalloidin for beta actin, which delineated the
perimeter ofthe.large osteoclast depicted in fluorescent green (solid white arrow). The
multinucelated nature of the osteoclasts can be better appreciated in this view: (open
white arrows). Mononuclear cells demonstrated staining of the cytoskeletal filaments and
nuclear DNA (arrow heads, original magnification 400x).
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Propidium Iodide Stained Cells
Counter-Stained with Phalloidin

A

B

FIGURE 11: Acridine Orange Stain
Acridine orange acts as an index for acidity. Discrete orange clusters (arrows) were
visualized within the center of the 2 large osteoclasts depicted in the field (arrowheads).
A faint green nuclear and cytosolic fluorescence was noted, due to binding of acridine
orange to cellular RNA. Multiple nuclei were identified as translucent green circular
structures within the center of the cell (open arrows). Within nearby osteoblast-like cells;
actin filaments can be seen extending across the cytoplasm in various directions (original·
magnification 400x).
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Acridine Orange Staining
for
Subosteoclastic Acidic Compartment
and Nuclear Material

FIGURE 12: Von Kassa Staining o(calcium phosphate substrate
The Von Kassa stain for calcium was used to visualize the calcium phosphate substrate
remaining on the slides. Areas of resorption appear as cleared circumferential regions
of various sizes and shapes (black arrows, original magnification 200x).
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Von Kossa Staining

of
Calcium Phosphate Substrate

FIGURE 13: Osteologic™ Substrate Viewed by.SEM
The irregular and rough topography of the Osteologic™ substrate in the absence of cells
was easily visualized.
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Scanning Electron
Microscopy

A

B

FIGURE 14: Scanning Electron Microscopy o(Osteoclasts
(A) Cytoplasmic processes were easily visualized and are associated with locomotion
(arrow).
(B) Mature osteoclasts were often several times the size of osteoblasts and took a variety
ofshapes.
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Scanning Electron
Microscopy

A

B

FIGURE 15: Scanning Electon Microscopy ofResorption Pits
The most characteristic feature associated with an osteoclast is an area that is present
when the cell is resorbing bone. This is evidenced in this study by visualization of areas
ofsubstrate removed in the formation ofpits (arrows).
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Scanning Electron
Microscopy

A

B

FIGURE 16: Resorption E({iciency Based on Seeding De'!sity
Cells were plated at different cell seeding densities and incubated in control medium
(Supplemented DMEM). The non-resorbed calcium phosphate substrate appeared white
to light grey in color (A and B). Areas ofpartial resorption appeared dark grey, while
areas of complete resorption appeared black (C and D).
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Resorption Efficiency
Based on Seeding Density

A
3

5.72x10 cells/cm

B
2

7.00x10scells/cm 2

C
4.11x10 6 cells/ cm2

D
7.37x106 cells/ cm 2

FIGURE 17: White light interferometry
The interferometer was used to quantify the surface areas and volumes ofthe.resorption
pits in the mineralized substrate. The computer -generated images of the surface .
topography were viewed in two and three dimensions.
(A) White light interferometric image of the Osteologic™ substrate control slide without
media or cells. The subsirat~ topography is irregular (ryhit~ arrow). The white
arrowhead identifies the quartz slide edge without substrate.
(B) Photomicrograph of resorptive lacunae after the cells were removed (white arrows).
(C) Two-dimensional interferometric analysis of 2 resorptive pits. Colors represent the
height (red) and depth (blue) of the surface topography and are calibrated to the scale on
the right. Osteoclast resorption pits are represented by the blue areas (arrows).
(D) Three-dimensional presentation of 17 (C). The relative size and shape of the
resorption pits are easily visualized (arrows).
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Interferometric Analysis of
Resorption Pits on OsteologicTM Substrate
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FIGURE 18. Resorption Data (or Study] (experiments 1-4)
Using SAft software and the ANOVA, significant differences among treatment groups
were identified (Pr> F= 0. 0001). Data were assigned a rank value and analy~ed using
the Student Neuman Keul (SNK) Test. All data are reported as the mean rank value of 6
replicates per treatment group. This study was conducted at a cell .seeding density of
2 X Irf cells/cm 2 and represents data from 4 separate harvests (experiments 1~4). Data
from each separate experiment is shown in figures 19 and 20. Data represented by bars
of the same color did not differ significantly from each other.
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Resorption data for Experiments 1- 4
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FIGURE 19: Resorption Data· from individual .experiments: Study 1 (Experiment 1-2)
These experiments were conducted at a cell seeding density of 2 X 105 cells/c-,;,2 and
represent data from 2 separate harvests. Data represented by bars of the same c.olor did
not differ significantly from each other.
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Resorption data for Experiment 1
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Resorption data for Experiment 2
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FIGURE 20: Resorption Data from individual.experiments: Study 1 (Experiment 3-4)
These experiments were conducted at a cell seeding density of 2 X 105 cells/cm2 and
represent data from 2 separate harvests. Data represented by bars of the same color did
not differ significantly from each other.
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Resorption data for Experiment 3
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Resorption data for Experiment 4
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FIGURE 21 : Resorption Data for Study 2 (Experiment 5)
The cells were prepared similarly to experiments 1-4, however a cell seeding density of
7x1 05 cells/cm 2 was used. The data represented by bars of the same color did not differ
significantly from each other.
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Resorption data for Experiment 5
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FIGURE 22: E([ect of Serum in Medium on Resorption
There was an obvious difference in resorption between the cultures that received the
control media vs. cultures that received media containing 10% CHARCOAL-STRIPPED
FBS. After viewing the wells using a dissecting scope, the control wells had'""' 30-50%
resorption (A).
(B). The charcoal-stripped wells only had'""' 2. 6% resorption. The calcium phosphate
appeared white to]ight grey (arrow), while areas of resorption appeared as dark grey
pits (arrowheads).
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Effect of Serum
•

ln

Medium on Resorption

A

B

Control
Supp. DMEM
With 10°/o FBS

Supp. DMEM With
10°/o Charcoal-Stripped
FBS

FIGURE 23: Resorption Data for Study 3

(Experim~nt 5) .

The amount of resorptive activity from cells grown in Supplemented DMEM with 10%
FBS, was compared to that of cells grown in Supplemented DMEM with 10% charcoal·
stripped FBS. _
Resorption from cells derived from the huffy coat ofporcine blood was compared to the
harvested marrow cells. The data represented by bars of the same color did not differ
significantly from each other.
Significantly less resorption was noted in the wells receiving the DMEM with 10%
charcoal-stripped FBS, when compared to the control wells receiving DMEM with 10%
FBS (mean rank resorption (mrr) of 4. 7% and (mean rank resorption (mrr) of 4. 7%)
56. 7% respectively).
Buffy coat cells from the porcine whole blood grown in S-DMEM demonstrated
significantly less resorption than the control wells seeded with cells from the marrow
(mrr of7.2 and 56.2 respectively). Buffy coat cells also had slightly greater resorption
than marrow cells grown in the charcoal stripped medium (mrr of7.2 vs. 4. 7), but this
increase in resorption was not statistically significant.
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Experiment 5
DMEM vs charcoal-Stripped Media
and
Buffy Coat vs Cultured Marrow cells

Control

Buffy

Charstrp

FIGURE 24: Examination of other Hematopoetic cells for Resorption: Buffy Coat Cells
from Porcine Whole Blood vs Marrow Cells

(A) Greater resorption was seen in the control wells seeded with the porcine marrow
cells. Resorbed areas appear black (arrows).
(B). Virtually no resorption was seen on the substrate seeded with the cells from the huffy
coat ofporcine whole b!ood.
·

Note: The narrow and wide rings on the left sides of each well are due to a light artifact
created whe'! positioning the lights for the dissecting microscope.
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Resorption of
Osteologic™ Substrate

A

B

Osteoclast/Marrow
Cell Culture

Buffy Coat from
PorcineWhole Blood

FIGURE 25: Resorption Data for Levonorgestrei Dose Response
The LNG dose response compared. the concentration ofLNG used in the initial
experiments (5x1 o- 7M) to a range of concentrations that reflect levels in vivo.
1) 100 -fold over physiologic levels 5x1 o- 7M LNG
2) 10 -fold over physiologic levels 5x10- 8 M LNG
3) Physiologic high level5x10~9 M LNG
4) Physiologic low level1x10-9 M LNG
5) 5-fold below physiologic low level 5x1 o-10 M LNG
Groups treated with the LNG dose of 5x1 o- 7M demonstrated significantly more
resorption than the control group and than all the other groups treated with LNG.
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Dose Response for Levonorgestrel
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DISCUSSION
A. In Vitro Methodology-Osteoclast Characterization
In order to establish distinct roles for specific cell types involved in bone
metabolism, attempts have been made to isolate the different cell types associated with
this hard tissue. Initial efforts to isolate bone cells resulted in culutres consisting mainly
of fibroblasts, (Peck et al., 1964). Wong and Colm (1974) developed a method for
isolation of individual bone cell populations fron1 neonatal mouse calvaria. The calvaria
were enzymatically digested,sequentially with collagenase and trypsin. The cells were
collected from each digestion, cultured in a 1nonolayer and characterized by identification
of cell-type specific markers. The initial calvarial digestions gave rise to osteoclast-like
cells that displayed characteristics of osteoclasts. The osteoclast-like cells exhibited
increased cAMP levels in response to calcitonin, and increased acid phosphatase levels in
response to PTH. The action ofPTH was inhibited by calcitonin (Wong and, Cohn, 1974).
Nevertheless, the morphology of the cells derived fro1n this culture did not completely
resemble that of mature osteoclasts (Wong and Colm, 1974).
Isolation of differentiated osteoclasts has proven to be _technically challenging for
many reasons. Firstly, osteoclasts represent only one of the many cell types present
within the bone and the 1nanow. Secondly, when the cells are actively resorbing, they
adhere tightly to the mineralized surface, and beco1ne quite difficult to remove.
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Enzymatic treatment utilized to remove cells from the substrate results in irreversible
damage to the cells. Thirdly, mature osteoclasts do not proliferate, and have a life span
of approximately 21 days in vitro, making long-term experimentation impossible.
Chambers and Magnus introduced a method for isolating and culturing
mammalian osteoclasts in 1982 .. Osteoclasts were removed by curetting the endosteal
surfaces of developing rat and rabbit femurs and tibias. A mixed culture of bone cells
was established using this procedure. After the osteoclasts attached to the substrate, they
developed ruffled borders and pseudopodia (Chambers and Magnus, 1982). Although
this method provided a· good model for studying mammalian osteoclasts, the cell yields
were low, and cultures of pure osteo_clasts could not be attained. Therefore,
distinguishing between agents directly affectin~ osteoclastic activity and effects-mediated_
by other cell types present within the· culture was not possible.

In the present study, porcine marrow and trabecular bone were harvested from the
epiphyses and shafts of long bones. Centrifugation through the Ficoll-Paque gradient
removed the majority of non-adherent cells, providing a substantially more pure cell
harvest and greater cell yield when visualized by brightfield microscopy. The use of
bone marrow from animals as a primary culture of mixed cell populations, for
approximately 3 weeks, provided a source of mature active osteoclasts that resorbed
mineralized substrates in vitro and permitted the study of factors affecting osteoclastic
resorption and development. The non-osteoclast cells in the cultures were not identified,
but could be assumed to be pluripotent stem cells which give rise to multipotential stem
cells that could differentiate into one of the following major cell lines: granulocytemonocyte, erythr9cyte, megakaryocyte, or lymphocyte (William et al., 1991).
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Osteoblast-like cells were seen within the c:ulture, and are considered necessary for the
differentiation and proliferation of osteoclasts (Lacey et al.,-1998).

B. Light Microscopy
Osteoclasts are derived from the fusion of mononuclear precursors and possess
several features considered to be specific markers. For instance, these cells are
multinucleated. In the present stridy, osteoclast-like cells were evident in culture by day
seven. The cultures consisted of numerous refractile cells, as well as larger polykaryons
possessing several nuclei. The osteoclasts visualized by SEM on the Osteologic ™
)

substrate were significantly larger than osteoblasts and demonstrated great morphologic
·variability. This diversity in shape and dimension has been suggested to indicate cell
movement. .In cinematography of cultured osteoclasts, it was clearly shown that these
.

(

cells moved along osseous surfaces (Hancox and Boothroyd, 1961; Goldhaber, 1961 ).
When viewed by the SEM, the osteoclasts in our study displayed numerous cytoplasmic
processes consistent with locomotion.
Osteoclasts resorb bone via specialized membranes: the ruffled border known as
the resorbing organ and the clear zone. which "seals" the cell to the mineralized substrate
via specialized adhesion molecules known as integrins. Evidence of resorption during
culture was inferred from the appearance of optically clear areas where the mineral had
been removed from the underlying quartz. Osteoclasts of various sizes were associated
with this resorption of the ceramic thin films.
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C. Actin Rings

Actively resorbing osteoclasts modify their morphology by becoming highly
polarized cells. This shift in polarization status has been proposed to be a key event in
the regulation of cell activity (Teti et al., 1991). Critical for this dynamism is the
alteration of the organization of the cytoskelton, especially· the micro tubules and
microfilaments, which underlie subsequent morphological reorganization (Salo et al.,
1996). When the osteoclast is induced to resorb, polymerized actin accumulates into
structures known as podosomes located throughout the entire substrate-facing surface
(Zambone-Zallone, 1988). Typically, ·short bundles of actin microfilaments are located in
the core ofpodosomes, which are located in the clear zone (Marchisio, 1984). The actin
filaments in these podosomes are anchored to the extracellular .matrix proteins by
integrins. The podosomes eventually aggregate in the center of the cell, in a circular
fashion. This is known as actin ring formation. The distribution of B -actin has been
investigated using fluorescent phapoidin (Marchisio, 1984). Our results demonstrated the
presence of actin ring formation within the cultures via phalloidin staining by the 1zth day
and .this demonstration (fig. 7) was consistent with the actin ring formation described by
Lakkakorpi and Vaananen (1991). Actin ring formation 'is only seen in cells that are
resorbing (Lakkakorpi and Vaananen, 1991 ). After resorption the cytoskeletal rings
disappear and the cell will either undergo apoptosis or return to a non-resorbing state.

D. Tartrate-Resisitant Acid Phosphatase (TRAP)
Difficulties in determining the origin of the . osteoclast has led to the search for
definitive cell markers. Mature osteoclasts are identified by their large size, multiple
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nuclei and ultrastructural morphology (Gothlin and Ericsson, 1976). Resorption by
putative osteoclast precursors has been studied by examining the cells' ability to resorb
bone fragments in vitro (Kahn et al., 1978). Since those investigators were unable to
observe the membrane ultrastructure, it could not be determined whether or not these
cells were capable of differentiating into osteoclasts. Therefore, it was necessary to find
a biochemical marker to confirm the cell type.
TRAP has proven to be one of those markers. This enzyme is located
biochemically and histochemically in bone and is used as a relatively specific marker for
osteoclasts (Arkle et al., 1994). TRAP is localized to. the ruffled border region of
osteoclasts and to the bone surfaces facing the ruffled border zone (Fukushima et al.,
1991). Mammalian osteoclasts in vitro release large quantities of TRAP (Arkle et al.,
1994). However, TRAP is also expressed in manynonbone cells. Although TRAP •
appears to be osteo~last-specific in bone, it cannot be used as the sole criteria to
distinguish osteoclasts from nonbone celts. This is especially true for bone marrow cell
cultures and co-cultures of spleen and osteogenic ·cells, si:p.c_e TRAP is expressed in
macrophages and macrophage polykaryons under certain conditions of culture (Fuller and
Chambers, 1989; Udagawa et al., 1990, Shin et al., 1995).
Despite its usefulness as a marker, the function of TRAP is unclear. The natural
substrate for TRAP is unknown and it~ role in and necessity for bone resorption are
.

.

'

.

.

undefined. However, TRAP cari partially dephosphorylate the bone matrix
phosphoprotein osteopontin, and bone sialoprotein in vitro. These dephosphorylated
proteins fail to bind osteoclasts (Ek-Rylander et al., 1994), suggesting that the secretion
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of TRAP from osteoclasts in~o the resorption area could exert a regulatory influence on
the attachment of the cells to the bone surface (Ek-Rylander et al., 1994).
In this investigation, osteoclasts were positively identified because they possessed

multinuclearity, TRAP-positivity, formed actin rings and/or resorbed mineral substrate as
evidenced by pit formation. All of these characteristics were observed within the culture
system. Large, multinucleated TRAP-positive cells were present in the cultures along
with smaller, TRAP-positive cells, in agreement with Takahashi et al. (1988). The range
of pit sizes observed suggested that the smaller cells also were able to actively resorb the
mineralized substrate.

E. Neutral Red Staining for Acid Vacuoles
In 1947, Bamicotdemonstrated the uptake of the dye neutral red by osteoclasts.

Selective uptake of this pH -sensitiv~ dye by vital osteoclasts was attributed to the
lysosomal content of the cells .. Osteoclasts stained with neutral red could·be~xamined
for hours, restained and survived for up to a week after staining (Boyde, Ali,, Jones,
1983).
In the present study, cells on OsteologicTM discs were stained with neutral red

(fig. 7). This acidophilic dye accumulated within the acidic vacuoles of the living cells,
consistent with lysosomal activity. Additionally, osteoclasts in the culture were
associated with circumscribed areas void of substrate, which correlated with the acid
secretion associated with the cell's resorbing capability.
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F. Acridine Orange

_An acidic secretion is released from the extracellular compartment of resorbing
osteoclasts (Babior, 1973; Bellavite, 1988). This compartment is positioned between the
ruffled border of the osteoclasts and the annular sealing portion of their membrane
(Babior, 1973, Bellavite, 1988). Acridine orange. is a weak base whose unprotonated
form diffuses freely through intact biological membranes (Babior, 1973). It is
sequestered in its protonated form in the subosteoclastic re$orption compartment,
establishing the acidic nature of this space (Wong, et al.,

19~1;

Betts et al., 1982). In the

cultures stained with acridine orange, discrete orange clusters were visualized within the
center of the osteoclasts. Staining with acridine. orange ·further demonstrated the
multinucleated nature of the osteoclasts.. The nuclei were identified by green
fluorescence. A faint green nuclear and cytosolic. fluorescence was noted due to binding
of acridine orange to cellular RNA (Baron, 1985). Acridine orange acts as an index for
acidity (Baron, 1985). Direct pH measurements, conducted at the level of the
subosteoclastic resorption compartment, have recorded a pH of 4.5-4.8 (Fallon, 1984).
Neutral values were measured when the cells were treated with calcitonin. The link
between local acidity and the resorbing capability of the osteoclast was demonstrated by
this shift towards neutrality (Fallon, 1984; Silver et al., 1988).

G. Propidium iodide (PI)

PI aided in the visualization of the multinucleated nature of the osteoclasts .

73

(fig. 10). Under· fluorescence illumination these nuclei stained red. PI cannot cross the
membrane of viable cells, but readily enters and stains non-viable cells by binding to
double stranded nucleic acids through intercalation between base pairs. Its fluorescence
above 630 nm permits use of this dye in immunofluorescent cell viability screening
(Sasaki, et al 1987). Fluorescence microscopy demonstrated these nuclei, which stained
red (fig .. 10 A and B).
Thus the multinucleated characteristic of osteoclasts was demonstrated by
multiple methods: PI staining,

T~

staining and acridine orange staining techniques.

Based on these criteria,. we believe that many of the cells we studied were in fact
osteoclasts.

H. Effects of Charcoal-Stripped Medium on Resorption
In preliminary experiments, an attempt was mad~ to culture osteoclasts in CSSDMEM medium to

ensur~

the absence of interference from hormones present in the FBS.

Charcoal stripping has been shown to be an effective means for removing hQrmones,
growth factors, and various other proteins (Henemyre, 1998; Hyclone Certificate of
Analysis). The charcoal-stripped FBS used in this study was analyzed before and after
charcoal-stripping by the manufacturer (Hyclone) to determine which proteins and
hormones were removed by this technique. As stated in the certificate of an~lysis, the
pre- and post- treatment values for E2;P4, 1, 25 (OH) 2 D3, PTH and CT were as follows:
11 pg/ml, <5 pg/ml; <10 ng/ml, <10 ng/ml; 76 pg/ml, 46. pg/ml; 109.56 pg/ml, <33.2
pg/ml; 27 pg/ml and <25 pg/ml respectively.
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In these studies, we could not sustain the marrow culture for the duration of the

experiments in the CSS-DMElyL This was evidenced by the paucity of cells seen after 4
days via phase contrast microscopy. It was hypothesized that the CSS-DMEM lacked
certain growth factors, cytokines and vitamins or other factors required to sustain the
cultured cells. Significantly less resorption was seen from cells grown in CSS-DMEM
when compared to resorptions in control wells (S-DMEM) using the same cell seeding
density. Since these studies evaluate the effect of both inhibitors and stimulators of
resorption, a difficulty in using CSS-DMEM might be that inhibitory effects would not be
seen below the already low levels of resorption which occurred while using CSS-DMEM.
Therefore, we decided to use S-DMEM with 10% FBS in the hopes that we would see
inhibitory and stimulatory effects of various hormones above the control level.
Most studies investigating osteoclast form3:tion and activity have agreed that
1, 25 (OH) 2 D 3. in concentrations of 10-8 M are required to support proliferation and
differentiation of the progenitor cells in vitro (Fuller and Chambers 1987).. In our
experiment, levels of 1, 25 (OH) 2 D 3 in the range of 1o-9 M were present in the charcoalstripped medium as reported by the certificate of analysis from the manufacturer
(Hyclone). To ensure that the concentration of 1, 25 (OH) 2 D 3 pres~nt in the media met
the levels required for osteoclast resorption in vitro (Fu~ler and Chambers 1987),1x10-8M
of 1, 25 (OH) 2 D 3 was added to the·control and charcoal stripped FBS·. Therefore, lack
of this hormone did not account for the failure of the cells to thrive in charcoal-stripped
medium.
Additionally, studies show that cells·ofthe osteogenic, lineage (osteoblast-like or
stromal derived) must be present in order for osteoclast differentiation to occur
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(Roodman, 1996). In previous experiments (Raez et al., 1997), one of the specific aims
was to grow osteoblasts in serum-free medl.um. However,.the·viability of the osteoblasts
was also diminished in the reduced serum medium (2% FBS and 4% FBS). This
diminished cell number and viability were consistent with the outcome of our
experiments.
Several hormones and growth factors, including 1, 25-dihydroxyvitamin D 3
(Liggett and Lian, 1994; Roodman, 1996), granulocyte-macrophage colony-stimulating
factor (GM-CSF) and. macrophage colony stimulating factor (M-CSF) (Hattersley and·
Chambers, 1990) direct hematopoeitic precursors down the osteoclast lineage and result
in the fusion of the mononuclear cells to form osteoclasts .. (Hattersley and Chambers,
1990). Macrophage-colony stimulating factor (MCSF) (Hattersley and Chambers, 1990)
and the receptor ligand for nuclear factor kappa B (RANKL) are essential factors for
osteoclastogenesis and are·expressed on the membranes of osteoblasts after stimulation
with osteotropic hormones and factors such as 1, 25 (OH) 2 D3, ~-1,

~-6

and TNF-a.

(Lacey et al., 1998; Yasuda et al., 1998). Therefore, the observed inability to sustain
osteoblasts in the reduced serum medium may have indirectly affected the ability of
progenitor cells to develop into mature active osteoclasts in vitro by eliminating the
presence of factors essential for osteoclastogenesis.
The 10% FBS/DMEM medium was analyzed commercially for the presence of
steroid hormones and growth factors (data not shown). The FBS content for E2, P4,
corticosterone, hydroxycorticosterone, insulin-like growth factor (IGF) binding protein,
insulin-like growth factor-I I somatomedin-C, insulin, 17a-hydroxyP4, growth hormone,
testosterone, parathyroid hormone, insulin-like growth factor IT, prolactin, cholesterol and
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estrone were found to be below the normal physiologic levels, and the sex hormone
levels were below the normal range for a woman in the follicular phase of the menstrual
cycle. Since the results of these analyses revealed no abnormally high levels of steroid
hormones or growth factors, it was decided to run the definitive experiments with SDMEM containing 10% FBS. It was realized, however, that possible effects of these
hormones and growth factors could have contributed to our observations herein.

I. Cell Seeding Density
In preliminary experiments (1-4), cells were seeded at a density of

2.5 x 105 cells/cm2 , based on a previous sfudy (Raez, 1997). Problems with this seeding
density included minimal resorption (low levels), the length of time it took to initially see
resorption (18-21 days) and that the controls did not respond appropriately (Galvin, 1998;
Fitzpatrick, 1996; Silverberg, 1996 ). The insufficient number of total cells present
and/or an inadequate ratio of osteoblasts to osteoclasts present within the culture at this
low seeding density could explain-these results. In a subsequent experiment, cells were
plated at various seeding densities to determine which density would permit resorption to
be moptimally observed. In this experiment, cells were seeded at densities of 5.72 x 103
cells/cm2 , 7.00x 105 cells/cm2 , 4.11x 106 cells/cm2 and 7.37 x 106 cells/cm2 (fig.16) then
terminated on day 4. As seen in figure 16, the amount of resorption varied greatly with
the amount of cells present in each well. As the seeding density increased, so too did the
amount of resorption (fig. 16). However, it was interesting to see less resorption present
in the well with the highest cell seeding density (fig.16 D). Contact inhibition, or the
inability for this quantity of cells to successfully adhere to the substrate, may be the
reasons for this noticeable decrease. After careful analysis of our 4 day data, we decided
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-to use a seeding density in the range between 7.0 x 105 cells/cm2 and 4.11 x 106 cells/cm2
for the longer incubation studies. Concurrently, we found ·a previous study irt which
Galvin et al. (1998) successfully used a cell seeding density of7.5 x 10 5 cells/cm2 •
Based on this published study and the data from our experiment, we elected to use a cell
seeding density of approximately 7.5

X

10 5 cells/cm2 in studies 2, 3 and 4 (experiment 5).

J. Enzyme Immun~assay for Hormone Treatments
Another important decision in developing the cell culture model was to determine
the frequency with which cells should receive hormone treatments. A major concern was
that the hormones would be so rapidly metabolized that the cells would not be exposed
long enough to the hormones to see an effect. To address this issue, EIA's were
commercially (Dr. C.J.-Munro, Department of Endocrinology, Davis Campus, University
of California) performed on conditioned media collected at 24h after treatment wi~h no
hormones, E2, P4 or LNG. At 24h, hormone levels in the treated cultures were well
above the control levels in the untreated cultures (data not shown). Therefore, to
minimize costs, time ·and the chance of contaminating the cultures, cells received
hormone treatments every 48h.

K. Resorption Assay
Osteoclast function has been examined in vitro by leaving the cells in situ on
11;1ineralized substrates where release of calcium or hydroxyproline into the medium was
monitored (Reynolds, 1970). The formation of resorption lacunae on mineralized ·
substrates has become the asslay of choice by which osteoclast function is measured,

~nd
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the standard protocol for determining whether marrow precursor cells had differentiated
into active mature osteoclasts. The development of the resorption pit assay was credited
to Boyde (1983) and Chambers (1984). For these studies, osteoclasts were cultured on
thin slices of mineralized dentin, cortical bone or other mineralized substrates for varying
time periods, and the resorption pits quantified.
The Osteologic TM Multitest™ well slides used in this study were manufactured
by dipping quartz plates into a hydroxyapatite particulate ·susp~nsion. The subsequent
sintering pro~edure resulted in the creation of an adherent calcium phosphate film,
approximately one-micrometer in thickness, on the underlying quartz plate. Thin film
calcium phosphate ceramics have previously been used as culture substrates for active,
resorbing osteoclasts (Davies et al., 1993). These substrates serve as a convenient
alternative to thin siices of dentin or bone, which are laborious and technically difficult to
produce (Jones and Boyde, 1993). The use of synthetic thin films also eliminates the
potential biohazards associated with mineralized substrates prepared from bone or dentin.
The resorPtion lacunae created on the synthetic films are similar in morphology to,
although larger than, their equivalents on biological hard tissue slices. Resorption during
culture was evidenced by the appearance of optically clear areas where the mineral has
been removed from the underlying quartz. It is interesting to note that osteoclasts of
various sizes are involved in resorption of the ceramic thin films. Since these cells could
not resorb the underlying quartz, it was assumed that continued resorptive activity led to
lateral expansion of the lacunae by the migrating cells. Thus one criticism of this
technique was that it might have reflected osteoclastic resorption plus spreading rather
than simply measuring resorptive function.
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Numerous endpoints have been used to measure resorption pits, including
numerical counts of stained pits, surface area of pits and pit volumes (Boyde, 1985).
Osteoclast excavation sites have been visualized and the amount of resorbed bone
quantified by SEM, stereophotogrammetry or confocal microscopy (Jones et al., 1984,
Boyde, 1990). These methods are labor intensive, involve considerable specimen
preparation and demonstrate a wide range of biological variability (Boyde,

1985)~

Visible light interferometers are instruments widely used for materials testing and quality
control in manufacturing facilities (Sasmor and Caber, 1996). The availability of such an
instrument in our materials testing laboratory prompted the examination of its usefulness
for rapid quantitation of resorption pits present on the OsteologicTM slides. Analysis of
the Osteologic™ slides using white light interferometry clearly revealed the irregular
surface topography (fig. 17). The computer-generated images of the substrate surfaces
were viewed as a two-dimensional (2-D) map with the X andY-axes calibrated for
measurements across the surface. The height or depth of the surface topography was
calibrated by its color, according to a spectral scale to the right of the image.,
Alternatively, a three dimensional (3-D) image could be viewed and rotated: about the X
and Y axes to graphically portray the topography as it might be seen from any angle,
including perspectjves from above or below the slide. Although a minimal amount of
specimen preparation was required with this technique, the inability to accurately
quantitate the areas and volumes of partial substrate removal from the quartz substructure
remained a distinct disadvantage. Therefore, in this study, the interferometer was used
only to visualize the mapped 2-D and 3-D surface topography of the slides before and
after resorption.
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Considerable effort was expended in attempting to quantify-resorption pits on the
Osteologic™ slides using scanning electron microscopy, interferometry and other
proprietary computer imaging software. A new technique recently became commercially
available and allowed for quantifying resorption on these slides. The Microst™·
(Millenium Biologix Inc., Kingston, Ontario, Canada) automated resorption ·analyzer
scanned each slide and provided results as a percentage of the area resorbed by the
osteoclastic activity from 10 random fields per well, for a total of 160 images per slide.
Each slide. was scanned using the Auto Image mode available on the Microst™
instrument. In addition to an automatic image assessment, each slide was run in duplicate
using a data-scanning device at the standard threshold level and an increased threshold
level to evaluate both partial and complete resorption. It was noted that evidence of
resorption existed on the outside border of the wells, which occurred when the pipetting
was performed with the tip resting on the side of the well. Cell seeding along the outside
borders of the MultiTest TM wells could have falsely decreased resorption levels, as
Microst ™ was unable to completely analyze resorption of these areas. Conversely,
some slides contained surface scratches, which were not easily distinguished from
resorption lacunae by the Microst™ analyzer. In many of the wells, resorption levels
exceeded the upper-most resorption limit of the Microst™ analyzer; therefore, resorption
· could not be quantified numerically for these wells. This proved to be a distinct
disadvantage in experiments where high levels ofosteoclastic activity occurred. Because
of this technical disadvantage, the percent resorption from each well was assigned a rank
order so that the data generated from the wells exhibiting the greatest resorption could be
included in the statistical analysis.
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Maintenance of bone homeostasis is dependent on the opposing processes of
osteoblast-mediated apposition and osteoclast-mediated resorption. Growth factors,
cytokines and hormones have been shown to have stimulatory and/or inhibitory effects on
these processes. Inhibitors of bone resorption have. the capacity to increase net bone
mass. Resorption can be affected in different ways (Roodman, 1993), including
stjmulation of differentiation of osteoclast precursors into fully differentiated active
osteoclasts (Suda 1992), or the reguhttion of the resorbing capaCity of individual
osteoclasts (Baron, 1989). A deficiency in estrogen, which is a known inhibitor of
r~sorption,

has been correlated with decreased bone density in patients with osteoporosis

(Abe, 1992; Barengolts, 1990), while an increase in serum P4levels have been correlated
with an increase in gingivitis·in pregnant women (Kornmar1 and Loesch, 1980). Few
studies have been conducted to examine whether women taking the progestin-only
contraceptive Norplant™ are at greater risk for skeletal bone loss and/or periodontal
disease. The subdermally implanted Norplant device releases high doses of LNG
immediately and then achieves steady levels of 0.30-0.40 ng/ml released into plasma in a
few weeks (Croxatto, 1993). It has been thought that the sustained levels of LNG
produced strong antiestrogenic effects on the body (Croxatto, 1993). by down-regulating
estrogen produced by the ovaries (Roseff, 1989; Dye 1992). Thus, LNG in excess could
pose deleterious effects on bone metabolism by decreasing E2 (Roseff, 1989; Dye 1992).
Progesterone, the natural progestin, has fewer andJ;ogenic effects and plays a beneficial
role in the coupling process of bone metabolism (Roseff, 1989; Dye 1992).
We examined the effects of LNG on osteoclasts in vitro. In study (1), compiled in
figure 18, significantly less resorption was seen in the LNG (5x10-7 M) only groups when
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compared to the control, E2, and PTH treatment groups (mean rank resorpti0n (mrr) 52.3,
89.3, 73.8 and 83.6 respectively). When combini~g LNG (5x10-7 M) or P4 with E2 (mrr
ofLNG +E2= 47.1; mrr ofP4+E2=47.6), a significant decrease in resorption was seen in
comparison to the control or E2 alone (mrr 89.3 and 73.8 respectively). This contrasted
with the resorption data·in study (2) (fig. 23) wh~re significantly greater resorption was
seen with LNG (5x10-7 M) alone when compared to the control, and E2 (mrr of76.6, 56.2,
51.71 respectively). The combination of LNG or P4 with E2 (mrr LNG/E2~85.86; mrr of
P4/E2=75.64), led to a significant increase in resorption in comparison to the control or
E2 alone (mrr of56.2 and 51.71). This is consi~tent with studies showing that LNG
virtually lacks any affinity for the estrogen receptor, likely acting by decreas~ng the
replenishment ofE2 cytosol receptors (Clark, 1977). E2 and P4 belong to a superfamily
of ligand-activated transcriptional factors which qontains a highly conserved DNA- ·
binding domain (Evans, 1988; O'Malley, 1990). The ER possesses two important
functional domains. The amino terminus is ~equired for transcriptional activation, while
the C-terminus is required for both transcription and ligand-binding ability (Evans, 1988;
O'Malley, 1990) .. In normal target tissues, the ER consists of a single binding protein;
however, some mammals have more than one, which would account for different
transcriptional messages and different physiologic roles (Friend, 1995). ER variation
may create hormone resistance in certain target tissues through an inability for receptor
binding to hormone or an inability for transcription to occur (Fuqua, 1992). Since E2
upregulates progestin receptors, these ER conformational changes could inhibit the
binding of either P4 or LNG to the ER, accounting for the differences seen in resorption
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between treatment groups. Progesterone down regulates ER which could account for
LNG's decreased resorptive effects by E2 (Friend, 1995; Fuqua, 1992).
Additionally, the differences in the experimental outcomes could be attributed to
the different cell seeding densities used in each study, as well as to the inherent
phenotypic differences that exist between cells from different animals in the different
harvests. In both study (1) and (2), LNG (5x10-7 M) alone supported greater resorption
when compared to both P4 alone as well as P4 combined with E2. The differences in
resorption effects seen between LNG and P4 may be directly related to the differences in
their steroid configurations. LNG is derived from testosterone and demonstrates greater
androgenic activity (Brenner, 1982). LNG has 74 times more antiestrogenic activity as
compared to P4 (Brenner, 1982; Clark, 1977).
In the dose response assay _using the higher cell seeding density, cultures were

treated with the following doses of LNG to cover the range of the hormone seen in
Norplant™ patients: 5x10-7 M, 5x10-8 M, 1 x 10-9 M and 5 x 10-9 M. LNG doses
representing the higher (5 x 10-9 M) and lower (1 x 10-9 M) Norplant ranges did not differ
significantly from the control wells [mean rank resorption (mrr) of51.07, 48.72, and
56.20, respectively]. This contrasted with the increased resorption seen with the higher
LNG dose (5x10-7M) shown in figure 25 (mrr of78.63). There was an apparently
biphasic response to different doses of LNG, since the lowest concentrations (5x 10-10 M
and 5x 10-9M) produced)1o significant changesin resorption (mrr of51.5 and 51.07
respectively), while 5xl0-8 M LNG decreased, but 5 x 10-7 M increased, the percent
resorption (mrr of29.7 and 78.63). This biphasic response has also been shown to occur
when bone cells were treated with different concentrations ofE2. Tobias and Chambers
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(1991) found that, in the presence of added osteoblasts, 17~-estradiol inhibited
osteoclastic resorption by 25% at a concentration of 1nmol/l, but not at higher or lower
concentrations. Surprisingly, it was also reported by Tobia~ and Chambers (1991), that in
the absence of added osteoblasts,

17~-estradiol

had a ·stimulatory effect on resorption. It

has been difficult to demonstrate the effects of estrogen on bone resorption in vitro and it
may be, in part, because the hormone. primarily affects osteoclast recruitment rather than
the activity of the mature cell (Ishii, 1993; Pacifici, 1987). Another reason could be that a
direct or indirect involvement of growth factors and/or cytokines released from the
cultured cells could be involved in mediating the action of the hormones (Pacifici, 1987).
Just as the effects ofE2 on bone cells have been shown to be dose. dependent, LNG
demonstrates a biphasic response in vitro. Telleria et al., (1994) showed that LNG
increased P4 output in rat luteal cells at maximal doses of 100 ng/mol, while· no effect of
LNG was observed at 0.1 to 1Oj..tM. However, at 100 j..tM, LNG inhibited basal P4
production in these cells. This suggested that LNG interfered with P4 biosynthesis and
that an autocrine control mechanism may result in a negative biofe~dback loop between
LNGandP4.
However, the more important observation may be that at the. concentrations
equivalent to plasma levels observed during the 5-year treatment span, no significant
change in resorption was noted in our experiments .. Therefore, patients on Norplant™
may not be at increased risk for skeletal bone loss or periodontal disease.

SUMMARY
Maintenance of bone hon1eostasis is dependent on the opposing processes of
osteoblast-mediated apposition and osteoclast-mediated resorption. Hormones, growth
factors, and cytolcines have been shown to have stimulatory and/or inhibitory effects on
these processes. Estrogen deficiency has been conelated with decreased bone density in
patients with osteoporosis, while an .increase in senun P4 levels have been correlated with
an increase in gingivitis in pregnant wo1nen (K.onunan and Loesch, 1980). No studies
have been conducted to examine if women taking the progestin-only contraceptive
Norplant™ are at greater risk for skeletal bone loss and periodontal disease. The
subdermally implanted N orplant device releases high doses of LNG immediately and
then steady levels of0.30-0.40 n1g/n1l in plas1na in a few weeks. In this study, we
examined the effects of LNG on osteoclasts in vitro. Porcine marrow cells were
harvested from long bones and cultured in chan1ber wells attached to quartz slides
sintered with a submicron fihn of ca1cium phosphate. Marrow cultures displayed the .
following osteoclast characteristics: tartrate-resistant acid phosphatase staining,
multinucleation as shown by PI stain, and the presence of ~-actin rings near areas of
resorption. In addition, resorption pits were found on both calcium phosphate-coated
wells incubated with cells from the same harvest by scam1ing electron microscopy.
Osteoclast activity was evaluated by quantifying the amount of calcium phosphate
substrate that was resorbed from six replicate wells per treatment group.
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LNG doses representing the high (5 x 10-9 M) and steady state (1 x 10-9 M)Norplant
ranges did not differ significantly from the control wells [mean rank resorption (mrr) of
51.07, 48.72, and 56.20, respectively]. Cells treated with PTH and CT had significantly
higher or lower (mrr of90.81 and 25.64) resorption than control cells, respectively.
Therefore, patients on Norplant™ m;:ty not be at greater risk for skeletal bone loss or
periodontal disease.
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