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EFFEC~ OF C-TYPE NATRIURETIC PEPTIDE (CNP) AND ESTRADIOL ON CULTURED HUMAN 
OSTEOB WST CELLS (SAOS-2) AND FETAL MOUSE FEMURS AND TIBIAE. 

The mechanism of bone Ionnrtion and development is not known. Estrogen is thought to 

have an important effect on bone. houever. many other factors are also involved. It is well 

known that atrial natriuretic peptides are involved in blood pressure control and body tluid 

homeostasis. Recent evidence suggests that brain type natriuretic peptide (BNP) plays an 

important role in skeletrti growih. In the present study. we examined the effect of C-type 

natriuretic peptide (CNP) and estmdiol in cultured human osteoblastic cells and on fetal 

mouse fctmurs and tibiae. 

The human osteosarcorna SaOS-2 cell line was cultured and subjected to various doses of 

estrogrn (IO"' to 1W9 M) and CNP (10"" to IO-' kt). Estndiol signifiçnntly increased 

( ~ ~ 0 . 0 5 )  cell proliferation and rlkaline phosphatase aciivity. The c t k t  of  CNP on this cell 

l ine. houe\ er. 1s as nor pronouncrd. 

Frmun and tibiar from 17 gestational day (GD) 86 mice were isolated and cultured in 

minimal essential media supplrmrnted with ascorbic acid. 1-glutamine and sodium 

elvcerophosphate For 8 days. On day 0 .1  and 8. bones were photogaphed and their length - I 
and area dtttermined. Comparison was made betw-een CNP-treated and vehicie-treated control 

bonrs. Data show that CNP-treated femurs and tibiac _mew about 75% more than controls 

(p<O.Oj). The Irngths of cstndiol-treated bones were not different from controls. 

Our results show that CNP does not have a profound effect on osteoblasts in the adult 

bone. whereas rstrogen in tlurnces prolikraiion and alkalinr phosphatase activity of these 

cells. The present study further indicates that  the^ is a possible d e  for CNP in skeletal 

growh in the rnouse during the late prenatal priod and that estrogen alone may not be 

important in bone growth during this period of development. 
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Chapter 1 

Introduction 



Bone remodelling not only affects the growth of bones. but also the deterioration 

or general lack of growth. which may result in senous medical conditions where quality 

of lire is threatened. The elucidation of the mechanisrn of action of bone formation and 

resorption may provide insight into cornbating conditions such as osteoporosis and 

skeletal dysplasias. While bone development and formation has k e n  researched 

extensively the exact mechanisms involved are still unknown. Estrogen has already been 

rstablished as an important hormone in bone pathophysiology. There has been new 

information and developments regarding the relationship between natriuretic peptides and 

bone development. In order to facilitaie the discussion of the mechanisrn of bone 

Formation. it is neccrssary to surnmarize the current status of rcsearch in this field. 

1.1 BONE 

1.1.1 Hktology of Bune 

Bone is a specialized tom of connective tissue chat is composed of cells and an 

organic extracellular matrix made up of proteoglycan ground substance and collagen 

libres. The extracellular matrix. the mineral component of bone. is primariiy composed 

of calcium hydroxyapatite crystals. whereas the fibrous component is pr imdy Type I 

collagrn (Burkitt et al.. 1993). At a cellular level. bone is composed of osteoclasts and a 

hetrrogeneous population of osteoblasts derived hom the stroma1 ce11 system (Owen. 

1985): mature osteoblasts. osteocytes and bone lining cells which cover bone surfaces. 

Mature osteoblasts are cuboidal cells that have a single defined nucleus and well- 

developed endoplasmic reticulum and golgi apparatus (Figure 1-1 .A). They are involved 

in the synthesis and secretion of matrix proteins that are incorporated into the skeleton 

(Kleerekoper. 1996) including Type I collagen. osteocalcin. osteopontin. bone 



Figure 1-1: (A)  An active layer of osteoblasts is present between the osteoid 
(stained r d )  and the minerdized bone (stainttd blue). H dl E smin XOOx 
rnqpifica~ion.. (B) Large multinucleate cells called osteoclasts are oflen seen 
Iying in bony dcpressions called lacunae. The aspect of the osteoclast adjacent 
to bone (stained blue) is characterised by a rumed border. H CG E stain 800x 
muLgnific*ation. 



siaioproteins. and osteonectin (Mundy. 1999). Mature osteoblasts are also known to 

secrete growth factors. such as tmnsfoming growth factor P and bone morphogenetic 

proteins. which are stored within bone matrix (Hauschka et al. 1986). Osteoblasts also 

produce factors that are vital in mineralizing the newly forrned bone matrix. Once the 

ostcoblasts have successfully spthesised bone matrix. they are incorporated into that 

matnx and eventually become osteocytes. Located in lacunae. situated between 

consecutive lamellae. these osteocytes are actively involved with the maintenance of the 

bony matria and their drath is followed by resorption of this matrix (Junquien et al.. 

1995). Bone lining cells have k e n  hypothcsized to be osteocytes that are present on the 

bony surface. They have k e n  implicated as accessory cells in the bone resorption 

process (Rodan et al. 198 1 : McSheehy et al.. 1986: Mundy. 1999). The bone cells that 

arc respnsible for the resorptive processes associated with remodclling of bone are the 

osteoclasts (Burkitt ri al.. 1993). Osteoclasts are large multinucleated cells that arc 

derivrd from the same precurson that give rise to the monocyte-macrophage ssytem 

(Figure 1-1.B). They are round on the surface of bone embedded in the bone lining 

crlls. When rxposed to resorbing agents. the bone lining cells retnct allowing the 

osteoclasts to integrate themselves into that area They morphologically change by 

forming a nifned border in order to wsorb the bone at the cxposed surface (Jones et al. 

1985). Non-osteogenic cells such as adipocytes. vascular endotheliai cells. and stroma1 

celis are abundantly present in the bone marrow. and are dso considered to be involvrd 

in the regdation of bone function (Recker et al. 1992). 



1.1.2 Osseous Tissue 

Each bone in the skeletal system contains ditTerent proportions of two basic types 

of osseous tissue: compact and cancellous bone (Figure 1-2.A). Compact. or dense bone 

comprises approximately 85% of the total skeleton. With a smooth and homogenous 

apprarance. it i s  primarily found within the s h a h  of the long bones (Figure 1-2.B). 

Although it apprars to be very dense. it houses a network of canals that serve as ducts for 

nerves. blood vessels. and Iymphatics. The structural unit of compact bone is the 

Fiaversian system. or osteon. which is made up of larnellae. hollow cylindrkal structures 

of collagcn tibres. that are concentricall y oqanized around a vascular canal. This central 

or Havenian canal contains small blood vessels and nerve fibres that supply the cells of 

the ostron. Volkmann's canals run perpendicular to and connect the vascular and nrrve 

supply from Haversian canals and the medullary cavity to the periosteum. û double- 

layered membrane of connrctive tissue and osteogenic cells (Marieb. 1995). The volume 

of this type of banc. is regulated by the formation of periosteal bone. remodelling within 

the Havenian systems. and by endosteal bone resorption. Decrease in compact bone 

mass is a major predisposing factor for fractures in hip and wrist. Cancellous. or spongy. 

bone makes up the rernaininç 15% of the skeletal system and is comprised of trabeculae 

only a few layers thick. with irregularly arranged lamellae and osteocytes (Figure 1-2.8). 

These small tlat pieces of bone fom a complex network wîth nurnerous interconnecting 

caiities. Since there are no Havenian systems present. the nutrients reach the osteocytes 

from the marrow spaces between the tnbeculae via diffusion (Marieb. 1995). Decrease 

in cmcellous bone mass is primarity through osteoiytic disease caused by malignant cells 

that lodge into the marrow cavity. Tnese malignant cells stimulate adjacent asteoclasts 



Figure 1-2: ( A )  Schematic d i a m  of the structure of an adult long bone indicatine 
regions of compact and spongy bone. H X E srain. 20th mupifcation (B) 
Histological section of compact bonc. (C) Histological section of cancellous bone. H 
d; E siuin. 80x mugnificuiion. 



on trakcular plates and endosteal surfaces of cortical bone causing bone to be reabsorbed 

(Mundy et al.. 1974ab). Cornplete perforation and fragmentation of trabeculae is a cause 

of decreased cancellous boiw loss due to aging (Partitt. 1983: Kleerekoper. 1985). 

1.1.3 Clars~jicutioo of Bone 

Bones are found in a variety of sizes and shapes. which are dependent on the 

structural function of the banc in the body. There are pnmanly tour classiticaiions of 

bones: long. short. flat. and irregular. Long bones consist of an elongated shaft. 

diaphysis. with two terminal ends. epiphyses. The diaphysis is constructed of a thick 

collar of compact bon<: that surrounds a marrow cavity and covered on its outer surface is 

covered by periosteum. The epiphyses. also covered by periosteum. contain cancrllous 

bone in the interior. Long bones comprise al1 the bones of the limbs rxcept the pateila 

carpals. and tarsals which an classitied as shon bones. These cube-like shon bones 

contain mostly cancellous bone. but are covered with a thin layer of compact bone. Flai 

bones are ihin and slightly curved bones found in the thorau and the skull. They are 

comprised of two compact bone surfaces with a layer of cancellous bone between them. 

tmgular bones. such as the vertebrae and pelvic bones. have complicated shapes and do 

not fit an- of the preceding categories. niey usually are comprised mainly of cancellous 

bone encloseci by thin layen of compact bone. 

1. 1.4 Ossi/icth~ 

Ossification. the process of bone formation. occun through two different 

mechanisms: membtanous and endochondrai ossification (Howell et al.. 1992). 



Membranous bonc formation occun when mesenchymal cells condense and çradually 

differentiate into osteoblasts. These osteoblasts then produce an extracellular matrix 

which enlarges and mineralizes. ultimately replacing al1 of the mesenchyme (Mundy. 

1999). This occurs in most of the craniofacial bones. such as the vault of the skull. the 

mavilla and most of the mandible. Endochondral ossi fication involves the sequential 

formation and degradation of cartilaginous structures that xrve as models for the 

drveloping bonrs. These hyaline cartilage structures. which are gradua11 y convened to 

bone. serve as a temporary skçlcton in the embryo and are broken down as ossitkation 

proceeds. A bone collar foms around shaft of hyaline cartilage leading to the 

calcitication of the cartilage. A periusteal bud invades the intrmal cavitirs and spongy 

bone fons.  This type of bone contains abundant vasculature. as vascular invasion is 

necesSap îiir endoshondral borie formation to occur (Rrckr. 1991). This is the procrss 

involved in the Iormation of the vertebne. pelvis. bones in the base of rhe skull. and long 

bones ( lmotti. 1 990. Suda et al.. 1998, Recker. 1992. Howell et al.. 1992). 

1.1.5 Bonr Development und Growth 

&>ne tissue beyins to develop around six werks in the human rmbryo. Most of 

the skelrton by this stage is constructed entirely from tibrous membranes and hyaline 

cartilage. ln long bones. the diaphysis is the p r i m q  ossification centre which begins 

rndochondral ossification around this time. The second- ossification sites in the 

epiphyses appear shoniy befure or aHer binh. In bonrs fomed by membranous 

ossitication. ossification begins around the eighth week of drvelopment and continues 

until shortly dler birth. Long bones continue to lengthen and thicken during infancy and 



youth. Interstitial growth of the epiphyseal plates. that are located between the diaphysis 

and epiphysis of the long bones. cause lenghening. The hyaline cartilage cells located 

in the cpiphyseal plate are a m g e d  in ta11 columns. The cells at the superior aspect 

divide rapidly causing the thickness of the plate to increase. This results in the epiphyses 

bring pushed away from the diaphysis causing the bone to lengthen. The older 

chondrocytes enlarge and the surrounding matrix calcifies. These crlls ultimately die and 

their matrix deteriorates leaving spicules just klow the cpiphyseai plate. Osteoblasts 

then covrrr the spicules torming cancellous bone that is eventuaily rrsorbed by the 

ostroclasts. resulting in an enlargement of the medullary cavity. This process of 

lcngthening continues untii the end of adolescence whrn the cpiphyseal plates dividr at a 

much slowrr rate causing the plate to becorne thinner. The epiphyseal plate ultimately is 

replacrd hy bonr tissue and the epiphysis and diaphysis fuse. 

1.1.6 RemodeIIing of Bone 

Constituents of bone are continually being turned over by the concurrent 

processes of bone deposition and resorption so that bone is constantly king remodelled 

wen atier bone grow~h has stopped. During growth and devrilopment of the skeleton, 

deposition racreds resorption Ieading to a positive skeletal balance. Once adult bone 

mass has pzakrd. usuiilly within the early third of Me. the skeleton is in equilibrium: 

deposition and resorption are rqual. AHer a decade of zero balance. a slight excess of 

resorption over deposi tion with rvery remodelling cycle becomes evident. Over the 

subsequent years. the negative skektal balance will become progressively p a t e r  

correlating with the well-docurnented age-related decline in bone mass (Kleerekoper, 



19%). Remodelling of bone occurs to ma~imize the rffectiveness of the skeleton in its 

mechanical uses and to maintain the plasma calcium levels (Sherwood. 1993). 

1.1.7 Biochemical Markers of Bone Acfivity 

Many biochemical marken b r  remodelling are present in bone that are important 

in providing information about bone loss and can be useful in determining therapies. 

Thcy can also provide accessory information to bone density mrasurements. Resorption. 

or bonr turnover. involves the rernoval of minenls from the skeleton by ostewlasts. 

Thrse minenls then enter into the circulation and are subxquently cleared by the 

kidneys. Measurement of hydroxy lprolines and pyridinol ines in urine excretion are both 

markers of bone resorption. Hydroxylproline is the most abundant amino acid in 

collagen where pyridinolinrs cross-linli the non-triple helical portions or one collagen 

molecule ta another. An increase in excretion of either of these markers will translate to 

an increax in bone resorption (Kleerrkopr. 1996). Bone formation occun when the 

secretory products of ostroblasts fiIl in the resorption cavity h m  its base to the previous 

surface. As the cavity is tilled in. rnineraiization kgins from the base to the surface. 

Measurement of alkaline phosphatase ( ALP) is a rnarker for osteoblastic activity . 

ALP ca ta lys  the hydrolysis of phosphate esters at an alkaline pH (Harris et al. 1989). 

Gène expression chvacteristically begins immediately atier the cessation of ceIl 

proliferation. reaching a maximum during matrix maturation and declining as matrix 

mineralization commences ( Risieli et al.. 1993: Steln a al.. I W O ) .  Totai ALP activity 

has ken  recognized as a reliable indicator of osteoblast fùnction. Although the greatest 

hction of ALP in serum is tiom osteoblasts. contribution from hepatic. rend. and 



intestinal sources is significant. reducing the specificity and clinical use of ALP as a bone 

marker in vivo. 

Osteocalcin (bone y-carboxyglutarnic acid) is another genr rnarker of the osteoblast 

and is the major non-collagenous protein of bone. Although the precise biological 

function of osteocalcin has not yet k e n  Fully rlucidated. osteocalcin is known to be 

produced by mature osteoblasts dunng the minenlization phase and is only marginally 

dettstable during the radier phases of proliferation and matrix maturation (Millet et al.. ). 

Ostmcalcin haç been suggested to act as rither a cytokine or as a chemoattractmt for 

osteoblasts. osteoclasts. and blood monocytes (Malone et al.. 1982 : Pncr et al.. 1985). 

This vitamin K dependent protein retlects both resorption and deposition. The serum 

level of osteocalcin has a component of both deposition and formation as it is 

incorpowted in to the matrix dunng bone deposition and then released into the circulation 

during the resorptive phase ( Kleerekoprr. 1996). 

1.2 MEDICAL RELEVASCE 

I.2.I Ost~oporosis 

Osteoporosis is a systrmic skrletal disease that primarily affects rlderiy 

individuals. It is characterized by a sipiticant decrease in bone rnass and deterioration 

of bone tissue at a microarchitecunl level (Consensus Development Conference. 1993 ). 

Affecting over 1.4 million Canadians. it is one of the most widespread chronic conditions 

Facing the rlderly (The Osteoporosis Society of Canada. 1999). One in four women and 

one in eight men will be affected with this disease that results in disfigurement. lowered 

selfesteem. reduction or loss of mobility. and decreased independence. 



Age-related changes in estrogen secretion are one of the major reasons for the 

onxt of postmenopausal osteoporosis in women (Turner et al.. 1994). In men and 

women maintenance of bone mass requires adequate levels of sex steroids 

(Vandenchurren et al.. 1995). In women. reduced plasma levels of estrogen is assuned 

to rither impair osteoblast-specitic function directly or by paracrine mechanisms 

indirectly. This lads  to an increase in relative osteoclastic resorption and uncoupling of 

the tightly regulated bone formation and resorption cycle with the net result king a loss 

in bone m a s .  (Heaney et al.. 1978). The more prevalent problem of post-menopausal 

osteoporosis has k e n  the focus of many clinical studies. However there have only been 

a few gender-specitic studies explonng treatment options in men. ldiopathic osteoprosis 

in middle-qed men genenlly h a  a low bone turnover statr. for which there are currently 

no available anaboliç agents (Kurland et al.. 2000). 

The cause of osteopomsis is not fully elucidated but ils multifactorial 

pathogennesis c m  br attributed to a combination of threr elements: a reduction in absolute 

bone volume (osteopnia). repetitive svains resulting in microfractures leading to 

mechanical incornpetence. and predisposing medical conditions (Frost. 1983). Medical 

conditions may include hormonal intluences. calcium intake. race. skeletal size at 

maturation. genetics. cigarette and alcohol abuse. titness. and chronic illness ( McKenna 

et al.. 1987. Osteoporosis Society of Canada 1999). Hormones also influence bone 

remodelling. Important hormones that are k ing  studied to combat this disease are 

rsuadiol. parathyroid hormone. and I .25dihydroxwiatmin D. 



1.2.2 SkeIetaI Dysplasias 

The incidence of skeletal birth defects in the United States is approximately I in 

130 live births (March of Dimes Perinatal Data Centre. 2000). These abnomalities of the 

skeletal system are due to inbom erron of bone growth and/or differentiation which 

occur in the drveloping fetus and affect the cartilaginous or bone-forming stage of bone 

development (Spranger. 199 1 ). Two classitications of skeietal defects exist: dysplasias 

are those in which a tissue defect causes the abnonnality. whereas dysostoses are defects 

of individual bones. rither alone or in combination (Opitz et al.. 1979). Although the 

individual bones are shaped abnormall y in both cases. the dysostotic bone appears normal 

through biochemical and histological examination. whereas the dysplasic bone appears 

abnormal (Spranger. 199 1 ). 

Dysplasias are prharily characterizai by a short-limbrtd dwartism rrsulting lrorn 

defectivr growth and their abnomalities are bilaterally symmetrical (Spranger. 199 1 ). 

Achondroplasia the most common form of short-limb dwartism. occurs in approximately 

1 in 26.000 to 1 in 40.000 births (Greenkq Centre for Skeletal Dysplasias. 2000). The 

main problem is the lack of abiliiy to convert cartilage into bone. .4lthough there is 

abnomal endochondnl ossi fication. membranous ossi fication is not affected. 

lndividuals with cichondroplasia have disproportionate short stature with the final adult 

height range of 4 fi due to the shortening of the proximal ends of Iimbs. The fibroblast 

powth factor receptor 3 (FGFR3) is thought to be involved in this bone abnonnality by 

altering the mitogenesis a d o r  differentiation due to constitutive activation of the 

recepior ( Hrnderson et al .. 2000). 



1.3 HORMONAL FACTORS AFFECTINC BONE 

The development and maintenance of bone is affected by the interaction of 

various hormonal factors. Any deviation from the expected levels of hormones king 

delivrred to the bony matenal may result in a change in the balance betwecn formation 

and resorption. Estrogen. vitamin D. parathyroid hormone. and recently. the natriuretic 

factors. have k e n  identitied as key regulators of the skeletal system. 

1.3.1 Estrog~n 

Three major types of sstrogen are rindogenous to the fimale body: estndiol. 

estronc. and estriol. Estradiol is the primary secretory product of the ovary whereas most 

rstronr and estriol are fomed in the liver from rstradiol or in periperhal tissues h m  

androstenedionr and other andropns (Katzung. 1998). Estrogens act via two receptor 

subtypes found in the nucleus of the d l :  estrogen receptor u ( ERa). and estropn 

recrptor B ( ERP) (Vidal et al.. 1999: Mosselman et al. 1996: Kuiper et al.. 1996). The 

two subtypes have almost identical binding domains and similar affinitics to rstrognic 

compounds (Mosselman et al.. 1996: Tremble et al.. 1997: Kuiper et al.. 1997). The 

transcriptional activation mediated by the two subtvpes may diftier as the N- and C- 

terminal transactiuating regions have di fferent amino acid sequences ( Paech et al.. 1997). 

Once bound. the estrogen-receptor cornplex foms a homodimer that binds to a specitic 

sequence of nucleotides called estrogen response eiements (ERE) that are located on 

various gcnes. The genomic r tTects are rnainly due to proteins synthesized in response to 

RNA transcribed by the gene. Furthemore. some genomic effects are indirect that are 

regulated by estrogen induced target ceIl proteins which are mediated by paiacrine 

cytokine rffects produced by neighbouring cells (Katzung. 1998). Combined with the 



distribution of estrogen receptor subtypes in various tissues. the difference in the 

transcriptional regions could be important in detïning estrogn response in the target 

tissue (Vidal et al.. 1999). 

Hi& affinity nuclear receptors are found on both osteoblastic and osteoclastic cell 

lineages. suggesting that estrogen can act directly on bone cells (Turner et al.. 1994: 

Enckson et al.. 1988. Oursler et al. 199 1). Its principal etTect at the tissue level is to 

decrease bone resorption (Turner et al. 1994: Pacifici. 1996: Manolagas et al.. 1995). 

Thrire is considrnbk rvidence that much of this action is mediated by paracrine tàcton 

produced by osteoblasts which decrease osteoclast formation (Tuner et al. 1994: Pacifici. 

1996: Manolagas ri al.. 1995: Jilka 1998). ERa has been reported to be rxpressed in 

rnurine (Bellido et al.. 1993). rat (Davis et al.. 1994). and human osteosarcorna ce11 lines. 

as well as in cultured human osteoblast-like cells. and has also k e n  detected by in .siri< 

PCR (pol~nense chain reaction) in human osteoblasts. osteoclasts. and osteocytes. and 

by immunohistochrmistry in human osteocytes (Ikegami et al.. 1994: Sutherland et al.. 

1996: lkegarni et al.. 1993: Komm et al.. 1988). ERB has k e n  detected by 

semiquantitative RT-PCR (reverse transcription PCR) in nt osteoblasts and ROS l7Q.8 

(nt usteosarcorna ceIl line). as well as in cancellous and compact bone from 8-week old 

rats (Onoe et al.. 1997). In humans. it has been drtected in the osteoblast ce11 line SV- 

HF0 also by RT-PCR (Ans et al.. 1997). ERP is present in human osteosarcorna cell 

lines (MG-63 and SaOS-2) and in cultured human osteoblast-like cells. 

Immunoreactivity is seen in nuclci of murine and human osteoblast and osteocytes. and in 

the cytopiasm of osteoclasts (Vidal et al.. 1999). 



1.3.2 Pa~athyroid Hormoae (PT . )  and Vitamin D 

Parathyroid hormone (PTH) and vitamin O are principal repulators of calcium and 

phosphate homeostasis. PTH is a single chain peptide hormone that regulates calcium 

and phosphate flux across cellular membranes in bone and kidney. resulting in increased 

serum calcium and decreased serum phosphate (Katzung. 1998). 1t has been show in 

ritro to stimulate bonr resorption and inhi bit bone formation (Raisz 1993). Although 

PTH receptors have been found on mature and immature osteoblasts. thry have not k e n  

idcntifiçd on osteoclasts or osteocytes (Raisz 1993). This suggests that the PTH- 

stimulated osteoblast may promote or permit osteoclastic activity. Although PTH 

enhances both bone resorption and formation. the net rtfect is to increase resorption. 

However. PTH in low doses my increase bone formation without tint stimulating bone 

resorption ( Katzung. 1 998). 

Vitamin D is a secosteroid produced in the skin from 7Yehydrocholestrrol under 

the intlurncr of ultraviolet radiation. It is also found in foods and is used to supplemrnt 

dairy products. Vitamin Dj. or cholecalciferol. is the natural fom. and the plant denved 

tom is vitamin D2. ergocaIciferol (Kûtzung. 1998). The difference between these iwo 

toms is of little physiologie consequence in humans. It is a prohomone ihat is a 

precursor to man y biologically active metaboli tes such as 1 -25-dihydroxyvitarnin D 

[ I  .25(OH)2DI and 24.25dihydroxyvitamin D [74.25(OHhD]. It is initially converted in 

the liver to 25-hydroxwitmin D and then converted by the kidneys to the active 

metabolite. Vitamin D and its metabolites circulate in plasma tightly bound to a vitamin 

D-binding protein. Vitamin D increases calcium and phosphate resportion by 

I.2S(OH)2D and bonr formation may be increased by 24.25(OH)2D. 1.25(OHhD is a 



key ngulator of both bone formation and resorption and influences the expression of 

genes related to the establishment and maintenance of the bone ceIl phenotype. Similar 

to PTH. the nuclear vitamin D recepton (VDR) are found on osteoblasts and not 

osteoclasts (Katzung. 1998). These recepton belonp to the steroid/retinoid/thyroid 

hormone superfamily and act via binding to distinct vitarnin D response elements 

(VDRE) (Yanaka et al.. 1998). Vitamin D down-regulates the expression of the type I 

collagen and bone sialoprotein genes but up-regulates osteopontin and osteonectin in 

humans and rats (Lichtler et al. 1989: Oldberg et al.. 1989; Owen et al. 1991 ). 

Mcdiated through the osteoblast. vitamin D3 has potent bone resorbing effrcts. In 

culture vitarnin D inhibits ceIl prolikntion (Owen et al.. 1991 : Bonewald et al.. 1992). 

stimulates ALP activity (Farley et al.. 1 994: Fedde. 1992). and increases osteocalcin 

production ( P k  et al.. ! 980: Beresfird et al.. 1984). 

PTH is a potent stimulator of skeletal dyiamics in men with idiopathic. low 

turnover osteoporosis. I t  is associated with substantial increases in lumbar spinr and hip 

bone density and may prove to be an etlicacious anabolic agni  in men with osteoporosis 

(Kuriand et al.. 2000). 

l.J.3 Atrial Natriuretic Factors 

Natnuretic peptides have b e n  shown to play important roles in cardiovascular 

homeostasis. systemic blood pressure control and body fluid homeostasis (Matsukawa et 

al.. 1999: Burnen et al. t 984). They are also involved in the regulation of cardiovascular 

homeostasis by their potent natriuretic. diuretic. vasodilatory. and cell growth inhibito. 

activities (Suda ri ai.. 1998). Three isofonns currently exist: avial natriuretic peptide 



( ANP). brain natriuretic peptide ( BNP) and C-type nahuretic peptide (CNP) (Matsukawa 

et al.. 1999: Yanaka et al.. 1998: Rosenzweig et al. 199 1 : Nakao et al.. 1992). ANP and 

BNP are expressed in large quantities in the cardiac atria and ventricles respectively 

(Maack. 1996. Ogawa et al. 1995. Mukoyarna et al. 199 1. Dagnino et al. 199 1. Ogawa et 

al.. 1994). whereas CNP is most strongly expressed in the brain. but is also produccd in 

vascular endothelid cells and in othsr tissues (Sudoh et al. 1990). 

Biological Functions of natriuretic peptides are mediated by particulate guanylyl 

cyclase linked membrane recepton: NPRA (GC-A) and NPRB (GC-B) (Schulz et al.. 

1989. Maack et al. 1987. Chinken et al.. 199 1. Nakao et al.. 1992). These two recepton 

have cytoplasmic GC domains that are stimulated when the recepton bind ligand and 

increase intracel~ular cGMP (Yanaka et al.. 1998). 

Ligand atlinity for NPRA and NPRB is ANP 2 BNP )) CNP and CNP > ANP > 

BNP respectively (Koller et al.. 1991. Suga et al.. 1993). ANP and BNP are thought to 

be endogenous ligands or NPRA. whereas CNP is selective for NPRB (Yasoda et al. 

1998). N P M  is rxpressed in the vasculature. kidnrys. and adrenal glands and its 

activation mediates v;isorelaxant and natriuretic functions and decreases aldosterone 

synthesis. NPRB is cxpressed in the brain and may have a role in neuroendocrine 

regulation (Matsukawa et al.. 1999). However. the most widely and abundantly 

expressed receptor. NPRC. has a short intracytoplasmic extension witb no GC activity It 

is preseni in many but not al1 tissues that express a guanylyl cyclase receptor (Matsukawa 

et al.. 1999: Engel et al. 1994: Fuller et al.. 1988: Porter et al.. 1990). NPRC is thought to 

act as a clearance receptor and removes natriuretic peptides from the circulation (Maack 

et d.. 1987) and binds with the affinity order of A N P C N P B N P  (Suga et al.. 1992). It 



has k e n  reported to control adenylate cyclax activity via Gi proiein. phospholipid 

hydrol y sis. thymidine kinase activity. and mi togen-activated protein kinase activity in a 

variety of cells without any cGMP response. This suggests that it has physiological 

signi ticance other than the clearance of ligands ( Anand-Snvastava et al. 1990. Anand- 

Srivastava et al. 1996. Cahill et al. 1994. Hirata et al. 1996. Pins et al. 1996). 

Rrcently. the natriuretic peptides have k e n  shown to have a rnarked etTect on the 

skeletal system. Transgenic mice with elrvated plasma BNP levels in a study conducted 

by Suda et al. ( 1998) exhibited skeletal abnormalities. however no gross skeletal defects 

were observed at birth. Crooked tails were fiat observed 1-2 days pst-partum and micç 

developed kyphosis. as eûrly as 2-3 days atier birth. becoming progressively hump- 

backed. Elongated limbs. paws. and tails developd. but no gross abnonnalities were 

evidrnt in the craniofacial portion. Increasrd body lzngth was apparent in some animais 

in proportion to plasma BNP concentrations. 

Matsukawa et al.. ( 1999) established a knwkout mode1 for NPRC in mice. In this 

study. the -1- micr exhibited striking skeletal abnormalities recognisable 1 week after 

binh. similar to the micr over-expressing BNP. The abnormalities included hunched 

backs. dome shaped skulls. elongated tajls. elongated femurs. tibias. metatmal. and 

digital bones. longer vertebnl bodies. increased body length. and decreased weight. The 

thoracic cages were also smaller and more constricted than the wild type. Development 

of secondary ossitication centres in long bones was delayed in the -1- mice. In cartilage 

prowth plates of IOday-old -1- mice. cellular expansion was apparent in the zone of 

hypertrophie chondroc~s.  but was no longer apparent in 3-monthsld mice. Thrre was 

no expansion evident in zones with resting or proliferating chondrocytes. The arnino acid 



compositions of organic bone mavix collagen were not different. Bony trabeculae in 

young -/- mice were thicker and longer than in the ~ i l d  type. Strong expression of NPRC 

mRNA in osteoblastic cells lining the bony uabeculae of developing wild type bone was 

demonstnted. but NPRC mRNA was absent in the 4- mice. NPRB and CNP and the 

corresponding mRNAs have been dcmonstrated in cultured fetal mouse tibia (Yasoda et 

al.. 1998) and togethtir with this study suggrst NPRC in growing bone modulates the 

autocrindpancrine effects of local ly produced natnuretic peptides. main1 y CN P. 

A rrcrnt study by Chusho et al. (2001 ) demonstrates that transgenic mice lackiny 

the genr for CNP showed severe dwartism as a result of impaired endochondral 

ossification. Thrse mice cxhibited characteristics similar to patients with achondroplasia. 

The length of both frmurs and tibiae in the -/- mice were signi ficantl y shorter than those 

in the +/+ mice. Premature drath also occurred mong t h e x  mice. 

These studies al! indicatr a potentially important role of the atrial natriuretic 

peptides. particularly CNP. in skrletal development. Detennining the mechanism of 

action of CNP at a cellular level may provide valuable insight into combating disorders 

such as osteoporosis and skeletal dysplasias. 

1.1 HYPOTHESIS 

Studirs on diseases such as osteoporosis and skeletal dysplasias have established 

contributing roles of certain hormones to the onset and progression of these conditions. 

Estrogen has already been shown in previous studies to be involved in bone 

pathophysiology. whereas the actions of atrial nahuretic factors are yet to be fully 

rlucidated. A cornparison of the effects between esnogen and CNP may provide whl 



information in determining how and where these hormones act. Cell cultw has been a 

popular method of detennining actions of hormones at a cellular level. Previous studies 

have shown that estradiol decreases ce11 pmliferation in osteoblast-like cells but increases 

ALP activity. CNP has been show to potentially increase ALP activity in some 

osteoblast-like cells. but another study showed CNP had a negligible effect. It is 

hypothesised that estradiol will have a greater efTect than CNP on crll growth and 

alkaline phosphatase activities. 

Organ culture of bones has ken a technique used to elucidate the potential roles 

of thesc hormones in skeletal growth. remodelling. and maintenance. Previous studies 

have otfered data. which indicate that the etkct of estradiol in organ culture is negligible. 

Recent studies have shown. however. that CNP increased length of fetal bones in organ 

culture. I t  is thcrefore hypthcsisrd that CNP. and not sstradiol. is involved in skrirtal 

growth during prenatal penods in the mouse. 

The rffeçts of CNP are hypothesised to have a greater cffect on prenatai skrlctal 

development than estradiol. This may led  to the confirmation of the importance of the 

natnuretic peptide system in skeletal dcvrloprnent. Estndiol is expected to have a more 

profound cfTect on mature osteoblasts in culture. leading to the hypothesis that it play a 

more important role in mature bonr than in fetal bone development. 



1.5 OBJECTIVES 

The objectives of this study are to mess  the effects of estradiol and CNP on bone 

development and growth using two different models: an ex vivo model of organ culture 

and an in virro model of cell culture. 

Chapter 2: The effects of  estradiol and CNP on the cellular activity o f  the mature 

buman osteoblastic cell line, SaOS-2 

I . To develop cell cul twe techniques measuring cell proli feration and alkaline 

phosphatase activity (a measure of osteoblast Function). 

2 .  To m e s s  the actions of estradio1 and CNP using these techniques. 

Chapter 3: The effects of estradiol and CNP on the growth and developmeat of fetal 

mouse long bona. 

1. To develop an organ culture system to characterise the impact of estradiol and CNP 

on bonr growth in v i fm.  

7. To mess  the rHèct of these hormones on the growth of long bones using this model 

system. 



Chapter 2 

The effects of estradiol and CNP on the 
cellular activity of the mature human 

osteoblastic ceIl line, SaOS-2 



2.1 ~NTRODUCTION 

Cell culture is a technique that has ken  used extensively in research in 

elucidating mechanisms at a cellular level. With the complex nature of bone. it is 

necessary to look at the individual responses of the cell types to various agents. Although 

whole bone explants are excellent models for the net outcome. the diverse cellular 

activities within the bone are not able to be studird. Using isolatrd bone cells. it may be 

casier to examine metabolic controls that are rxerted ultimatrly at a cellular level. Cell 

culture may allow insight into the biochernical bais of bonr formation and resorption. 

2.1.1 SaOS-2 Cds 

The SaOS-7 ce11 line. obtainrd from Amencan T4p2 Culture Collection 

( Rockville. MD). is a human tumour crll line isolatrd from the femur of an I I -year-old 

Caucasian fernale. This human osteosarcoma ce11 line is a prime mode1 for cell culture as 

most malignant crll lines express ditlerentiated features of the tissue ongin dong w i h  

crllular immortality (Sato. 1 98 1 ). This makes it possible to study ostroblast-speci Ac 

products and phenotyp-related cellular functions. Set properties belirved to be 

associated with the osteoblastic phenotype have k e n  rstablishrd fiom previous studirs 

using isolated cells from embryonic calvaria osteosarcoma and other types of bone. 

These proprnies include elevated alkaline phosphatase. parathyroid hormone- 

stimulatable adeny late cyclase. synthesis and secretion of type 1 collagen. production of 

rninedised matrix (in Millipore tilter chambers). and expression of bone y- 

carboxyglutamic acid-containing protein. fibronectin. osteonectin. sialoprotein. 

proteoglycans. collagenases and others. Modulations of above pmperties by 



1 .Z5(OH)2D3 (Vitamin D). PTH. glucocorticoids. prostanoids and other growth factors 

are also important in establishing a cell line (Rodan et al.. 1981). In a study by Rodan et 

al. (1987). these properties were established. The SaOS-2 cell line demonstrates an 

r levated lrvrl of al kaline phosphatase at con tluence. stimulation of PTH-sensitive 

adenylate cyclase and expression of 1.25(OH)2D3 receptors which are found in feral bone 

cells. mouse bone cells. osteosarcorna cells. and many others. SaOS-2 cells also form a 

caicifying matrix in diffusion chambers similar to bone marrow cells (Ashton et al.. 

198 1 ). calvaria cells (Simmons et al.. 1982). and osteoblastic n t  osteosarcorna ce11 lines 

17/3 and 1712.8 (Shteyrr et al.. 1986). Osteonectin is present in SaOS-2 culture. 

however osteocalçin is not. 

2.2 METHODOLOGV 

2.2.1 C d  Lime 

SaOS-2 crlls. obtained from the Amencan Type Culture Col leetion ( Rockville. 

MD). were taken from a cryotube stored in liquid nitropn stonge and npidly thawed in 

a 37°C shaking water bath. Crlls were then transferred into a 25 cmL culture tlask with 5 

ml of media (McCoy's SA. 10% fetal calf serum. 0.1% gentomycin. and 1% HEPES 

butTu). Cells wrre kept in a hurnidified atmusphere of 5% COz in air ai 3 7 T  incubator 

for two days to allow tirm attachent. Media was changed every two da. until 

contluence was reached. After reaching conîluence. the cclls were detached by treatrnent 

with 3 ml of 0.04% wpsin. washed with medium. and replated into a 7jcrn2 tlask at a 

density of I x 1 ob ceIldl5 ml. 



2.2.2 Possaging of Cd/s 

SaOS-2 cells were rnaintained in a 75 cm' plastic cell culture tlask in culture 

medium (McCoy's 5A. 10% fetal calf serum. 0.1% gentomycin. and 1 % HEPES buffer). 

The cells were kept in a humidified atmosphere of 5% CO2 in air at 37OC incubator b r  

two days to allow tirm attachment. Media was changed every two days until confluence 

\vas reached. Aftrr reaching contluence. the çells were detached by treaunent with 5 ml 

of 0.04% trypsin for 2 minutes at roorn temperature. Trypsin was then aspirated o thnd  

the nask was placed in 37°C incubator for 3 minutes. The tlask was then removed from 

the incubator and 10 ml of medium containing 10Y0 FCS was added to neutralize 

trypsinization. Cells were detached from the bottom of the tlask with the media and ceIl 

solution was transferred inio a 15 ml centrifuge tube. Crlls were centrifuged for 5 

minutes at 10000 g. After cells were pellcted. medium was aspinred otf and the cells 

were resuspended in 10 ml of serum free medium. In ordrr to establish cell 

concentration. 40 pl of cell solution was rnixed with 40 pl of trypan blue solution and 

pipened evrnly into a haemocytometer. Live cclls were counted using a Leitz inverted 

microscope ai IOX magnitication. An average of the four chamben in the 

haemocytometer was taken and used to calculate the total live ceIl count (TLCC). The 

TLCC was then used to calculate the volume of resuspended cells needed to plate the 

drsired densi ty (See Appendix A). 

2.2. 3 Phase Contrasf iMicroscopy 

In order to enhance the rffects of estradiol and CNP. a reduced supplementation 

of tètal calf s e m  is employed. In order to determine viability of cells. a morphological 



cornparison of cultures supplemrnted with 10% FCS and Z%FCS was done. SaOS-2 ce11 

cultures. under these conditions. were exarninzd under a Leitz phase contrast microscope 

at IOX magnification to detemine if there were any dilferences in cell growth or 

chancteristics. Cells were photopphrd at 48. 72. 96. IW. and 168 houn afier 

passaging using a Leitz Orthornatic carnera microscope and colour slide tilm. Images 

were thrn scanned by Binuscan into JPEG format. 

2.2.4 hepamtion of Estradioi aod C J y p  Natriuretic Peptide (CNP) 

Stock concentntion of rstndiol (gmerous donation from Dr. S.H. Shin tiom the 

Department of Physiology Queen's University) was diluted in 100Y0 ethm1 to a final 

concentration of 1 O-' M and stored ai 4°C until use. 

C-Typ  Natriuretic Peptide was o btained tiom Sigma chernical Company 

(Oakville. ON). It was diluted in 0.0 1 M acetic acid to a final concentration of 1 O-' M. 

The solution was aliquotrd into 1 00 pl samplcs and stored at -70°C. 

2.2.5 C d  Prol~fieration 

3 ~ - ~ v m i d i n e  Incorporation 

Crlls werr passaged into 74 well plates at a concentration of I x l o4 celldml in 1.5 

ml of media (McCoy's. 2% FCS. 0.1% penicillin & streptomycin. and 1% HEPES 

butkr). Cells were allowed to tirmly anach for 48 houn in an air incubator. Normal 

crowlh media was replaced with syhronization media (McCoy's. 1% CS. 0.1% 
C 

gentomycin. 1% HEPES buffer) and cells were cultured for 14 hours. 



Following synchronization. cells were supplemented with one of three 

compositions of media. The control group were supplemented with 2% FCS. the 

maximal group with 15% FCS and the negative group were serurn free. Radiolabelleci 

'H-thymidine at 0.5 pCi/ml was added to each plate for 48 hours. 

Efe~ecrs O O/- Ei~ru Jiol 

Twenty-four houn alter synchronization. original media composition was 

introducrd and concentrations of estradiol ktween 10'" and I O"M were administered 

with 0.5 pCi/rnl 'H-thymidine. 

Efji>cis C':\if 

Original media composition was introduced following sync hronization and 

concentrations of CNP between IO-"' and 1 0 " ~  wen administered with 0.5 pCi/rnl 'H- 

tliynidine. 

Dnr~.r*~ion of'Thyrni<line Inc*orpuru~ion 

Thymidine incorporation was teninated afier 48 hours of cell growth. This was 

accomplished by the aspiration of the media. Cells were washed with McCoy's to 

remove rxcess 'H-thymidine and then tixed with ethanol:acetic acid (3: 1 ) for I O minutes. 

Fixative was removed and cells were washed with water. Acid insoluble material was 

precipitatrd by incubation w i h  cold 0.5 M perchloric acid (PCA) to remow d l  

unincorporated 'H-thymidine. DNA extracted into tiesh PCA by heating to 80 C for 20 

minutes. Solution was then transferred fiom each plate into separate scintillation vials 

containing 10 ml Beckrnan Ready Value Liquid Scintillation Cocktail. Incorporated 

radioactivity was determinrd in a iiquid scintillation spectrometer. 



Colorimetric Assav 

The c d  proii feration assay. using CeliTiter 96@ Aqueous One Solution. 

(Promega: Madison. WI) is a colorimetnc method for determining the number of viable 

cells in proliferation. The solution contains a tetrazoliurn compound. MTS [3-(1.5- 

dirnethy lthiazol-2-y l)-~-(~-~âtb~peth0~yphenyI)-~-(4-~~lf0phenyl)-~H-tetra20li~m 1 

and an electron coupling reagent. PES (phenazine ethosulfate). The MTS compound is 

bioreduced by cells into a coloured formazan product by NADPH or NADH produced by 

dchydrogenase enzymes in metabolically active crlls (Bemdge et al.. 1993). The 

coloured formazan produci is read at an absorbance of 490 nm. Using a Spectrarnav 250 

UV-VIS plate reader. 

To test the viability of the study. cçlls were passaged in a 96 well plate at 1500 

cclls/wrll into 200 pl of media supplemrntrd with eithrr 2% FCS (control). 15% FCS 

(maximal) or serum fice (negative) for 60 hours. 

To determine the optimal concentration of cells to be plated for the expriments. 

various concrnintions of cells were plated. SaOS-2 cells were passaged in a 96 well 

plate at concentrations between 300 and 3600 cells/weil into 200 pl media ( McCoy's. 2% 

FCS. 0.1 % gentomycin. and I % HEPES buffer) for 60 hours. 

The optimal iength of the cxperiments was then determined. Ceils were passaged 

in a 96 wrll plate at 1500 cells/well into 200 pl of media (McCoy's. 2% FCS. 0.1% 

gentomycin. and 1% HEPES buffer). One column of cells was assayed every tweive 

hours to determine optimal length of culture. 



Eflecr of Estradid 

Cells were passaged in a 96 well plate at 1500 cells/well into 100 pl of media 

(McCoy's. 2% FCS. O. 1% gentomycin. and 1% HEPES buffer) and administered doses of 

estradiol between 1 O-" and I O ~ M .  

EfTecrs o/'GVF 

Crlls were passaged in a 96 well plate at 1500 cells/well into 200 pl of media 

( McCoy's. 2% FCS. O. 1% gentomycin. and 1% HEPES buffer) and administered doses of 

CNP between and 1 0 + ~ .  

The cclls treatrd with both esiradiol and CNP were subject to the proliferaiion 

assa? at the end of the 60 hour incubation. The CeilTiter 960 Aqueous One Solution 

Rragcnt was thawed in a watrr bath at 37°C. The reagrnt was thrn pipetted into each 

well as JO pl aliquots. The plate was then incubateci for 3 hours at 37OC in a humidiiied 

5% CO: atmospherc. Following incubation. the plate was read by the Spectramax 250 

LW-VD plate reader at 490 nrn. 

2.2- 6 R Ikaline Phosphatase Activity 

Ceils were passaged at concentrations of 2 x 10'. 1 x IO'. 5 x 10'. and 2.5 1 1 O' 

crlls/ml in 5 ml of media ( McCoy's. 2% FCS. O. 1% gentomycin. and I % HEPES buffer). 

Media was changed svery 48 houn until cells reached conHuence at day 6. 

Effect uf Estrudiof 

Crlls were passaged into 60 mm' plastic dishes at a concentration of 100 000 

crlls/ml in 5 ml media ( McCoy 'S. 2% FCS. 0.1 % gentomycin and I % HEPES buffer) 



and administered doses of estradiol Iat 10? 1 O-". 1 0-1 '. and 1 o'~M. Media was changed 

and estradiol reintroduced every 48 houn until cells reachrd contluence at day 6. 

Eflecrs of C.VP 

Crlls were passaged into 60 mm' plastic dishes at a concentration of 100 000 

celldml in 5 ml media (McCay's. 2% FCS. 0.1% gentomycin. and 1% HEPES buffer) 

and administered doses of CNP at 1 O-". 10". and IO-'M. Media was changed and CNP 

reintroduced every 48 hours until cells reached contluence at day 6. 

Following incubation. cells were scnped using 1X PBS solution and plleted by 

centrifugation at 1 0.000g for 5 minutes and supernatant was aspirated. Cell pellets were 

thcn homogenized for 1 minute with 0.5 ml of distilled water. Following 

homogenization. an additional 0.5 ml of distilled water was added to dilute the cell 

solution. Solutions ranging from O nkI to 1 O00 nM of p-Niuophenol standard (Sigma: St. 

Louis. MO) were made and used as standards for the experiment. In 7 ml culture tubes 

kcpt on ice. 100p1 of sarnple (or standard) were added to 400 pl of equal volumes of 

O. 1 M glycine-NaOH butfers. 0.1% Triton X 100/Saline (0.90hNaCI). distilled water. and 

i 5 mM para-nitrophenol-phosphate. pNPP (or distilled water for samples). 

Tubes were incubated for 5 minutes at room temperature. To stop the reaction 

125 pl of 2 M  NaOH was addrd ro each tube and placed on ice. A 300 pl aliquot of each 

sample was *msferred to a 96 well plate and read on a Speciramax 250 UV-VIS plate 

reader at 405 nm. 



2.2.7 Statbtical Anabsis 

Statistical analysis was done by a one-way analysis of variance followed by a 

Student-Neuman-Keulws test for multiple cornparison (Si-ma Stat 1.0: Jandel 

Corporation. 1995). Data are expressed as mean f standard deviation. unless othemise 

indicated. A p-value less than 0.05 is considered to be statistically sipificant. 



2.3 RESULTS 

2.3.1 Phase Contmst Microscopy 

Cultured cells in media supplemented with 10% and 2% FCS were examined 

under phase contrast microscopy and no ditfrrence in ceIl growth or chancteristics is 

rvidrnt (Figure 2- 1 ). Confluence is similar at d l  time points between the two supplement 

conditions. Cells in both conditions are large and irregularly shaped with abundant 

cytoplasm and a prominent nucleus. 

2.3.2 C d  Proli/eration 

'~-~hvrnidine Incopntion 

In detenining the viability of the assay. media supplemrntation was found to 

affect the incorporation of 'CI-thymidine (Figure 7-2). Cells grown in a xrum free 

environment had a 45% decreax in incorporation from control conditions (2% FCS) 

wherem an increasr to 15% FCS caused an increase in incorporation of 20 %. 

Estradiol at concentrations of 1 O-'.' and 10" M caused an increase of 'H-thymidine 

uptakr 36 % and 33 % respectively from control conditions (Figure 2-3). No other doses 

of estndiol caused a signiticant change from control conditions. 

CNP had no etTect on 'H-thymidine incorporation into the cells (Figure 2-4). This 

indicates that there was not an increase in ceIl division occming in the ce11 from control. 

Colorimetric Assav 

Cells grown in a serum tiee environment had a 52% decreax in cell proliferation 

( F i b m  7-5). However. there was no sipificatît change between control conditions (2% 

FCS) and mavimal conditions ( 15% FCS). 
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Figure 2-2: DNA synthesis determincd by amount of JH-thymidin<: incorporatrd into 
cells. Control denotes cells supplemented with 2% FCS (n=13). maximal denoies 
cells supplemented with 15% FCS (n= 13) and negative dcnotes cells in a senim free 
environment (n=13). There is a signihxmt di fierence in per cent growth betwcen the 
contml. maximal. and negative groups. Values are mean * standard rrror and 
calculated as per cent of control. * indicates significance at p<O.Oj. 



Concentration of Estradiol (log X) (M) 

Figure 2-3: Cell proli fention determineci by amount of 'H-thymidine incorporated 
into cells. Cells cultured with 2?h FCS and with a dose of estndiol at concentrations 
of 10-ln (n=3). 10-l7 (n=3). 10-l6 (n=7). IO-'' (n=13). 10-'" (1143). IO-" (n=13). 10-12 
(n= 1 3 ). 10" ' (n= 1 2). 1 O-"' (n= 1 O). and 10.' M ( ~ 9 )  are compared to control. Control 
denotes cells supplemented with 2% FCS (n=13). There is a significant increase at 
IO-" and 10-" M concentrations tiom control. Al1 other concentrations are not 
signiticantiy different. Values are mran 5 standard error and calculated as pr cent of 
control. indicates significance at peO.05 h m  control. 

control -10 -9 -8 -7 

Concentration of CNP (log X) (M) 

Figure 24:  Cell prolifention determinrd by amount of JH-thymidine incorporated 
into cclls. Cclls cultured with 2% FCS and with a dose of CNP at concentrations of 
1 0-'O (n=7). 10" (n=j). 1 0" (n=5). and 1 O-' M (n=3) are compared to control. Control 
denotes cells supplcmented with 2% FCS (n=13). There is no significant difference 
between control and the cells treated with CNP. Values are mean * standard error and 
calculated as per cent of control. 



maximai 

Figure 1-5 
negative control 

Media Supplement 

= 1.4 
3 

1.2 
w y saturation 
?r ' L -  

.! 0.8 
3 

O 

Concentration of cells per well 
Figure 2-6 

Figure 2-7 Time (boum) 



In order to determine the optimal concentration of cells to be plated. saturation of 

the solution must occur. This happens whrn OD readings at 490 nm reach 1.0. After 60 

hours in culture. a plating concentration of 1500 cells/well approached this level (Figure 

1-6). This was detemined to be the highest concentration of cells that could be used for 

the experiment. 

Optimal duntion of incubation was then deiermined. The solution reached 

saturation at 72 hours in culture (Figure 2-7). To achirve optimal readings. the solution 

should not reach saturation. Therefore the optimal duration for culture is 60 hours tiom 

passaging . 

Estradiol had no signiticant effect on ceil prolifention (Figure 2-8). This is not in 

agreement with the previous experiment using '~-th~rnidine incorporation and indicates 

that metabolicülly active cells ma? not bcr active in ceil division. 

CNP had a no signiticant intluence on ceIl prolikration from control (Figure 2-9). 

This concun with the rcsults from the 'H-thymidine incorporation study. Thrre is no 

etrect of CNP on ceIl division or metabolic activity. 

2.3.3 AlkaIinr Phosphatase 

The standard curve for alkaline phosphatase has show to br: a linear tit read at 

405 nm (Figure 2- 1 0). Al1 experiments were based on a 1 inear tit curve. 

In order to detemine the rffectiveness of the assay. diflerent cell concentrations 

were plated as an increase in ce11 nurnber will result in increased ALP activity. Alkaline 

phosphatase activity had a ce11 concentration dependent decrease between 2 x 10' and 2.5 

r 1 O" cells/rnl (Figure 2- I 1 ). 



Concentration of Estradiol (log X) (M) 

Figure 2-8: Proliferation in crlls cultured with 10/o FCS and treated with estndiol at 
concrntrations of 1 O-" (n=7). 1 0-Ih (n=22). 1 0-l2 (n=ZZ). 1 O-lJ (n=l?). 1 0-l3 (n=22). 
1 O-'? (n=72). 1 0-1 ' (n=Z) .  1 0-ID (n=22). 1 O-' (n=22). 1 (n=12). 1 O-7 (n=22). and 1 O" 
M (n=lj). There was no signiticant difference among groups. Values are mean i 
standard dwiation and calculated as per cent from control (n=2 1 ) . 

Concentration of  CNP (log X) (M) 

Figure 2-9: Proliferation in cells cultured with 2% FCS and treated with CNP at 
concentrations of 1 O-'' (n= 1 2).  1 O-" (n= 10). 1 0-Id (n= 14). 1 0-l3 (n= 14). 1 0-l2 (n= 14). 
IO-" (n=l j ) .  10*1° (n=l3). 10" (n=l4). IOm8 (n=12).  IO-^ (n=lJ). and 104 M (n=lj). 
There was no significant difference among groups. Values are mean * standard 
drviation and are calculated as per cent from control (n=19) 
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Figure 2-10: Standard cwve for alkaline phosphatase activity . 

Number of Cells (x=lOO,Oûû celUutl) 

Figure 2-1 1: Alkaline phosphatax activity in varying concenintions of cells. Cells 
are cultured with 2% FCS (n-4). Values are mean * standard deviation. There is a 
signiîïcani difference (p<0.05) between al1 concentrations. 



Estradiol caused a significant increase in alkaline phosphatase activity at 10''' M 

and a signiticant decrease at IO" M. No sipificant changes were observed at 10"~  or 

10" ' M concentrations (Figure 2- 12). 

Alkaline phosphatase activity was signitïcmtly increased with cells culnired with 

1 O-' ' M of CNP. EFfects of CNP at 10' and 1 O*' M were negligi ble (Figure 2- 1 3). 



control 

Concentration of Eatradiol (log X) (M) 

Figure 2-12: Alkaline phosphatase activity in cells cultured with 2% FCS and treated 
with rstndiol at concentrations of IO-" (n=10). IO-'-' (n=16).  10-11 (n=lO). IOA M 
(n=2). Values are mean * standard deviation. There is a signiticant increase in ALP 
activity at IO-'' M and a significant decrease in ALP activity at IO.'' M compared to 
control. indicates signi ticance at p<0.05 when compared to control. 

control 

Concentration of CNP (log X) (M) 

Figure 2-13: Alkaline phosphatase aciivity in cells cultured with 2% FCS and treated 
with CNP at concentrations of 1 O*" (n=IO). IO-' (n=l). and IO*' M (n=IO). Values 
are mean * standard deviation. There is a significant increase in ALP activity at 1 0 - I l  

M when compared to control. * indicates signiticance at pc0.05 w h e n  compared to 
control. 



Chapter 3 

The effects of estradiol and CNP on the 
growth and development of fetal mouse 

long bones 



3,1 ~NTRODUC~ION 

Bone is a very cornplex oqan and the study of its physiology. pathology. and 

development is an active and exciting field. Furthemore. the interactions of the 

heterogeneous ceIl population and the bony matrix have been difficult to analyse. In 

order to determine the net effects of the cellular activities. an intact bone cm be used in 

culture. Organ culture was initialiy documented by Wilhelm Roux and Leo Loeb when 

thry described the maintenance of isolated embryonic fragments and drveloping organs 

in vitro in the 1800s (Stem et al.. 1979). Although other orgms were used in the early 

1900's. it was not applied to bone tissue until Strangeways and Fell (1936) first 

demonsiratcd that the mesench-mal lirnb bud rudiment from a 3-day-old chick could 

survive in vitro. The limb bud differentiated into hyaline cartilage which was enveloped 

by a fibrous perichondriurn. Thzy alw found that six-day krnun. aticr 21 days in 

culture. were able to grow and dikentiate into a more mature bone from canilaginous 

rod structures. Organ cultures have bern able to provide valuablr information about 

physiology. pathology. and bone development (Stem et ai.. 1 979). Organ culture with 

fetal rnicr long bones has k e n  show to be a suitable modrl (Soskolne. 1986). The assay 

is described to be suitable for the study of bone modelling. rneasuring bone growth. 

hrmation. calci tication. and resorption. 

3, 1.1 Embryonic Developrncnt of the Mouse 

The fernale mouse copulates usually when ova are ready for fertilisation in estrus. 

Successi51 mating with a male mouse is indicated by the presence of a vaginal plug. The 

plug that occludes the vaginal oritice is a coagulum of Auid from the vesicular and 



coaguiating glands of the male (Rugh. 1968). Implantation of the embryo in the utenis 

occurs between day 4 and 5. The gestational priod is usually between 18 and 21 days 

depending on the strain of mouse. The 856 stnin has a gestational pend of 21 days and 

the litter size usually averages beiwern 10 and 1 I mice (Rugh. 1968). Cartilage and 

fibrous membranes begin to fom and ossify at about 12 days and by day 16. ail skeletal 

parts are chondntkd. In the femur and tibia chondrification begins at about da? 13 and 

the ossitication centres appas around day 14. Ossification is not complete until birth. 

3.2 METHODOLOGI' 

3.2.1 Animuls 

BJ6 mice were obtained tiom Charles River Labontories and bred on the 

prrmisrs. Fernale mice were group housed under conditions of a Il-hour lighddark 

cycle. with room rempenture at 22-2J°C. Food and water were providrd c d  lihiiitm. 

Male rnicr were isolated except when rnating and were subject to the same conditions. 

Potrntial pregnanry was detcmined by presence of a vaginal plug in the rnoming 

following mating. The pregnant mice were isolated from the rest of the mice and were 

careîùlly obsewed uniil gestational da)- 17. Mice which did not eahibit pregnancy were 

placed back in group housing with other female mice and subsequently mated. 

3.2.2 Surgicul Procedures 

On GD 17. pregnant females were given a lethai dose intraperitoneally of 

Somnotol (45mgkg b.w.). Abdominal dissection was done in order to expose the 

abdominopehic cavity. Embryos were careîùlly removed h m  each of the two uterine 



homs and placed in a pevi dish with 10 ml Minimal Essential Media supplemented with 

0.1 % Grntomycin. Under a dissecting microscope. the arnniotic sac was removed from 

the embryos and lower limbs were subsequently disembodied. The femurs and tibiae 

were le fi intact and dissected fiee of muscle and sotl tissue. 

3.2.3 Orgon Culture 

The femurs and tibiae were cultured for 8 days in 2 ml Minimal Essential Media 

(with Earle's Salis and L-glutamine. GIBCO) supplemented with 2 giL BSA. 200 mg/L 

P-glyerol phosphate. 50 mg/L ascorbic acid. and 3% 100X penicillin/streptornycin in 35 

mm plastic petri dishes. Culture dishes were place in an incubator with 5% CO2 in air at 

37°C. 

Tretrrrnunr Ck'i~h Esrruiiol und C Y P  

Concentrations of estndiol at 10'". 1 O-' '. 1 O-'. and I 0.' M were added on day O in 

sepante dishes. Media was replaced on day 4 and fresh estradiol was added. The 

expriment trrminated on da'. 8. 

Similady. concentrations of CNP at 1 O-''. 10'" and 1 O"M were added on day O in 

sepante dishrs. Media was also replaced with fresh CNP on day 4 and the experirnent 

was terminated on day 8. 

3.2.4 Photumicmgraphs and iMua~uremena 

Photomicrographs were taken of fetal mouse femurs and tibiae using an inverted 

microscope on day O. day 4. and da. 8 at 2.5X magnitication using a Leitz Orthornatic 

camen microscope and Fuji colour slide film (100 ASA). Al1 measurements were taken 



from the photomicrographs using the Bioquant system. The maximal longitudinal length 

was rneasured as the total [en-&. the maximal proximal and distal cartilaginous ends 

were rneasured as proximal and distal length. and the osteogenic centre was also 

detemined by measuring the darker zone of the diaphysis (Figure 5-1 ). The total areas as 

weli as proximal. distal. and osteogenic areas were also similarly rneasured. 

3.23 Firutio~ and Embedding of Mouse Fmur and Tibia 

Bones were tixed by immersion in 4% paraformaldehyde in PBS fixative and 

stored at 4 C for threr to four days. They were then drhydrated through 75%. 80%. and 

90% ethanol solutions. Bones were then embedded using the LKB HISTORESM 

Embedding Kit (LKB. Sweden) according to manufacturer proiocol without 

decalcitication. Brielly. bones were placd in a 1 :1 dilution of 95% ethano1 and 

intiltntion solution for 1 hour. Specimens wr r  then put in i00% infiltration solution for 

2 houn. Following infiltration. each bone was placed in the lid of an electron 

microscopy molding capsule and emkdding medium was added. The remaining portion 

of the capsule. with the end cut otT. was placed on top of the lid and additional 

rmbedding solution was addcd until the entire capsule was full. Capsules were allowed 

to polymenze at rwrn temperature for 2 houn and then placed in a 60°C oven ovemight. 

Sections wrre cut using an ultramicrotome at 4pm. 
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Figure 3-1: The length and area of the cartilaginous ends (Iight zone) and osteogenic 
centre (dark zone) were measured using the ~ i o q u a n t ~  system. 



3.2.6 Motphdogical Siudies 

TohliJr ne Bl zie Smining 

Femoral sections were hydnted through 100%. 95%. 80%. and 75%. ethanol 

solutions and rinsed in distilled water. They were then placed in 20% Methanol for 60 

minutes and once again rinsed in distilled water. Sections were incubated at room 

temperature in a filtered solution of toluidene blue (1% toluidene blue. 1% sodium 

tetrabonte) for 4 minutes. Sections were then dehydrated through 75%. 80%. 95%. and 

1 00% ttrhanol solutions and into toluenr. Dehydrated sections were then cover-slipped 

with Pro-Texx Mounting Medium (Fisher Scienti tic: Nepean. ON). 

.Llru.s~rrt.rnrnr of' Proifiruriir und /7vpertrophii* Zones 

Examination of the toluidene blue stained femun were donr on the Bioquant 

system using a Lcitz microscope ût 1X magniticüiion. kleasurements wre taken as 

length of proiifentive or hyprtrophic zones of total len@hs in both the proximal and 

distal areas. The epiphyseal cartilage areas. both proximal and distal. are divided into 

zones strining Srom the outside. The resting zone consists of hyaline cartliage that does 

not have any morphological changes in the crlls. The prolifentive zone contains npidly 

dividing chondrocytes which foms columns of stacked cells parailel to the long axis of 

die bone. The hypertrophic zone contains large chondrocytes with glycogen that has 

been accumulated in the coplasm giving the cell a bloated look. 

.\~forphologic*ui '4 ndy-sis 

Sections were examincd at 40X rnagnification using a Leitz microscope for any 

morphological difterences. Areas exminrd were the perichondriurn. resting zone. 

prolifentive zone. hypertrophic zone. and trabeculae. 



3.2.7 StarLFtical Anaiysis 

Statistical analysis kvas donr by a one-way analysis of variance followed by a 

Snident-Neuman-Keul's test for multiple cornparison (Sigma Stat: Jandel Corporation. 

19% j. Data are expressed as mean k standard deviation. A p-value lrss than 0.05 is 

considered to be statisticall y si& ficant. 



3.3 RESULTS 

3.3- I Estoblhhment of Orgcrn Culture M& 

Initial studies were conducted to evaluate the success of the mode1 in both 

embryonic mouse tibiae and femun without any addition of drug. In both femurs and 

tibiae. a significant increase in growth was demonstrated in both length and area in 

proximal. distal. and total bone measurements (Figure 3-2 and 3-3). An increase in both 

tnbecular area and length however was not seen. 

3J.2 Eflect of Estradid un Bonv Gro wth 

Photomicrographs of f e d  mice tibiae taken at day 0. day 4 and day 8 were used 

to measure lengths and areas (Figure 3 4 ) .  Thrrr wrre no signiticant e t k t s  of rstndiol 

on the culture of tibiae escept at 10'" M whrrt! an incrcase in total length and area was 

obsrrved at da. 4 (Figures 3-5 - 3-10). A signiticant increase in tnkcular area in tibiae 

at day 8 was dso obscrved. 

Fetal micr femun were aiso observed by photomicrographs at day 0. day 4. and 

da. 8 (Figure 3-1 1 ). An increase in total area at day 4 of bones cultured with rstradiol at 

IO-'' M was the only mesurement reaching sipificance. All other p m e t e r s  at al1 

concentrations failed to reach si pi ficance (Figure 3- 1 2 - 3- 1 7). 

3.3-3 Eflect of CiVP on Bonv Growth 

Photomicrographs of tibiae taken at day 0. day 4 and day 8 (Figure 3-18) were 

used to measure Irngths and areas. No statistical significance was seen in proximal. 



proximal length trakcu lar len-gh distal length total Irngth 

proximal a r a  üakcular area distal area total area 

Figure 3-2: Growth of tibiae in organ culture. Lengths (A) and areas (B) were 
rneasured and calculated as percentage growh from day O on day 4 and &y 8. There 
is a signiticant difierence in both length and area between day 4 and day 8 in proximal. 
distal. and total 1engWareas. but not in mbecular values. Values are mean t standard 
deviation. * indicates statistical significance from day 4. p<O.Oj. 
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Figure 33:  Grow-th o f  femurs in oqan culture. Lrngths (A) and areas (B)  were 
measured and calculated as percentage growth îiom day O on day 4 and day 8. Values 
are mem k standard deviation. There is a significant difference in both 1engt.h and 
area between day 4 and day 8 in proximal. distal. and total lengihdareas. but not in 
trabecular values. * indicates statistical si pi ficance from day 4. pcO.0 5 .  
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Figure3-5: Growth of tibiae in organ culture with estradiol. Lengths of  indicated 
zones were measured and calculated as percentage growth from day O to day 4. There 
is no signiticant diffirencr in lengths between the groups in an? of the zones. Values 
are mean ? standard deviation. 
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Figure 3-6: Growth of tibiae in organ culture with estradiol. Lengths of indicated 
zones were measured and calculated as percentage growh [rom day O to day 4. There 
is no significant difference in lengths between the groups in any of the zones. Values 
are rnean f standard deviation. 
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Figure 3-7: Growth of tibiae in organ culture with estradiol. Lengths of total bone 
were rneasured and calculated as perceniage growth from (A) day O to day 4 and (B) 
day O to day 8. There is a significant increase in total length at day 4 for culture with 
IO-'; M cornparrd to control. There is no sipificant difference in total length 
between the other groups. Values are mean t standard deviation. indicates 
statistical si gni ticance fiom control. p<0.05. 
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Figure 3-8: Growh of tibiae in organ culture with estradiol. Areas of indicated zones 
were measured and calculated as prcentage growth from day O to day 4. There is no 
significant difference in areas between the groups. Values are mean f standard 
deviation, 
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Figure 3-9: Grow-th of tibiae in organ culture with escradiol. Areas of indicated zones 
were measured and calculated as percentage g o w h  from day O to day 8. There is a 
significant increase in trabecular area at day 4 br culture with 10-13 M compared to 
control. There is no significant difference in areas between the other groups. Values 
are mean f standard deviation. * indicates statistical signîficance fiom control. 
p<O.OS. 
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Figure 3-10: Grohth of tibiae in organ culture with rstradiol. Areas of total bonr were 
measured and calculated as percentage growth fiom (A) day O to &y 4 and (B) day O 
to day 8. There is a significant increase in total a m  at day 4 for culture with 10-l3 M 
compared to control. There is no significant difference in total area between the other 
groups. Values are mean + standard deviation. * indicates statistical significance from 
control. ~ 0 . 0 5 .  
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Figure 3-12: Growth of femurs in organ culture with estradiol. Lengths of indicated 
zones were measured and calculated as percentage gowth tiom day O to day 4. There 
is no significant difierence in Lcngth between the groups. Values are mean t standard 
deviation. 
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Figure 3-13: Growth of kmurs in organ culture with estradiol. Lengths of indicated 
zones were measured and calculated as percentage growth from day O to day 8. There 
is no significant difference in length between the groups. Values are mean k standard 
deviation. 
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Figure 3-14: Grow-th of femurs in organ culture viith estradiol. Lengths of total bone 
were measured and calculaied as percentage growth fiom day O to day 4. There is no 
sipificant ditremce in total length benveen the groups. Values are mean + standard 
deviation. 
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Figure 3-15: Growih of femurs in organ culture with rstradiol. Areas of indicated 
zones wre rneasured and calculated as percentage growth from day O to day 4. There 
is no signitïcant difference in areas between the groups. Values are mean + standard 
deviation. 
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Figure 3-16: Growth of kmun in organ culture with estradiol. Areas o f  indicated 
zones were measured and calculated as percentage growth fiom day O to day 4. There 
is no significant difference in areas between the groups. Values are mean f standard 
deviation, 
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Figure 3-17: Growth of femurs in organ culture with estradiol. Areas of total bone 

day O to day 8. Thrre is no significant difference in total area between the groups. 
Values are mean t standard deviation. * indicates statiaicai sipiticance from convoi. 
p<O.Oj.  





trabecular. distal. or total length at day 4 or da- 8 (Figure 3-19.3-20. and 3-21) at any of 

the doses of CNP compared to control. At day 4 and day 8. a si-~îicant increase in 

proximal. distal and totaI areas was seen between control and CNP at IO-' M (Figure 3- 

22.3-23. and 3-24). An increase in mbecular area was not rvident. 

In femurs. a similar trend was demonsmted. Photomicrographs taken at day 0. 

day 4 and day 8 ( Figure 3-25) were uxd to rneasure lengths and areas. No statisricai 

sipiticance was seen in proximal. trabecular. distal. or total Iength at day 4 or day 8 

(Figure 3-24.3-27. and 3-28) at anp of the doses olCNP cornpared to control. However. 

unlike in the tibiae. no signiîïcant increases were x r n  at day 4 in any of the doses or any 

areas. At day 8. a signiticant increase of in proximal. distal and total areas was xen 

betwern control and CNP at 10" M (Figure 3-19. 3-30. and 3-31 ). An increase in 

tnbscular artla was not evident. 

3.3.4 Morphological Studies 

.\feuslrremr ni u /'Prolifi.ruriw und f i  pertrophic* Zonrv 

Toluidene bluc stains acidic cell components. such as the nucleus and bony 

spicules leaving the rest of the stain a light magenta colour. Cornparison of the 10?1 O". 

and 1 0 ~ '  M sections ai 4X magnitication does not reveal any rnorphological differences 

(Figures 3-32 - 3-35). 

CNP had negligible etTects on the length of the proliferative and hypertrophie 

zones (as a per cent of total epiphyseal Irn@h) in both the proximal and distai rpiphyseal 

areas of the femoral wctions (Figure 3-36 and 3-37). 
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Figure 3-19: Growth of tibiae in organ culture with CM? Lenghs of indicated zones 
aere rneasured and calculated as percentage grouth frorn day O to day 4. There is no 
significant ditrerence in length between the groups in any of the zones. Values are 
mean + standard deviation. 
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F i p t e  3-20: Growth of tibiae in ogan culture with CNP. Lengths o f  indicated zones 
were measured and calculated as percentage growth from day O to day 8. There is no 
significant difference in 1engt.h between the groups in any of the zones. Values are 
mean k standard deviation. 
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Figure 3-21: Growth of tibiae in organ culture with CNP. Lrngths of total bone were 
measured and calculated as percentage growth from (A) day O to day 4 and (B) day O 
to day 8. There is no significant difference in total length between the groups. Values 
are rnean I standard deviation. 
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Figure 3-22: Growth of tibiae in organ culture with CNP. Areas of indicated zones 
were measured and calculaied as percentage p w t h  from day O to day 4. There is a 
signiîïcrint increase in m a  in both the proximal and distal areas at 1 M cornpared to 
control. Values are mran ? standard deviation. * indicates statistical significance 
from control. p<0.05. 
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Figure 3-23: Growh of tibiae in oqan culture with CNP. Areas of indicated zones 
were measured and calculated as percentage growth fiom day O to day 4. There is a 
signiticant increase in area in both the proximal and distal areas at IO-' M compared to 
control. Values are mean k standard deviation. * indicates statistical significance from 
control. p<0.05. 
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Figure 3-24: Growth of tibiae in organ culture with CNP. Areas of total bone were 
measured a d  calculated as percentage growth From (A) day O to &y 4 and (B) day O 
to day 8. There is a significant increase in area in total area at 10a7 M compared to 
control. Values are rnean + standard deviation. * indicates statistical significance from 
control. ~ ~ 0 . 0 5 .  
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Figure 3-26: Growth of kmurs in oqan culture with CNP. Lengths of indicated 
zones were measured and calculated as percentage growth from &y O to day 4. There 
is no signiticant difierence in length between the groups in any of the zones. Values 
are mean i standard deviation. 
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Figure 3-27: Growth of Fernuis in orgm culture with CNP. Lengths of indicated 
zones were mrasured and calculated as percentage growth from day O to day 4. There 
is no significant ditierence in length between the groups in any of the zones. Values 
are mean + standard deviation, 
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Figure 3-28: Growth of femurs in organ culture with CNP. L e n w  of total bone 
were rneasured and calculated as percentage growth from (A) day O to day 4 and (B) 
day O to day 8. There is no signnificant difference in total lengh between the groups. 
Values are mean + standard deviation. 
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Figure 3-29: Growth of femurs in organ culture with CNP. Areas of indicated zones 
were rneasured and calculated as percentage growth fiom day O to day 4. There is no 
significant difference in total length between the groups. Vdws are mean 2 standard 
deviation. 



s 350 Distal Area - Day 8 * 

Trabecular Area - Day 8 

3 50 Proximal Area - Day 8 * 
= 300 
h 
3 250 
œ 

f 200 . . . . . . .  . . . . . . - . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . ... 2 150 a . . . . . . . .  . . ....... . . . . . . . . .  . . . . . . . . .  k . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  ;g '" . . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . .  50 . . . . . . . . .  ........ . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . . .  
O 

Concentration of  CNP (log X) (M) 

Figure 3-30: Growth of femurs in organ culture with CNP. Areas of indicated zones 
were measured and calculated as percentage growth From day O to day 8. There is a 
significant increase in axa in both the proximal and distal areas at 10-' M compared to 
contml. Values are mean + standard deviation. * indicates staiistical significance from 
control. p<0.05. 
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Figure 3-31: Growth of femurs in organ culture with CNP. Areas of total bone were 
measured and calculated as percentage growth from (A) day O to day 4 and (B) day O 
to day 8. There is a significant increase in toial area at IO-' M compared to control. 
Values are mean + standard deviation. * indicates statistical significance fiom control. 
p<O.OS. 



Figure 3-32: Histological sections of four different femurs after 8 days in culture 
without CNP. Sections are stained in toluidene blue. 



Figure 3-33: Histologicd sections of ihree different femurs after 8 days in culture 
with CNP at 1 O-' ' M. Sections are stained in toluidene blue. 



Figure 3-34: Histological sections of four different femurs afier 8 days in culture 
with CNP at 1 O"> M. Sections are stained in toluidene blue. 



O mm 2rnm 
Figure 3-35: Histological sections of four different femurs afier 8 days in culture 
with CNP at 1 M. Sections are stained in toluidene blue. 
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Figure 3-36: Measurernents of (A) proliferative and (B) hypertrophie zones of 
histological sections of proximal femurs grown in culture for 8 days without CNP 
(n4)  and with CNP at 1 0-1 l (n=3). 1 0" (n=4). and 1 O-' (n=4). There is no significant 
di fference among groups. Values are mean * standard deviation. 
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Figure 3-37: Measurrments of (A) proliferative and (B)  hypertrophie zones of 
histological sections of distal femun grown in culture for 8 days without CNP ( n 4 )  
and with CNP at 10-It (n=3). (n4 ) .  and IO-' (n=4). There is no significant 
differencr arnong groups. Values are mran * standard deviation. 



iMor~hohgicd Analysis 

Examination of the sections at 4OX mapification revealed no pronounced change 

in the histological chmcteristics of the bones with the addition of CNP. The 

prichondrium of the bone in al1 experimental conditions al1 had rounded chondrocytes 

becoming a layer of three to four rows of darkly staining. tlattened. elongated cells 

towards the outside of the bonr (Figure 3-38). This detinitivr outrr layer forms the 

perichondrium. Adjacent to the perichondrium is the resting zone which. at al1 doses. 

maintained a hyaline cartilage appearance with rounded chondrocytes. The prolifentivr 

zone (Figure 3-39). detlned by the columns of stacked cells longitudinal to the bone auis. 

was less denx in the bones cultured with IO*' and 1 o - ~  M CNP. The hypertrophie zones 

in al1 the bones consisted of large chondrocytes with large cytoplasrnic areas (Figure 3- 

O .  The tnbrcular areas of ail the boms had spicule torrnation with many cells. both 

osteoblasts and osteoclasts. surrounding the bony spicules (Figure 3-1 1 ). 











Chapter 4 

Discussion 



4.1 Discussio~ 

The mechanisms of bone formation and development have yet to be Fully 

explained. The understanding of bone pathophysiology has mmy implications. including 

potential cures for conditions such as osteoporosis and skeletal dysplasias. Although 

estrogen has already b e n  established as an important component. many other hormones 

ma. be involved in bonr growth and development. One such fmily of hormones is the 

natriuretic peptides. n e r e  have been reccnt developments regarding the relationship 

ktwcrn natriuretic peptides and bone development. specifically CNP. 

niere are many challenges in elucidating the mechanism of action of 

dcveloprnent and maintenance of bone. It is important to undentand the mechanism as 

an entire oqan as well as at the molecular level. This study investigated the actions of 

estndiol and CNP in  LI^ i.iiVo oryan culture studies. as well as at a ccliular level in in vitro 

cultured osteoblats studies. 

4.1. I Cd1 culture 

Ce11 culture of the SaOS-2 cet1 tine was used to determine the molecular 

mcchanisms of both estndiol and CNP on osteoblasts. Osteoblasts are responsible for 

producing growth factors and synthesizing and secreting rnatrix proteins that are 

incorpontrd into the skelaon which are important in bone growzh and development. 

This particular ceIl line was used because it was a human ceIl line that had dready been 

characterized and used in various studies. allowing for results to be extrapolated to 

human conditions. The results from culture of an irnmortal ce11 line such as SaOS-2. 

allow for reproduction of results since the phenotype of the ce11 should not change. 



C d  Prolifrution 

In the present investigation. estradiol at concentrations of IO-'' and IO-' M caused 

an increase of 'H-thymidine uptake 36 % and 33 % respectively h m  control conditions. 

However. estradiol had no signi ficant effect on cell proliferation using the CeIlTiter 968 

Aqueous One Solution. in a hurnan irnmortalized fetal ceIl line (hFOBER9) which 

contains a high level of estrogen receptor. estradio1 at concentrations between 10-' ' and 
10'' M caused a dose dependent decrease in ce11 proliferation (Robinson et al.. 1997). In 

a study by Fohr et al. (2000). estradiol at 10" M signiticantly increased ce11 proliferation 

in SaOS-2 cells. but estradiol at M had no significant etTect. However. estradiol at 

both doses significantly increased ceIl prolifention in MG 63 ( 14 year old malr) and TE 

85 ( 13 ycar old female) cell lines but did not induce proliferation in the HOS 58 cell line 

(Il year old male). These contlicting results from previous studirs and the present study 

ma? be due to the difTerent cell lines used. the different concentrations of estradiol 

administçred. and the various media supplementation. 

CNP had a no signifcant intluence on ceIl proliferation fiom control using either 

'H-thymidine incorporation or the CeIlTiter 960 Aqueous One Solution. In a study by 

Hagiwara et al. ( 1996). CNP has k e n  shown to drcrease cell proliferation by almost 40% 

in p n m w  culture of osteoblast-like cells fiorn rat calvruiae. It has ûlso k e n  shown to 

dose-dependently suppress cell proliferation by 10" M concentrations and higher in the 

mouse osteoblastic crll iine. MCJT3-E I (Suda et al. 1996). These are in disagreement 

with the results shown in this study as no sipiftcant eticct was seen after administration 

of CNP. However. studies with CNP with SaOS-2 cells have not been previously 

investigated. The outcome may be specific to the ceil line. 



.-î lkdine Phosphatase 

Estradiol caused a signiticant increax in alkaline phosphatase activity at 10'" M 

and a significant decrease at 10" M in the present investigation. Alkaline phosphatase 

activity was increased in SaOS-2 cells in a snidy conducted by Fohr et al. (2000) at an 

estradio1 concentration of 10" M. but had no significant change in ûctivity at  IO*^ M. 

Estradiol was also seen to inducr alkaline phosphatase activity in the human osteoblast 

ceIl line hFOBfER9 at concentrations of IO-". 10". and 10'" (Robinson et al. 1997). 

The increase and decrease in ALP activity at ditkrent concentrations is not a trend that 

has not been demonstrated in previous studies. The results of the present study contlict 

previous results in that the high concentrations of rstndiol decrease ALP activity. 

whereas the lower concentrations increase ALP activity. 

In the prrsrnt study. alkaline phosphatase activity was signiticantly increased 

with cells cultured with 10"' M of CNP. ALP activity. in a study by Suda et al. (1996) 

was not signiticantly atTected in MC3T3-El ceils at concentntions of CNP betwern 10" 

and 10'' M. However. a study by Hagiwara et al. (1  996) shows that CNP at IO" M in 

pnm- culture of osteoblast-likr cells from nt calvariae caused an increase in ALP 

activity of appmaimately 140% from basal levels. The results of this study are in 

accordance with the study by Suda et al. ( 1996) and in conflict with the Hagiwara et al. 

study ( 1996). The increase seen in ALP activity usinp the osteoblast-like cells from rat 

calvariae may be a result of a ditTerent ceIl phenotqpe from the SaOS-S cells. Studies 

have not shown treatrnent with CNP at 10'" M. 

There were many limitations in using the SaOS-2 ceil line. Celi lines vary in their 

receptor population and function when isolated and cultured. Therefore it is difficult to 



conclude that the effects observed in this study can be used to describe the exact 

mechanism of action with CNP and estradiol. Further studies with other human 

osteoblastic ce11 lines must be done to show consistency arnong ce11 lines. Bone 

formation. growth. and development involves various cellular components other than 

osteoblasts. such as osteoclasts and osteocytes. By isolating the osteoblasts. the 

interactions between cells cm not be understood. Furthemore. actions of hormones such 

as CNP and estradiol may be different when these other cells are introduced into the 

system. 

4.1.2 Organ CuIture 

Organ culture is a good mode1 for studying a complex system such as bone. In 

previous studics. i t  has b e n  able to provide valuablr information about physiology. 

pathology. and bone development (Stem et al.. 1979). Furthemore. Sosklone ( 1986) has 

demonstrated that organ culture with fetal mice long bones has been shown to be a 

suitable modcl for the study of bone modelling. meauring bone growth. formation. 

calcification. and resorption. It incorporates al1 factors in bone as they would be 

interacting in riro allowing for different ce11 types and factors to exen their rtTects on 

one another. 

Estublishrnenr of Orgun Ciilriire .ClodeI 

In the present investigation. both femurs and tibiae demonstrated a sipificant 

increase in growth in both length and area in proximal. distal. and total bone. An 

increase in both trakular area and length however was not seen. Soskolne et al. ( 1985) 

showed that in radii and ulnae of mice from the Sabra suain did have a significant 





measurements. and doses of CNP. In a study by Suda et al. (1998), a 60% increase in 

total bone length from control was seen in embryonic mouse tibiae cultured with CNP at 

10" M. Furthemore. Mericq et al. (200 1 ) recently showed a dose dependent increase in 

growth rate at 10". IO". and 10" M concentrations of CNP in fetal rat metatarsals. with a 

maximum growth at 1 0 ~  M. CNP has a significant increase in both lenb$h and area only 

at a concentration of M and not at any of the lower concentrations investigated. This 

is in agreement to the study by Mericq et ai. (2001) where an increase in growth rate was 

seen at doses of 10'' M and higher. The 30.50% increase in length and area at 1 M is 

comparable to the 60% increase in length with 10" M in the study conducted by Suda et 

a1 ( 1998). 

.Clorp hoiogic*d St udies 

No signiticant changes in eirher rnorphology or in relative zones of the bones may 

indicate that CNP does not rxert its etTects on a localised population of cells. Because 

growth seems to be uni form through al1 zones rxamined. CNP rnay caen a non-specific 

etTect on the long bone. A study by Mrricq et al. (2000) determined the height of the 

terminal h?pertrophic cells and the numkr of hypertrophie cells per section to be 

increased with the addition of CNP at 10" and 1 O+ M concentrations. 

Oqiiii culture using rnousr femurs and tibiae have limitations in both its 

experirnentai design and its application. It is difficult to dissect intact femun and tibiae 

fiom the mouse embryo due to their small sizes and their cariilaginous structure. If  

improperly dissected the bones can become darnaged or broken which may affect the 

results. Extmpolating studies on mice to humans is also a challenge that faces this 

model. Although there have becn docurnented similadies between mouse and human. 



they are not the samr species. The effects seen in the mouse organ culture rnay not be 

relevant to humans if estndiol and CNP intenct differently. Finaily. the rnodel. although 

using intact bone. is still not an in vivo model. Interactions with other systems. factors. 

and hormones in the body may have a profound e t k t  on the interactions of these 

hormones wi th bone growth and development. 

4.1.3 General Discussion 

CNP and estradiol were adrninistered to cultured osteoblasts to elucidate the role 

of the osteoblast in bon<: development. Estradiol had an cffect in the cell proliferation 

measured by '~- th~midine incorporation at 10'' and 10'13 M concentrations. It however 

did not demonstnte an increasc in cell proliferation measured through metabolic activity. 

The ALP activity. a biochemicai marker for osteoblast cell fuction. increaxd at IO-'' M 

and drcreased at IO-' M. This suggrsts that estndiol ma) have actions on the cell 

dependent on concentration. The different actions exhibited by estradid rnay provide an 

explmation to the contlicting results of cell proliferation in this study cornpared to 

previous studies. CNP did not have any effect on ceil proliferation and only had 

increased ALP activity at IO-'' M. These results suggest that CNP does not play a major 

role in mature osteoblasts. 

The results tiom the organ culture studies. however. illustnte a different picture 

tiom those from the in vitro studies. In the intact bone. the effects of estradiol were 

negligible. although iui increase in kngth at day 4 was evident with a dose of 1 0 - l ~  M. 

The only sipifkant increase in trabecular length in al1 experiments was also seen at this 

dose. The effect of estradio1 at a low dose may indicate the sensitivity of the estradiol 



receptors in the bone. At higher doses. the effect may be diminished by overactivation of 

receptors. The sex specific increase in total bone length as shown in the study by 

Schwarz et al. (1  99 1)  may also have played a role. however sex of the fetuses was not 

deterrnined at the time of dissection in this study. These results suggest that estrddiol 

may not exert a major effect on pre-natal development. CNP. however. had significant 

rtTects in increasinp area at doses of 10'' M but not length. This does not agree with 

previous studies that show an increase in length. However. these studies did not 

investigate the increase in area. The increase in both tibiae and femurs were signitkant at 

day 8 of culture and also at day 4 in tibiae. The tibiae are smaller than the femurs and 

this size diffirence rnay account for the increase in area show at day 4. CNP may have 

been able to enter the tibiae more lieely due to the decreased size and direct its actions 

upon the appropriate cslls Lster than in the Femurs. The inçrease in area and noi in 

lengtb also providrs a mechanism of action of CNP. Ir may act to increase the thickness 

of the bone but not involved in bonr length. These results suggest that CNP ma? be an 

imponant hormone in the tegulation of fetal skeletal development. 

1.2 FLITCTRE DIRECTIONS 

The present investigation is only the beginning of discovenng the potential impact 

of natriuretic peptides. speci fically CNP. on bone formation and deveiopment. The 

following investigations could be perforrned in order to detemine the exact role of CNP 

in regards to the pathophysiologi of bone. 

1. Through histological staining. determine the nurnber of osteoblasts and 

osteoclasts per unit of bony spicule in organ culture histological sections. This 



c m  be done by staining for alkaline phosphatase and acid phosphatase indicating 

osteoblasts and osteoclasts respective1 y. 

Determine level of GC-A. GC-B and C recepton in both organ culture of femurs 

and tibiae as well as in cell culture of SaOS-2 cells. 

Autoradiography c m  be perforrned in order to determine and locaiize the activity 

of cells and binding of CNP. To determine activity. incubate femurs and tibiae 

with 'H-thymidine 12 hours before termination of experiment. Fix. section and 

mount the bones and expose them. For the bindinp study. incubaie femurs and 

tibiae with labeled CNP. 

Determine the etTeci of al1 natriuretic peptides (ANP. BNP. and CNP) on both 

organ culture and ceII culture to see if there are any differences. 

In vivo esperiments wi th ovariéctomized and normal micr. Ovarieciornized micr 

may cxhibit osteoporotic conditions. thus providing an excellent mode1 for 

osteoprosis. Micr would then be subject to treatrnenis of CNP. rstndiol or a 

combination of the two. Morphological studies on the bones of these treated mice 

could then tollow to determint the cffects of these hormones in the body. This 

expriment could also be done on pregnant females to detemine the effect on the 

mother as well as the ktuses. 

A previous study has show that CNP may be linked to estradiol. In the female 

reproductive organs. the highest amount of CNP transcripts and immunoreactive 

ûanscripts in ovary and utem (Huang et ai.. i 996) which are also areas with high 

concentrations of estradiol. It has been s h o ~ n  that CNP expression in the utew 

varies durine the estrus cvcie with maximal exoression at ~roestnis (Acuffet al-- 



1997) and that estradio1 induces CNP gene expression in mouse utenis (Acuff et 

al.. 1997). Detemining basal levels of CNP mRNA in both cell culture and organ 

culture and investigating the effect of estradiol on these levels may provide an 

interesting relationship between the two hormones. 

4.3 SUMMARY AND CONCLUSIONS 

The tindings of this study indicate that estradioi pnmxily affects the fùnction of 

mature osteoblasts as opposed to the cartilaginous structures found in fetal bones. The 

role of estradiol has been show to be vital in m a t w  bone as loss of endogenous 

cstmdioi through menopause leads to osteoprosis. The effect may not be as crucial in 

the drveloping bones. However. CNP seems to have the opposite etkcts. It 

dernonstrates a crucial role in the drvelopmrnt of fetal bones not only in this study but in 

previous investigations as well. The oventimulation of CNP due to a lack of the 

clearance rt'ceptor (NPRC) caused increased skeletal growth (Matsukawa et al. 1999) and 

the lack of CNP caused dwartisrn in mice (Chusho et al.. 2001 ). 

The importance of these two hormones in bone physiology remains to be fully 

elucidated. However this study has provided insight as to the timr period that the? may 

be crucial for bone development and/or maintenance. Further studies must be done in 

order to hl1 y understand the mechanism of action of these two hormones in both ex vivo 

and in vitro experiments. 
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Calcuiation of Cell Concentration for Passaeing 

Totai !ive crll count must first be deiermined by the following calculations: 

TLCC = average (live crlls) n V (cells) x hemocytometer dilution factor x trypan 
blue dilution factor 

where: V(cells) = volume of resuspended ce11 pellet 
hemocytomcter dilution tactor = 1 x Io4 
trypan blue dilution factor = 2 

By using CIVI=C2V2. one cm then determine the volume of resuspended ceil solution 
needed to achievc the desired density. 

Erurnpk 
To achievr a density of 1.3 x 10' crlls h r  a 75 cm2 tlask: 

VdaiRd = cJrSi& x V ( resus~nded c d  soiution) 
C( resuspended ceil solution) 

= ( 1.3 x 1 O' cells/ml)( 10 ml) 
1.0 .u 10' crlls 

= t .3 ml 

Therefore. to achieve a density of 1.3 x lob cells/flask. 1.3 ml of resuspended cell 
solution must k added to I 4 ml media in a 72 cm' flask. 



Solu tioas 

0.04% Tmsin (1000 mL - in watrr) 
0.2 g KCI 
0.3 g KHr PO4 
1.152 g NazHPO4 
8.0 g NaCI 
2.0 g glucose 
0.1 g EDTA 
0.4 g tqpsin 

ZO,Y PBS (ZOO0 mL - in wurrr) 
2 g KCI 
2.4 g KH2POj 
14.4 g Na2HP0, 
80 g NaCl 

IO .V TBE (1 000 mL - in rvuier) 
108 g Tris Base 
55 g Boric Acid 
7.44 y EDTA 

20 .VS.CC' ( I  1100 mL - in irxrter) 
175.3 g NaC1 
88.2 g Tri-Sodium Ci tratc 

Tnpun Blue 
0.4 % Trypan Blue 

0.9% 




