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CHAPTER 1

INTRODUCTION

Research in the T9201s established that rickets, a bone 

disease in which newly synthesized osteoid matrix does not calcify, 

was caused by a dietary deficiency in the fat-soluble vitamin D.

These investigators concluded that vitamin D was necessary for the 

normal mineralization of bone. After 50 years of study the exact 

role of vitamin D in the mineralization process is still obscure.

A majoî  problem in determining the mode of action of vitamin 

D on the mineralization of bone is that the cellular and molecular 

mechanisms of bone mineralization are unknown.

Historically, bone mineralization was considered to be a 

physicochemical process which depended on an adequate supply of Ca+  ̂

and HP04~2 ions in extracellular fluid for the spontaneous precipita

tion of bone mineral. The impaired mineralization that was observed

in a vitamin D-deficiency was probably a result of the lower Ca+^

_2
and/or HPO4 concentrations in blood which were also mirrored in the 

fluids bathing the bone. Vitamin D was considered to be indirectly

_Lp

involved in bone mineralization through the regulation of blood Ca 

and/or HPO^-  ̂ levels.

Recent investigations have shown that vitamin D must be 

metabolized to more biologically active compounds before it can function 

physiologically. One of these metabolites, 1,25-dihydroxycholecalci-
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ferol (1,25(0H)2Dg) stimulates the synthesis of a calcium binding 

protein (CaBP) and possibly other proteins in the intestinal epithelial 

cell and these proteins facilitate the absorption of dietary Ca+ .̂

This metabolite has also been identified in bone and it stimulates 

the resorption of bone. The parathyroid hormone (PTH) and calcitonin 

(CT) have been characterized and shown to have a complex interrela

tionship with 1,25-(0H)2D3 in the control of Ca+2 levels in the blood.

PTH increases the rate of synthesis of 1,25-(0H)2Dg from 25-OHDg by 

modulating the activity of the 25-OHD3-I-oC-hydroxylase system in the 

kidney. There is no doubt that a primary action of vitamin D is to 

regulate blood Ca+  ̂and HPO^-  ̂]evels.

The hypothesis that vitamin D promotes the normal mineraliza-

e i J_ O
tion of bone by maintaining the proper concentration of Ca and

O
HPO4 11 in blood and thus favoring the spontaneous precipitation of 

bone mineral is being challenged. First, clinicians have described 

many vitamin D deficiency syndromes with associated bone disorders 

that were not accompanied by decreased Ca+  ̂and/or HP04~^ concentra

tions in blood. Second, the past models of bone mineralization have 

emphasized that extracellular factors alone regulate mineral deposition in 

osteoid tissue, whereas current research suggests that the specialized 

cells in bone regulate both matrix formation and its subsequent 

mineralization. Third, there is now evidence that bone extracellular 

fluid is not in equilibrium with blood. The mineralized matrix of bone 

appears to be surrounded by a syncytium of bone cells which acts as 

a functional membrane separating bone mineral from the blood. Finally, 

evidence from this laboratory suggests that vitamin D directly affects
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the mineralization of bone by stimulating the synthesis of a serum 

protein that increases the influx of Ca+  ̂ into the bone.

The purposes of this research were the following:

(1) To compare the Ca+  ̂uptake by bone cells isolated from

vitamin D-deficient and vitamin D-replete rats and

+2
compare their uptake of Ca to the uptake observed in 

bone cells isolated from normal growing and adult rats.

(2) To investigate various factors that may regulate the 

uptake of Ca into bone cells.

+2
(3) To isolate a serum protein fraction that promotes Ca 

influx into bone and estimate its molecular weight.

(4) To deve!ope a bioassay of the serum protein using bone 

cel 1 si

(5) To determine whether or not vitamin D may have a role 

in the biosynthesis of this protein.

I



CHAPTER 2

LITERATURE REVIEW

A general manifestation of vitamin D action in animals is 

growth and good health. The specific effects of vitamin D on calcium 

absorption and calcium metabolism is being investigated and the 

molecular mechanisms are being determined. A significant question is 

whether the more general manifestations of vitamin D activity are 

mediated indirectly through an improved overall calcium metabolism or 

whether vitamin D elicits direct effects on growth, cellular metabolism, 

protein synthesis, etc. This question is not answered, however this 

review presents several different aspects concerning the action of 

vitamin D in biological systems.

The first section is concerned primarily with the metabolism 

of vitamin D to its active hormonal form 1,25-(OH^Dg. The second 

section discusses specific effects of 1 ̂ - ( O H ^ D g  on calcium absorp

tion with emphasis on its proposed role in the synthesis of particular 

proteins that are involved in the absorption of dietary calcium from 

the intestine. The third section describes the interrelationships of 

parathyroid hormone, calcitonin and 1,25-(0H)2Dg in calcium homeostasis. 

The fourth section reviews several theories of bone mineralization 

with emphasis on the current concept that specific bone cells regulate 

both matrix formation and its subsequent mineralization. Every 

aspect about the metabolism of vitamin D and calcium metabolism

4
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cannot be presented in this review and the author directs the reader 

to several extensive reviews in the following areas : (1) vitamin D

metabolism (1, 2, 3, 4, 5); (2) cellular mechanisms of calcium transfer 

and homeostasis (6, 7); (3) chemistry and function of parathyroid 

hormone and calcitonin (8 , 9, 10, 11); (4) the physiology and bio

chemistry of bone mineralization (12, 13, 14, 15, 16, 17, 18).

Metabolites of Vitamin D

Vitamin Dg (cholecalciferol) is formed in the skin from 

7-dehydrocholesterol by irradiation with ultraviolet light. Vitamin 

D is plentiful in diets containing fish, eggs, liver and dairy products, 

especially milk containing irradiated ergosterol (19). For approxi

mately 40 years, the irradiated sterols were considered to be the 

active vitamin. It was only in recent years that the metabolism 

of vitamin D was elucidated using radioactive vitamin Dg (20, 21, 22). 

Using vitamin D with high specific activity it was possible to isolate 

metabolites from tissues after administering physiological doses of 

vitamin D to many different animals.

The first important metabolite of vitamin Dg that was isolated 

was 25-hydroxycholecalciferol (25-OHDg) (23, 24). This metabolite is 

the principle circulating form of the vitamin (25). The 25-OHDg is 

formed in the liver from vitamin Dg (26) and is transported in the 

blood by a specific carrier protein (27). In vitro conversion of 

vitamin Dg to 25-OHDg has been reported using perfused liver and liver 

homogenates (28). The 25-hydroxylase enzyme is in liver microsomes

I
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and requires a cytoplasmic component, oxygen and NADPH+H"1". The 25- 

hydroxylase is not inhibited by carbon monoxide or diphenylparapheny- 

lene diamine and is probably not a cytochrome P45Q enzyme (29, 30).

The 25-hydroxylation by the liver enzyme may be inhibited by 25-OHDg 

(30) or by vitamin Dg (31). Tucker et.al. (31) have reported that 

25-OHD3 synthesis can take place in kidney and intestinal tissue. 

Synthesis of 25-OHDg by the liver 25-hydroxylase is not sensitive 

to actinomycin D and therefore probably does not involve induction of 

the 25-hydroxylase (32).

A more polar metabolite than 25-OHDg was first isolated from 

chick intestinal nuclei (33, 34, 35, 36). Fraser and Kodicek (37) 

reported that this metabolite was produced from 25-OHDg in the kidney. 

The metabolite was isolated from chick intestine (38, 39) and chick 

kidney (40, 41) and identified unequivocally as 1,25 dihydroxychole- 

calciferol (1,25-(0H)2Dg). The o L - configuration of the 1 - hydroxy 

group of 1,25-(0H)2D3 has been established (42). The enzyme 

(1 -hydroxylase) is in the kidney mitochondria and requires oxygen and 

NADPH + H+ (37, 43). It also requires cytochrome P45Q since it is 

markedly inhibited by carbon monoxide (43) and metyrapone (44). 

Ghazarian et. al. (45) have recently reported the incorporation of 

018 into the 1 - hydroxy position of 1 ,25-(0H)2Dg using a soluble 

P45O fraction from rachitic chick kidney in the presence of adrenodoxin 

and NADPH+H+.

The renal mitochondrial hydroxylation system is the most
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elaborate part of the control system that regulates the metabolism 

of vitamin D. Boyle et.al. (46) and Omdahl et.al. (47) have reported 

that diets low in calcium increased the production of 1,25-(0H)2D3 

and diets containing high levels of calcium increased the synthesis 

of 24,25-dihydroxychoiecalciferol (24,25-(0H)2D3). Boyle et.al.

(48) demonstrated that the synthesis of 1,25(0H)2Dg was also regulated 

by the level of calcium in serum. These investigators reported that 

hypocalcemia increased the syntheis of 1,25-(0H)2D3 and that in 

normocalcemia or hypercalcemia the synthesis of 1 ,25-(0H)2D3 was 

inhibited. The decrease in serum levels of 1,25-(OH)2D3 in normal 

or hypercalcemic conditions was correlated with the increase in serum 

24,25(0H)2D3.

Garabedian et.al. (49) demonstrated that the parathyroid glands 

were involved in the regulation of 1,25(0H)2D3 synthesis by the kidney. 

Parathyroidectomized rats on low-calcium diets had a loss in 1-hydroxy

lase activity within 48 hours and a rise in the synthesis of 24,25(0H)2D3. 

Parathyroid extracts restored the synthesis of 1,25(0H)2Dg and decreased 

24,2 5(08)283 synthesis. These results were confirmed by Fraser and 

Kodicek (50). In addition to parathyroid regulation of 1,25(OH)2D3 

synthesis, Tanaka et.al. (51) reported that animals fed low phosphate 

diets (high calcium) show an increased synthesis of 1,25(OH)2^3 even 

in the absence of the parathyroid hormone (Figure 1).

Other metabolites of vitamin Dg have also been identified. The 

25,26-dihydroxycholecalciferol (25,26-(0H)2D3) was isolated by Suda
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et.al. (52) from the plasma of pigs given high doses of vitamin Dg. 

Holick et.al. (44) reported that 24,25-(0H)2Dg was metabolized further 

in the kidney to 1,24,25-trihydroxycholecalciferol (1 ,24,25-(0H)gDg). 

Vitamin D esters, glucuronides, and a sulfate have also been identified 

by various groups and may represent excretion products of vitamin 

D (6).

Vitamin D2 is obtained by irradiating ergosterol. Suda 

et.al. (53) reported the isolation of 25-OH D2 from pig plasma 

indicating that vitamin D2 is metabolized initially in the same manner 

as vitamin Dg. In some species, such as the chick (54) and the New 

World monkeys (55), vitamin D3 has a higher biological activity than 

vitamin D2. Man and rat appear to utilize vitamin Dg and vitamin 

Dg equally (56). The lower biological activity of vitamin D2 in the 

chick appears to be due to the more rapid metabolism and excretion 

of vitamin D2 compared with vitamin Dg (22). This difference in 

metabolism is probably at some stage beyond the 25-hydroxylation in 

the liver (57).

Vitamin D and Calcium Absorption

An important physiological action of vitamin D is to mediate 

the absorption of calcium in the intestine. This function was first 

established by Nicolaysen in 1937. In a series of Ca+2 balance 

studies and in situ intestinal loop experiments (58, 4), it was 

demonstrated that vitamin D-deficient rats had an impaired ability to
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absorb calcium. Carlsson (59) reported that vitamin D-deficient rats 

showed an increased absorption of Ca+2 following administration of phy

siologic doses of vitamin Dg. There was a considerable time lag of 

several hours before the onset of the physiological response to 

vitamin D. Several events occur during the lag period: (1) The 

absorption and transport of vitamin Dg from the intestine to the 

liver and then to the kidney for the hydroxylations to 25-OHDg and 

1,25(0H)2D3, respectively; (2) The 1,25(OH)2^3 is then transported to 

target tissues (eg. intestine and bone); (3) The 1,25(0H)2Dg localizes 

in a particular site at the tissue; and (4) A significant time lag 

still exists before the onset of the physiological response (60, 61). 

Lindquist (62) was the first to suggest that a portion of the time 

lag might be due to the synthesis of protein(s) involved in the Ca+  ̂

absorption system. Since that time other investigators have shown 

that actinomycin D and cyclohexamide, which are inhibitors for trans

cription of DNA to RNA, block the Ca+  ̂absorption response to vitamin 

D (63). The incorporation of labelled uridine and orotic acid into 

RNA of intestinal mucosa is stimulated following the administration of 

vitamin D to vitamin D deficient animals (64, 65). Further evidence 

for a direct stimulation of protein synthesis by active vitamin D was 

the localization of 1,25(0H)2Dg in the nuclei of intestinal mucosa 

cells (66). In the nucleus the l,25-(0H)2Dg binds to the chromatin 

complex (67), but does not appear to bind to purified chromatin

(68). The binding of l,25-(0H)2Dg to the macromol ecu!ar complex is

I
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resistant to DNase, RNase, phospholipase, and hyaluronidase but

inhibited by proteolytic enzymes (6).

Wasserman and Taylor (69) discovered a vitamin D-induced

calcium binding protein (CaBP) in chick intestine. The CaBP was not

detected in the intestinal mucosa of chicks deficient in vitamin D

but reappeared after administration of vitamin D and related steroids.

CaBP was localized in the brush border region of the intestinal cell

(70). Subsequently, 3H-leucine was incorporated into CaBP following

repletion of vitamin D-deficient chicks (71). Net synthesis of

_|_0
CaBP corresponded with the initiation of increased Ca c absorption.

In similar experiments, Corradino and Wasserman (72) reported that 

CaBP had considerably more radioactivity than the bulk of the other 

intestinal proteins and that antibiotics that inhibited protein 

synthesis (eg. actinomycin D) inhibited the synthesis of CaBP.

These experiments suggested that vitamin D stimulated the de novo 

synthesis of CaBP. Embryonic chick intestine also responds directly 

to vitamin D3, 25-OHDg, and 1,25(0H)2D3 to produce CaBP (73, 6). 

Further investigations showed that 25-0HD3 is more potent than 

vitamin D3 , and that 1,25(0H)2D3 is more potent than 25-0HD3 in 

stimulating CaBP synthesis in tissue culture (74). The synthesis of 

CaBP by polysomes isolated from the intestine of vitamin D-repleted 

chicks has been demonstrated (6). Polysomes prepared from vitamin 

D-deficient chick intestine or rat liver could not synthesize CaBP.
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The chick intestine CaBP has a molecular weight of 25,000- 

28,000 and appears to be a protein with no detectable prosthetic 

groups (75). Two sets of binding sites are associated with the chick 

CaBP molecule. One set contains four high affinity sites with a 

binding capacity of 2x10  ̂pH  and the other set has about thirty
o  _  "I

low affinity sites with a binding capacity of 10-10 PI (76).

The low affinity sites bind calcium only after saturation of the 

high affinity sites. The binding of the alkaline earth metals to 

CaBP follows the sequence Ca+^> Sr+^> Ba+^> Plg+  ̂ (76). The amino 

acid composition of purified chick CaBP shows a large content of 

dicarboxylic amino acid residues which give the chick CaBP its 

acidic properties. The chick CaBP contains at least two residues 

of each amino acid and has a large number of lysine and leucine 

residues (6).

Intestinal CaBP1s have been identified in other avians, and in 

reptiles, amphibians, and several mammals. In contrast to the chick 

CaBP, the molecular weights of the several mammalian CaBP1s range 

from 10,000-13,000. Bovine CaBP is similar to the chick CaBP in 

relation to its high contents of lycine, leucine, and dicarboxylic 

amino acids but is lacking histidine, arginine, half-cysteine, 

methionine, and tryptophan (6).

Animals that are fed low Ca+  ̂diets adapt by increasing their
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efficiency of Ca absorption. The adaption response is dependent 

on vitamin D (77, 75). The CaBP has been shown to increase in con

centration during the adaptation to low Ca+2 diet, suggesting that it 

functions in the uptake or translocation of Ca+2 across the intestinal 

epithelial cell (75, 78, 79, 80). Puromycin blocks the adaption 

response apparently by interfering with protein synthesis (78).

Morrisey and Wasserman (80) and other investigators have demonstrated 

that chicks maintained on low phosphate diets absorb more Ca+2 and 

synthesize more CaBP than chicks on adequate diets. Shipley et. al.

(81) reported that animals fed high strontium diets develop skeletal 

defects similar to vitamin D-deficiency rickets. Recently, Corradino 

and Wasserman (82) have shown that high Sr+2 diets decrease intestinal 

Ca+2 absorption and decrease CaBP synthesis. Subsequently, it was 

reported that when the Sr+2 fed chicks were refed a normal Ca+2 diet, 

both the Ca+2 absorption and CaBP production increased to normal

levels (83). Diets containing suboptimal amounts of Ca+2 or phosphate

+2
or high amounts of Sr affect the synthesis of CaBP by regulating the 

activity of the kidney 25-0HD3-1-alpha-hydroxylase to form 1,25(0H)2D3 

and thus alters the absorption of Ca+2 (84).

Schacter and Rosen (85) demonstrated that the intestinal trans

port system for Ca+2 was finite in capacity, moved Ca+2 uphill against 

a concentration gradient, and required metabolic energy. Schachter (86) 

and Wasserman et. al. (87) established that Ca+2 is transported actively 

across the intestinal mucosa. Martin and Deluca (88) have demonstrated

+2

I
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that Ca+2 uptake at the mucosal border exhibited saturation kinetics

and calculated an apparent Km=1.25-2mM. These investigators also

showed that the initial velocity of Ca+2 uptake by vitamin D-deficient

tissue was only one-half that of vitamin D-repleted tissue. As

described above, the vitamin D-induced intestinal CaBP has been

implicated in the calcium absorption system apparently functioning

in the initial uptake of Ca+2 at the brush border of intestinal

epithelial cells. Another component of the calcium absorption system

was described by Martin et.al. (89) who showed that a Ca+2 dependent

ATPase was present in brush border preparations and that its activity

was increased by vitamin D. Haussler et.al. (90) reported that

alkaline phosphatase activity was also increased in brush border

preparations following vitamin D repletion. Inhibitors of alkaline

phosphatase such as L-phenylalanine, beryllium and zinc also inhibited 

+2
Ca ATPase activity suggesting that a complex in the intestinal 

brush border contained both enzymatic activities. These two vitamin 

D-dependent components of the brush border appear to act together to 

move Ca+2 into the intestinal cell. Martin and Deluca (91) have 

reported that intestinal Ca transport is stimulated by Na and 

suggested that the movement of Ca+2 across the basal lateral membranes 

of the intestinal cell involves the coupling of the sodium-potassium 

dependent ATPase to the efflux of Ca+2 across the serosal boundary.
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PTH, CT and 1,25(0H)2Dg In Bone Resorption

Parathyroid Hormone (PTH). The parathyroid glands lie 

adjacent to the thyroid gland in mammals. Their importance to 

calcium metabolism was first demonstrated by MacCullurn and Voegtlin 

(92) who reported that parathyroidectomy in dogs caused a hypocalcemia 

followed by tetany. Coll ip (93) isolated a biologically active acid 

extract from bovine parathyroid gland and demonstrated that this 

extract restored serum Ca+2 levels to normal in parathyroidectomized 

dogs. Thus, the parathyroid glands are an endocrine organ which 

secretes a hormone (PTH) that controls serum Ca+  ̂levels.

Recently, investigators have established that PTH is initially 

synthesized as a prohormone (Pro PTH) which contains about 105 amino 

acids and has a molecular weight of about 12,000 (94, 95, 96). Amino 

acid sequences of Pro PTH show that a hexapeptide at the NH2~terminal 

is cleaved in the formation of active PTH (97). The sequence of amino 

acids at the COOH-terminal of Pro PTH is not known. The pro-hormone 

is rapidly converted to a storage or glandular from of PTH which con

sists of 84 amino acids and has a molecular weight of 9,500 (98, 99). 

The complete amino acid sequence of bovine PTH (98) and porcine PTH 

(100) species have been reported. The l^-terminal 1-34 amino acids 

of the glandular PTH are biologically active but the elimination of 

the l^-terminal alanine results in complete loss of biological



15

activity (99).

When calcium concentrations in the blood decrease, the 9,500 

molecular weight PTH is secreted into the peripheral circulation 

where metabolism of the hormone generates immunoreactive fragments 

with molecular weights of 5,000-8,000 (101 , 102). The major fragment 

in hyperparathyroid patients has a molecular weight of 6,000. This 

circulating fragment is from the COOH-terminal portion of PTH and is 

biologically inactive (103). Segre et.al. (104) were not able to 

demonstrate the presence of a biologically active PTH fragment 

circulating in the blood.

The secretion and probably also the synthesis of PTH is con

trolled primarily by the concentration of Ca+2 in the blood. At high 

blood concentrations, Ca+2 inhibits and at low concentration it 

stimulates the parathyroids (105). During periods of prolonged 

dietary Ca c restriction, hyperplasia and hypertrophy of the para

thyroid glands is evident (106) resulting in enhanced synthesis and 

secretion (106). Cohn et.al. (107) have reported that the efficiency

of conversion of ProPTH to PTH is increased in experimental animals 

+2
fed low Ca diets. Magnesium in low concentrations can also stimu

late PTH secretion (105) but in chronic, severe hypomagnesemia the 

secretion of PTH is completely suppressed (108).

PTH has independent effects upon bone, kidney and intestine

( 1 2 ) .

I
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PTH and Bone. Bone consists of an organic matrix and

minerals. The organic matrix, synthesized by bone osteoblasts, con

sists of collagen and mucopolysaccharides. About one-third of mature 

bone tissue by weight is collagen. Collagen is initially synthesized 

as protocollagen polypeptide chains which aggregate into three stranded 

tropocollagen complexes. The tropoeoi 1agen molecules aggregate to 

form collagen fibrils. The aggregation of tropocollagen is staggered 

leaving holes in the matrix. After a period of collagen maturation, 

calcium is deposited within the holes of the organic matrix and 

hydroxyapatite crystals grow. Once synthesis is complete both the 

matrix and bone mineral are available for bone resorption (12). Bone 

resorption is induced by both osteocytes and osteoclasts. Under the 

stimulatory influence of PTH, osteocytes within the 1ucunar-canicular 

system increase in size and resorb matrix and mineral from the 

adjacent bone. This process is called osteocytic osteolysis (109). 

Osteoclasts which line the bone surfaces are of major importance in 

remodeling the skeleton. PTH increases the number of osteoclasts and 

also increases their size and resorptive activity. With prolonged, 

excessive PTH stimulation large amounts of bone mineral is mobilized 

and osteoclastic alterations in bone structure are visible (12). In 

addition, PTH suppresses collagen synthesis by the osteoblasts (110), 

stimulates the synthesis of resorbing proteins (111, 112) and increases 

the release of lysosomal enzymes from bone cells (113).
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Rasmussen (114) proposed that resting osteoblasts and osteo-

cytes on the bone surface form a syncytium of cells that forms in

effect a membrane separating bone and its extracellular fluid.

Solubilized elements of bone must traverse this "membrane" to enter

the extracellular fluid (115). Park and Talmage (111) suggested

+2
that PTH stimulates an accumulation of intracellular Ca , which is

the trigger for the physiological manifestations of PTH in bone. A

mechanism for the accumulation of intracellular Ca in bone cells is

suggested by reports that parathyroid hormone stimulates adenyl

cyclase activity and cyclic AMP accumulation in preparations from

bone (116). In the kidney, Borle (117) showed that PTH increased 

_|_0
Ca influx into kidney and He La cells. Borle (118) has also shown 

that efflux from mitochondria to cytoplasm occurred after bathing 

kidney cells in a solution of di butyryl-cycl ic AMP. In support of a 

similar mechanism in bone, Rasmussen et.al. (119) showed that the 

effects of PTH on bone were mimiced by di butyrykyclic AMP. The 

effects of PTH are additive to the effects of theophylline (120).

PTH did not alter phosphodiesterase activity in bone (116).

Harrison et.al. (121) showed that the response of bone to 

PTH required the presence of vitamin D. The dependency was mutual 

in that the administration of PTH to vitamin D-deficient (parathyroid 

intact) rats failed to produce the calcemic effect that it did in 

vitamin D-fed rats. These results were confirmed by Rasmussen et.al.
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(122) and it is now thought that PTH acts synergistically with 

1,25(OH) to induce bone resorption in response to hypocalcemia.

PTH: Kidney and Intestine. PTH induces a rapid renal excre

tion of phosphate, sodium, potassium, and bicarbonate and promotes 

the reabsorption of calcium, hydrogen ion, magnesium and ammonia 

(123, 124). PTH acts upon the renal proximal tubule to inhibit the 

reabsorption of filtered phosphate and this action is mediated by 

cyclic AMP (124). Calcium reabsorption in the kidney, like sodium, 

primarily occurs in the proximal tubule (123). An increase in 

intestinal calcium absorption occurs in normal subjects following 

administration of PTH (125) but the major influence upon intestinal 

calcium absorption is vitamin D.

Vitamin D. Large doses of vitamin D induces resorption of 

previously formed bone (4). Bone resorption was also stimulated with 

physiological doses of vitamin D (62). These investigators reported 

that bone resorption was proportional to the log of the dose of vitamin 

Dg. Additional evidence was provided by Nicolaysen and Eeg-Larsen 

(126) who reported that vitamin D repletion of rats which had been

_Lp

fed low Ca diets caused a marked hypercalcemia. Recent studies 

using organ culture systems support the concept that vitamin D 

stimulated bone resorption directly, and is not mediated through 

hormones such as PTH (127).

Various metabolites of vitamin D stimulate bone resorption.

I
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Blunt et.al. (24) demonstrated that 25-OHDg was more effective and 

acted more rapidly than vitamin D3 in resorbing bone. Omdahl et.al. 

(128) reported that 1,2 5(0 ^ 2 8 3 acted more rapidly than 25-OHDg in 

stimulating bone resorption. This result was confirmed by Raisz 

et.al. (127) who reported that 1 ,25(OH)2D3 was more potent than 

either 25-OHD3 or vitamin Dg in causing bone resorption in organ 

cultures of fetal bone. The 1 ̂ ( O H ^ D g  but not 25-OH D3 induces 

bone resorption in nephrectomized rats (129) so 1 ̂ ( O H ^ D g  is 

believed to be the metabolically active form of vitamin Dg in bone 

resorption. Weber et.al. (130) reported that unlike 25-OHDg, the 

1,25(OH)2D3 metabolite specifically accumulated in the nuclei of 

chick bone cells and that it was the major metabolite in bone. The 

administration of actinomycin D inhibited bone resorption induced by 

vitamin D3 , 25-OHDg, and 1,25(0H)2D3 (131). This suggest that vitamin 

D-stimulated bone resorption involves the transcription of DNA and 

probably protein synthesis (eg. resorbing proteins).

Calcitonin (CT). For a number of years investigations con

cluded that hypocalcemia was controlled by an increased secretion 

of PTH whereas hypercalcemia was corrected by the suppression of 

parathyroid function. However, Copp and his associates recognized 

that a positive hormonal response was elicited by hypercalcemia in 

normal animals. This compound was secreted following perfusion of 

the thyroparathyroid complex with blood containing high levels of

1
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Ca+  ̂ (132). The hormone was named calcitonin. Hirsch et.al. (133) 

discovered a potent hypocalcemic and hypophosphatemic factor in rat 

and pig thyroid and named this factor thyrocalcitonin. Foster et.al.

(134) confirmed the thyroid origin of thyrocalcitonin. Calcitonin 

and thyrocalcitonin are now considered to be identical (135).

Calcitonin (CT) is a polypeptide secreted by a distinct para

follicular thyroid cell generally referred to as "C" cells. In some 

species the secreting cells are found in the ultimobranchial gland

(135) . The amino acid sequence of calcitonin isolated from five 

species have been determined (136). Porcine calcitonin has a molecular 

weight of 4,500 and contains 32 amino acid residues. It has a 1-7 

disulfide bridge and pro!inamide at the COOH-terminal. The presence

of a terminal disulfide loop and an alpha-carboxylamide are analagous 

to structural features found in oxytocin and vasopressin (137).

The target organs of calcitonin are bone and kidney. The primary 

effect of calcitonin on bone is to inhibit bone resorption (138).

Using bone cultures, Friedman and Raisz (139) showed that calcitonin 

directly inhibits osteoclastic bone resorption. Calcitonin also 

inhibits osteocytic osteolysis (140).Administration of CT for pro

longed periods to young rats that were parathyroidectomized causes a 

decrease in the osteoclast population suggesting an effect on the 

differentiation and/or maturation of osteoclasts (141, 12). The 

hypocalcemic effect of calcitonin is marked only if bone turnover is

I
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rapid (eg. children and young experimental animals) so that in 

adults little effect on plasma Ca+  ̂ is observed (142). However, 

hydroxyproline excretion in urine is decreased in the adult suggesting 

that CT has some effect on the adult bone (143). Vitamin D is not 

required for the action of CT in inhibiting bone resorption (3).

Talmage et.al. (144) reported that CT secretion occurs at

normal plasma Ca+2 levels in the rat. Earlier perfusion studies

(145) showed that the secretion of calcitonin was increased by high 

+2
Ca levels in plasma. This conclusion based on inference from 

changes in plasma Ca+  ̂levels was confirmed by assaying the calcitonin 

levels in thehen following perfusion of the ultimobranchial gland with 

various concentrations of Ca+2 (146). These experiments demonstrated 

that secretion of CT depended mainly on plasma Ca+2 levels. Other 

agents that increase CT secretion are: magnesium, glucagon, ACTH, TSH, 

oxytocin, epinephrine, histamine, serotonin, prostaglandin E-], 

theophylline, and cyclic AMP (147, 148).

Calcitonin like PTH increases renal adenylcyclase activity 

and cyclic AMP accumulation in kidney cortical slices (149). Calci

tonin also increases cyclic AMP accumulation in fetal rat bone and the 

effect is additive to that of PTH (120). These results suggest that 

CT like PTH may exert its effects on bone via a mechanism mediated 

by cyclic AMP. It also seems likely that these two hormones stimulate 

different pools of adenylcyclase.
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Calcitonin effects electrolyte secretion in the kidney. CT 

increases the excretion of sodium, phosphate and calcium. This effect 

is more pronounced with salmon calcitonin than with procine calcitonin 

(150, 151). Thus decreases in serum calcium and phosphate with calci

tonin occur in part because of augumented renal clearance of these ions

Biochemistry of Bone Mineralization

The mineral phase of bone is believed to be principally hydroxy

apatite ( C a . j o r  very similar crystals (152). Detailed 

lattice structures of pure macrocrystalline fluoro-and hydroxyapatite 

have been determined, but the structure, composition and solubility 

properties of biological calcium phosphate precipitates have not been 

determined (153). Fresh precipitates, formed in vitro at physiological 

pH, appear as spherules 10-100urn in diameter and are amorphous and have 

no discrete x-ray diffraction patterns (154). These precipitates have 

initial Ca/P molar ratios of 1.3-1.5 but change spontaneously into 

microcrystal 1ine hydroxyapatite (Ca/P ratio 1.67). Early mineral 

deposits in calcifying cartilage and in bone are amorphous by x-ray 

diffraction (155) and appear granular in the electron microscope (156). 

The Ca/P ratio is lower than that of mature bone (157). Bone mineral 

also consists of two phases, one crystalline and presumably hydroxya

patite and the other amorphous calcium phosphate (158). This observa

tion has led to the hypothesis that the sequence of events in vivo is
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an initial formation of amorphous calcium-phosphate followed by its 

transition to hydroxyapatite (158).

Historically, calcification of bone and cartilage was con

sidered to be an extracellular process and mechanisms were sought for 

initiating precipitation of Ca+2 and HPO^ -2 ions from matrix extra

cellular fluid (159). Solubility studies by Strates and Neuman (160) 

showed that an ultrafiltrate of normal serum, although supersaturated 

with respect to bone mineral, did not form precipitates. Three types 

of mechanisms were proposed; 1 ) booster mechanisms causing a local 

increase in the concentration of P-j and/or Ca+2 ions; 2) seeding

mechanisms that catalyze the formation of crystal clusters of Ca+2 and 

HPO4™2 ions; 3) local factors that render the matrix calcificable by 

generating nucleation sites (18).

A booster mechanism was originally proposed by Robison (161) 

which considered that alkaline phosphatase hydrolyzed phosphate esters 

to produce an excess of free Pi at calcification centers. The local 

rise in Pi concentration may produce the necessary increase in the 

supersaturation of tissue fluid to precipitate the apatite. Several 

objections to this theory have been raised. Neuman and Neuman (18) 

considered it improbable that the phosphate concentration could be 

increased locally to a concentration that was necessary for spon

taneous precipitation of apatites. In addition, there appeared to 

be insufficient substrate for alkaline phosphatase. Gutman and Yu
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(162) proposed that the necessary phosphate esters were generated 

by glycolysis but Sobel et.al. (163) showed that cartilage would 

calcify in vitro in the absence of glycolysis. The importance of 

alkaline phosphatase in bone mineralization is questioned since 

alkaline phosphatase is also present in tissues that do not normally 

calcify.

Neuman and Neuman (18) proposed that the major barrier to 

mineralization was the formation of the apatite nucleus and that 

the seeding of apatite might be initiated by collagen fibers in 

the organic matrix of bone. Glimcher (152) has shown that the 64 nm 

fibril was the only one of several types of reconstituted collagen 

fibers capable of initiating the precipitation of calcium phosphate 

from metastable solutions of calcium and phosphate. Generation of 

nucléation sites by the phosphorylation of collagen by ATP was 

suggested by Kraneet.al. (164). Although this phosphokinase

catalyzed reaction was demonstrated in vitro there is no direct 

evidence that phosphorylation is essential for the nucléation of 

apatite (165). Solomons and Irving (166) obtained evidence suggesting 

that the £,-amino groups of lysine and the hydroxylysine of collagen 

may be involved in the crystal seeding process.

There is evidence that collagen alone is not the critical 

factor in initiating calcification. Hirschman and Dziewiatkowsky (167) 

found that at the provisional zone of calcification protein poly-
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saccharide was reduced drastically. Weatherill and Weidermann (168) 

also found a great reduction of sulphur content at the provisional 

zone of calcification. More recently Bay!ink et.al. (169) studied the 

histochemical changes in protein polysaccharide during intramembranous 

ossification and found an abrupt decrease in chondroitin sulfate 

concentration of osteoid as the calcium content was increased at the 

calcification front. The concentration of acidic phospholipids are 

also increased at the calcification front (170). Since complexes 

can be formed between calcium phosphate and acidic phospholipids in 

vitro, phospholipids may be involved in biological mineralization 

(171).

Inorganic pyrophosphate at concentrations similar to those 

present in tissue fluids, can inhibit the precipitation of calcium 

phosphate and decrease the rates of growth and dissolution of 

hydroxyapatite crystals (172, 173). Fleish proposed that the local 

concentration of PP^ in bone is diminished at the calcification sites 

by pyrophosphatase. However, this did not explain the fact that 

collagen in other tissues does not calcify even though pyrophosphatase 

occurs in all tissues. There is no evidence to suggest that chemical 

and/or conformational differences occur in the collagen molecule from 

mineralizing and non-mineralizing connective tissues. Furthermore, 

elastin has been shown to calcify both in vitro and in vivo, demon

strating that other matrices can act as nucleation sites for apatite
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In spite of considerable research, the calcification process 

cannot be explained as a purely physiochemical process. Current 

investigations strongly suggest that the specialized cells in bone 

regulate both matrix formation and the subsequent mineralization of 

this matrix (114). The mitochondria of bone cells can accumulate 

calcium both in vivo and in vitro (175). Shapiro and Greenspan (176) 

speculated that the mitochondria of bone forming cells produce a local 

rise in the levels of mineral ions, and also produce a matrix capable 

of being mineralized. Bound calcium and phosphate has been detected 

histochemically in hypertrophic chondrocytes and osteoblasts (177) 

and intramitochondrial calcium phosphate granules were detected in 

these cells by electron microscopy (178). Matthews et.al., (179) have 

shown that the mitochondrial deposits disappear when these cells become 

part of the provisional zone of calcification and also demonstrated 

that there was a paucity of these granules in the mitochondria of these 

cells in vitamin D deficiency. Vitamin D repletion resulted in a 

return of the normal density and distribution of these granules.

Lehninger (180) proposed that micropackets of amorphous calcium 

phosphate could be released from bone cells and diffuse to calcifica

tion sites. In this view, calcium and phosphate do not simply diffuse 

through the matrix but are accumulated by cells before deposition. 

Nichols and Rogers (181) found that the calcium content of isolated

( 1 7 4 ) .
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bone cells was about 50 times that of muscle, liver or kidney cells 

of the same animal. Hirshmann and Nichols (182) using the same 

technique demonstrated that 95% of the total calcium and phosphate 

in homogenates of bone cells sedimented in a subcellular particulate 

fraction. Nichols (181) postulated that specific bone cells (primarily 

osteocytes) take up Ca and HPO^ ions from the bone extracellular 

fluid by a metabolically dependent process that is specific for each 

of these ions. Inside the cell the two ions are precipitated as 

amorphous hydroxyapatite in the endoplasmic reticulum and encased in 

a membrane. Once formed the granules could be transported to the 

mineralization front, stripped of their coats and their amorphous 

hydroxyapatite could serve as nuclei for crystal formation. Alter

natively the granules could be released into the blood and discharge 

their contents to meet the calcium homeostatic requirements. Nichols 

suggested that vitamin D was necessary for the formation of these 

calcium phosphate granules in bone cells.

The work of Wells and Gambal (183) suggested an alternative 

role for vitamin D in bone cell metabolism. These investigators 

reported that vitamin D was required for the synthesis of a serum 

factor that stimulated the in vitro uptake of ^Ca into bone. Sub

sequent research by Gambal (unpublished results) provided evidence 

that this calcifying factor was a protein and a biologically active 

protein fraction was isolated. Dr. Gambal suggested that bone cells
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isolated according to the procedure of Nichols and Rogers (181) may 

be more convenient than whole bone in assaying for the biological 

activity of the vitamin D dependent serum protein and in addition 

several metabolic processes that may be involved in the mineraliza

tion of bone can be investigated. At this stage of the research 

program, my research began.



CHAPTER 3

MATERIALS AND METHODS

Experimental Animals and Diets. Weanling female albino rats 

(Sasco, Omaha, Nebraska) were maintained in the dark, kept individual ly 

in hanging wire cages and given food and distilled water ad libitum.

The purified vitamin D-free diet fed throughout these experiments 

contained dextrose (64%), egg white (18%), minerals (6.5%), vitamin 

mix (5.5%), Wesson Oil (5%) and NaH2P0^H20 (1%). The contents of the 

mineral and vitamin mixes are described in tables 1 and 2 , respec

tively. The diet contains adequate concentrations of calcium (0.31% 

as CaCOg) and phosphorus (0.21% as NaH2P04) with a Ca:P ratio of 

1.48. These animals were maintained on this diet for 6 to 12 weeks. 

Either normal female rats maintained on laboratory chow and having 

the same body weights as the vitamin D-deficient animals or vitamin 

D-repleted animals were used as controls.

Chemicals and Reagents. All dietary supplements were purchased 

from commercial suppliers. Dextrose was obtained from General Bio

chemicals. Egg white (Henningson Food, Inc., New York, N.Y.) was 

autoclaved for 6 to 8 hours in order to inactivate avidin and ground 

to a fine powder. Crystalline vitamin D3, actinomycin D, and bovine 

serum albumin were purchased from Sigma Chemical Company. A 0.5 ml.

29
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aliquot of stock vitamin Dg solution (1.4 mg./ml. in 95% ethanol) 

was diluted to 15 ml. with Planter's peanut oil, and 0.2 ml. of this 

solution contained 2.7 ug vitamin Dg or about 100 I.U. A stock solu

tion of actinomycin D (1.25 mg./ml.) was prepared in 95% ethanol.

The nuclide ^calcium was purchased from New England Nuclear and was 

greater than 99% pure. A stock solution was prepared by adjusting 

the pH to 4.0 - 4.5 with 0.1N NaOH and diluting with distilled water 

to obtain a specific activity of 250 uCi/ml.

Sephadex, DEAE-Sephadex, and chromatographic supplies were 

purchased from Pharmacia Fine Chemicals. Special enzyme grade ammonium 

sulfate and the purified proteins myoglobin, cytochrome C (horse heart), 

ovalbumin, albumin (bovine), gamma globulin (human) and chymotrypsinogen A 

were purchased from Swartz/Mann. Acrylamide (electrophoresis grade),

N,N^-methlenebisacrylamide (BIS), N.N,^,N^-tetramethylene diamine 

)TEMED), 2-mercaptoethanol, and Photo-flo were obtained from Eastman. 

Bromphenol blue and Coomassie brilliant blue were obtained from Mann. 

Napthol blue black was obtained from Allied Chemicals. Ammonium 

persulfate (analytical grade) was purchased from Fischer Scientific 

Company. Sodium dodecyl sulfate (sequanol grade) was a Pierce Chemical 

product, NCS tissue solubilizer was purchased from Amersham/Searle.

The scintillators, 2,5-diphenyloxazole (PP0) and 1,4-bis (2,4-methyl- 

5-phenyloxazole)-benzene (MegPOPOP) were obtained from Packard 

Instruments. Prostagladin E-j was generously donated by Dr. Robert
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Townley, Creighton University. All other chemicals were reagent grade 

and purchased from laboratory suppliers.

Preparation of Bone Cells. Rats were decapitated and their blood 

was collected individually in centrifuge tubes and allowed to clot 

for 15 minutes at OC. Serum was separated from the clot by centrifu

gation at 1400xg for 20 minutes at 4c. Bone cells were isolated from 

pooled tibia and femurs as described by Nichols and Rogers (181) 

with the following modifications. The bones were removed and care

fully cleaned to free all adhering tissue. After blotting dry, the 

extracted bone was weighed. The bones, kept at OC, were then split 

longitudinally, the marrow removed, and then cut into fine chips.

The minced bone was ground gently in a mortar with cold 0.25M 

sucrose-1OmM tris buffer pH 7.4 using 25 ml/gram of bone. The sus

pension was allowed to settle for 2 minutes then was decanted and 

discarded. The grinding with sucrose-tris buffer was repeated three 

times to assure that the bone was free from contamination with bone 

marrow.

Fresh sucrose-tris buffer (3 ml/gm of bone) was added to the 

residue and the bone cells were liberated by thoroughly grinding the 

bone. The supernatant was removed with a Pasteur pi pet and filtered 

through several layers of cheese cloth. This procedure was repeated 

four times with fresh sucrose-tris buffer in order to obtain a high 

yield of bone cells and the extracts were pooled. The extract was then
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refiltered twice through clean cheese cloth, placed in 50 ml conical 

centrifuge tubes and centrifuged at 1400xg for 15 minutes at 4C.

The crude bone cell precipitate contained calcified collagen, 

erythrocytes, free nuclei and bone cells. The supernatant was decanted 

and kept at 0C while the crude precipitate was resuspended in about 

40 ml of sucrose-tris buffer. This crude cell suspension was trans

ferred to a 50 ml centrifuge tube after it was filtered twice through 

clean cheese cloth. About 5 ml of a 30% w/v dextran solution 

(mw. 200,000-300,000; density 1.11) was layered under the crude cell 

suspension. The suspension was centrifuged at 700xg for 30 minutes 

and the bone cells at the interphase of the density barrier were har

vested, resuspended and washed in fresh sucrose-tris buffer and centri

fuged at lOOOxg for 10 minutes. The bone cells were resuspended 

in 10-20 ml of sucrose-tris buffer to give a cellular suspension con

taining 1-2 mg protein/ml. Protein in the bone cells was determined 

by the method of Lowry et.al. (184) using serum albumin as a stan

dard. A flow diagram of the procedure for isolating the bone cells 

is presented in Figure 2.

The supernatant from the crude bone cell precipitate was 

filtered through several layers of cheese cloth and centrifuged at 

15,000xg for 20 minutes at 4C. This supernatant from the centrifu

gate (BCS) was dialyzed exhaustively against distilled water at 4C, 

lyophilized and stored at -20C.
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Time Study of ^5Ca Uptake b,y Bone Cells Isolated From Normal 

and Vitamin D-Deficient Rats. In separate experiments bone cells 

were isolated from normal female rats and vitamin D-deficient female 

rats as described in the previous section. The final cell suspension 

contained 1.3 mg. protein/ml. This suspension was mixed gently and 

0.2 ml aliquots were pipeted into glass vials containing 2.3 ml of 

an incubation medium. This medium consisted of Krebs-Ringer bicar

bonate buffer pH 7.4 (185) and ^5Ca (approximately 200,000 counts per 

minute). The Krebs-Ringer bicarbonate buffer (KRB) was gassed prior to 

addition of ^Ca with 95% 02~5%C02 mixture for 10 minutes at 40 and 

used immediately. Each vial was then gassed with the same mixture, 

capped and placed in a shaking water bath at 370 for various periods 

of time.

Six vials were removed as a group from the bath after 15,30, 

45,60 and 120 minutes of incubation. The contents of each vial 

were transferred into separate centrifuge tubes. Centrifugation was 

at 1OOOxgfor 10 minutes at 40. The radioactive supernatant was 

discarded. The pellet of bone cells was resuspended and washed twice 

with 2.0 ml of ice cold non-radioactive KRB solution.

The bone cells were prepared for counting by moistening the 

cells with 0.1 ml distilled water and solubilizing the cells in 1 .0  

ml NOS for 16 hours in a shaking water bath at 370. The solubilized 

bone cells were transferred to glass counting vials and 1 5 ml of a
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scintillation cocktail was added. The scintillation cocktail for 

determining ^Ca in bone cells was P0P:Me2 POPOP (2.5 gm: 125 mg ) per 

liter toluene. Radioactivity was measured in a Nuclear Chicago,

720 series, liquid scintillation spectrometer.

The mean dose of Ca per incubation vial was determined for

A r

each experiment by diluting 0.5 ml of the Ca-KRB solution with 4.5 

ml of distilled ^0. A 0.2 ml aliquot was placed into counting 

vials and 1.0 ml NCS and 15 ml of scintillation cocktail were added. 

The radioactivity was counted as described from the bone cells.

Localization of ^ Ca  in Bone Cells. Bone cells were isolated 

from albino male rats that weighed 250-300 grams. A 3.5 ml aliquot 

of the bone cell suspension (3.7 mg protein/ml) was added to 5.0 ml 

45Ca-KRB medium (approximately 450,000 counts/minute) and the mixture 

was incubated for 30 minutes at 37C. The cells were centrifuged at 

lOOOxg for 10 minutes at 4C and the supernatant discarded. The bone 

cells were resuspended in ice cold KRB buffer and washed twice. After 

centrifugation at lOOOxg the wash was discarded and bone cells resus

pended in 2.0 ml of 0.15 M NaCl-0.02M tris pH 8.0 and homogenized in 

a tissue grinder with a motor driven Teflon pestle at 60 r.p.m. for 

5 minutes. The whole homogenate was pipeted into a centrifuge tube; 

the tissue grinder was rinsed twice with a total volume of 2.0 ml of 

the buffer and the rinses were added to the whole homogenate. The 

suspension was thoroughly mixed and three aliquots of 0.2 ml each were

I
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placed in counting vials in order to determine the total radioactivity 

incorporated into the bone cells. The remaining homogenate was then 

centrifuged at lOOOxg for 10 minutes at 4C and radioactivity in the 

supernatant was determined. The precipitate was suspended in 1 ml 

saline and the suspension was frozen. At a later date (approximately 

8 weeks), the frozen precipitate was thawed, resuspended in buffer 

and homogenized twice. The precipitate and the pooled supernatants 

(0.2 ml) were placed in counting vials, solubilized with 1.0 ml NCS 

for 16 hours at 37C and the radioactivity was determined as previously 

described.

A Study of ^ Ca  Uptake by Bone Cells from Vitamin D-Repleted 

Rats. Weanling rats were fed the vitamin D-free diet for 9-11 weeks 

and had average body weights of 140 grams. The rats were lightly 

anesthetized with ether and 0.2 ml of vitamin Dg (about 100 i.u.) 

was administered intraperitoneally. At either 4, 8 or 18 hours after 

vitamin Dg repletion, 8-9 rats were sacrificed. Another group of 

vitamin D-deficient rats received 150 mg actinomycin D intraperitoneally 

two hours prior to vitamin D repletion and were sacrificed 18 hours 

after receiving the vitamin Dg injection. The control rats were fed 

the vitamin D-free diet for 7 weeks, weighed 110 grams and received 

no vitamin Dg before sacrifice. The bone cells from the five groups 

were isolated at the specific time and incubated in ^Ca-KRB solution 

for 15,30,45,60, or 120 minutes. The ^Ca uptake by the bone cells
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was determined as previously described.

Inhibitors and Stimulators of 45Ca Uptake into Bone Cells.

The effects of several compounds on the uptake of 45Ca into bone 

cells from both normal and vitamin D-deficient rats were determined.

The test compounds used in this series and their effects on metabolism 

are listed in Table 3. Bone cells were isolated from groups of normal 

and vitamin D-deficient rats and incubated in 45Ca-KRB solution which 

contained one of these compounds. Each sample contained 0.5 ml of 

bone cells (1.2 mg protein/ml), 2.5 ml 45Ca-KRB solution, 0.2 ml of 

crude bone cell supernatant, and 0.5 ml of a test compound dissolved 

in sucrose-tris buffer. Control samples were diluted to the final 

volume of 3.7 ml with sucrose-tris buffer and contained no test com

pound. The total radioactivity in the incubation medium was about 

200,000 counts/minute. In each experiment, 5 to 6 samples per 

treatment and 5 control samples were incubated for 30 minutes at 

37C. Following the incubation, the cells were washed, solubilized 

and the radioactivity was determined as previously described.

Fractionation of Serum Proteins with Ammonium Sulfate. Serum 

from normal rats was stirred at 4C and ammonium sulfate was added slowly 

to 30% saturation. At 4C, serum was saturated with ammonium sulfate 

y&t a concentration equivalent to 50.2 gm/100 ml. The mixture was 

stirred for two hours and then centrifuged at 15,000xg for 15 minutes 

at 4C. The 0-30% (NHz^SO^ precipitate was recovered and the concen-
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tration of (NH^SO^ in the supernatant was increased to 50% saturation. 

The mixture was stirred for two hours and centrifuged. The 30-50% 

(NH^^SO^ precipitate was recovered and the concentration of (NH^^SO^ 

in the supernatant was increased to 80%. The 50-80% (NH^^SO^ 

precipitate was recovered by centrifugation and the supernatant was 

discarded. The three protein fractions were dissolved in a 10 fold 

diluted 0.15M NaCl-0.02 M tris buffer pH 8.0 and ammonium sulfate was 

removed by dialysis against distilled H2O at 4C. The fractions were 

lyophilized and stored at -20C until assayed.

Gel Filtration Chromatography. Sephadex G:200 was swollen in 

0.15M NaCl-0.02M tris pH 8.0 buffer by heating in a boiling water 

bath for 5 hours. The gel was cooled to 4C, deaerated under vacuum 

and poured into columns (2.5 cm.x 45 cm.) to give a bed height of 

35 cm. The columns were developed in the buffer at a constant flow 

rate of 15 ml/hour overnight. The 50-80% (NH^SO^ serum protein 

fraction was chromatographed on the Sephadex G:200 and 3 ml fractions 

were collected. The protein in the eluates was determined by measuring 

the absorption at 280 nm. The chromatogram (Figure 3) was divided 

into six zones and eluates corresponding to these zones were pooled 

separately, dialyzed against distilled water and lyophilized. The 

protein fraction corresponding to zone 3 had the highest biological 

activity.

DEAE-Sephadex Chromatography. DEAE-Sephadex A^q anion exchanger
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was prepared in 0.14M NaCl-0.05M tris pH 6.7 by heating in a boiling 

water bath for 5 hours. The gel was cooled to 4C, deaerated under 

vacuum and poured into a column (1 cm.x 30 cm) to a bed height of 

22 cm. The column was developed with the buffer at a constant flow 

rate of 9 ml/hour and 3.0 ml. fractions were collected. The serum 

protein fraction (zone 3) from Sephadex G :200 was chromatographed on 

the DEAE-Sephadex A5q column and protein in the eluates was determined 

by measuring absorbance at 280nm. Eluates corresponding to zone A 

and zone B of the chromatogram (Figure 4) were pooled separately, 

dialyzed against distilled water and lyophilized. The protein fraction 

corresponding to zone A had the highest biological activity.

A Biologically Active Serum Protein Fraction from Vitamin D 

Repleted Rats. Weanling female rats were fed the vitamin D-free

diet for 23 weeks and weighed 200 gm. The rats received intraperitoneal 

injections of vitamin (120 I.U.) and were sacrificed at 2 hours 

(group I), 12 hours (group II) and 18 hours (group III) following 

vitamin D-repletion. The pooled serum from the rats in each group was 

fractionated with (NH^SO^ and the 50-80% (NH^SO^ protein fractions 

were chromatographed on Sephadex G:200. The eluates corresponding to 

zone 3 of the Sephadex 0:200 chromatogram were pooled, dialyzed and 

lyophilized as previously described. The protein fractions were sub

sequently assayed for biological activity by measuring their ability 

to stimulate the incorporation of ^Ca into bone cells from vitamin
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D-deficient rats.

The bone cells for the assay were isolated from rats that were 

fed the vitamin D-free diet for 17 weeks. The incubation mixture 

contained 0.5 ml. bone cell suspension (1.2 mg. protein/ml.), 0.2 ml. 

of the crude bone cell supernatant, 2.5 ml. of 45Ca-KRB solution and 

0.8 ml. of a zone 3 serum protein fraction (dissolved in non-radio- 

active KRB). Control samples contained no additional serum protein 

and non-radioactive KRB was added to a final volume of 4.0 ml. The 

total radioactivity in the incubation medium was about 200,000 counts/ 

minute. Five samples of each serum protein group and 5 control samples 

were incubated for 30 minutes at 370. Radioactivity in the bone cells 

was determined as previously described.

The Role of Vitamin D in the In Vivo Synthesis of a Serum 

Protein that Stimulates 45Ca Uptake into Bone Cells. Weanling female 

rats were fed the vitamin D-free diet for 10 weeks. The rats were 

separated into three groups. The first group (-D) received no treat

ment before sacrifice, the second group (+D2) received an intraperi

toneal injection of vitamin D2 (256 I.U./rat) eighteen hours prior to 

sacrifice and the third group (Act D + D2) received actinomycin D 

(150 ug-/rat) two hours before receiving vitamin D2 (256 I.U./rat) and 

twenty hours before sacrifice. The rats were sacrificed and their serum 

was fractionated with (Nh^^SO^. Protein fractions from each group 

corresponding to zone 3 of the Sephadex 0:200 chromatogram were assayed
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for biological activity by measuring their ability to stimulate the 

incorporation of ^Ca into bone cells from vitamin D-deficient rats.

Bone cells were isolated from rats that were fed the vitamin 

D-free diet for 22 weeks. In this experiment, 5-6 samples per group 

were incubated for 30 minutes at 37C. The incubation mixture con

tained 0.5 ml. of bone cell suspension (1.3 mg. protein/ml.), 2.5 ml. 

of Ca-KRB solution and 0.7 ml. of a zone 3 serum protein fraction 

dissolved in sucrose-tris buffer. The control samples contained no 

additional serum protein and were diluted to the final volume of 3.7 ml. 

with sucrose-tris buffer. The total radioactivity in the incubation 

medium was about 200,000 counts/minute. Following the incubation the 

radioactivity in the bone cells was determined.

The Dose Response of Bone Cells to a Partially Purified Vitamin 

D-Dependent Serum Protein From Normal Rats. Bone cells were isolated 

from a group of vitamin D-deficient rats that were fed the vitamin 

D-free diet for 10 weeks. These cells were incubated for 30 minutes 

at 37C in a medium containing ^Ca-KRB solution and increasing amounts 

of a partially purified serum protein fraction from normal female rats. 

The serum protein fraction corresponds to zone A of the DEAE-Sephadex 

chromatogram which was the third purification step for the serum 

following (NH^SO^ fractionation and Sephadex G :200 chromatography.

A flow diagram of the purification procedure is shown in Figure 5.

The serum protein was dissolved in sucrose-tris buffer to give a con-
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centration of 25 mg. protein/ml. Each experimental group contained 5 

samples. The incubation medium contained 0.5 ml. of bone cell 

suspension (1.5 mg. protein/ml.), 2.5 ml. ^Ca-KRB solution and vary

ing amounts of partially purified serum protein ranging from 1 .0-

5.0 mg. The control group contained no added protein. The incubation 

medium was adjusted to a final volume of 3.7 ml. with sucrose-tris 

buffer. The total radioactivity in the incubation medium was about

200.000 counts/minute. Radioactivity in the bone cells was determined 

as previously described.

Polyacrylamide Gel Electrophoresis. Disc gel electrophoresis 

of serum protein fractions were performed using 1% polyacrylamide 

gels (Table 4). Using the procedure of Davis (185), the gels were 

cast in 5 mm x 70 mm glass tubes which had been rinsed with photo- 

flo solution (1:200). Gels were prepared as follows: Protein samples 

were dissolved in distilled water and 3 to 8 ul containing about 

150 ug of protein was added to 0.15 ml of the large pore solution.

Six to twelve sample gels were prepared in this manner and photo- 

polymerized for 40 minutes. A spacer gel was formed by adding 0.15 ml 

of the large pore solution and photopolymerizing for 30 minutes.

The small pore solution was poured into the columns and polymerized 

in the dark for 60 minutes to form the separator gel. The samples 

were then placed in the upper buffer reservoir of the disc electro

phoresis apparatus, (Canalco, Rockville, Md.) The upper reservoir was
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filled with 250 ml. of a 10 fold diluted 0.05M tris-0.38M glycine 

buffer pH 8.3, and 0.4 ml. of Bromophenol blue (0.02%) was added as 

a tracking dye. The lower reservoir contained 500 ml of the diluted 

buffer. The power supply was connected (cathode to the upper reser

voir) and the current adjusted to 3.3 mamp per gel. Electrophoresis 

was for one hour or until the tracking dye had migrated about 45 mm. 

into the separator gel. The gels were stained for protein with a 

solution of 0.25% Napthol blue black [ MeOHiHOAC^O (5:1:5)] for 

30 minutes. The gels were destained overnight in 7% acetic acid and 

stored at 4C.

An alternate procedure was used for dilute protein solutions. 

Small pore separation gel was poured to a height of 60 mm. in the 

glass columns and polymerized. A modified large pore spacer gel 

was prepared (Table 4) and 0.10 ml. added to each column and photo- 

polymerized for 30 minutes. Then, 0.10 ml. of a 20% sucrose solution 

was placed on the spacer gel and 20 ul of a protein solution (100- 

150 ug. protein) was added to the sucrose solution and mixed. Diluted 

tris-glycine buffer was added to fill the columns and electrophoresis 

was performed as previously described.

Molecular Weight Determination. The molecular weight of the 

serum proteins in the partially purified zone A of the DEAE-Sephadex 

chromatogram was estimated by dodecyl sulfate polyacrylamide gel 

electrophoresis using the method of Weber and Osborn (186). Purified
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proteins with known molecular weights were used as standards (Table 5).

Protein samples were dissolved in 0.9% NaCl to give a concen

tration of 2.5 mg/ml. Aliquots of this solution were incubated in a 

buffer containing the reducing agent 2-mercaptoethanol and sodium 

dodecyl sulfate (Table 6) for 2 hours at 37C. Following incubation, 

aliquots were mixed with tracking dye (0.08% Bromophenol blue), gly

cerol, 2-mercaptoethanol and incubation buffer. An aliquot of this 

solution containing approximately 15 ug. protein was added to 10% 

polyacrylamide gels (Table 6). As the proteins were incubating the 

10% polyacrylamide gels were cast in glass tubes measuring 6 mm. x 

100 mm. The compartments of the electrophoresis apparatus were filled 

with gel buffer (Table 6) diluted 1.7 times with water. Electrophore

sis was performed at a constant current of 8 m.amp. per gel for 4 

hours. The gels were stained with Coomassie brilliant blue (0.25%) 

for 2 hours. The gels were destained overnight in a destaining solu

tion [(acetic acid: methanol: H20) (7.5:5.0:87.5)3 and stored in 7.5% 

acetic acid.

Mobility of the proteins in the gels was calculated according 

to the formula:

Distance of Protein 
Migration_____

Length of Gel Before 
Staining_________

Mobility = Length of Gel after
Staining

x Distance of Dye 
Migration
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A standard curve was obtained by plotting the mobility of each stan

dard protein against the logarithm of its molecular weight. The 

molecular weights of the unknown proteins were estimated from this 

curve.
A c

A Factor in Bone that Stimulates Ca Uptake by Bone Cells.

Bone cells were isolated from vitamin D-deficient rats that were fed 

the vitamin D-free diet for 13 weeks and normal female rats. The 

bone cells were incubated for 30 minutes at 37C in a medium containing 

45Ca-KRB solution and increasing amounts of bone cell supernatant 

(BCS). There were two BCS preparations: BCS (+D) was isolated from 

the bones of normal female rats and BCS (-D) was isolated from the 

bones of vitamin D-deficient female rats. The incubation medium 

contained 0.5 ml. bone cells (1.5 mg. protein/ml.), 2.5 ml. ^Ca-KRB, 

and varying amounts of BCS (+D) or BCS (-D) ranging from 0.08-0.2 mg. 

protein/ml. Control samples contained no BCS and were adjusted to the 

final volume of 3.7 ml. with sucrose-tris buffer. The total radio

activity in the incubation medium was about 200,000 counts/minute.

45
The Ca uptake by the bone cells was measured by liquid scintillation 

counting as previously described.



CHAPTER 4

RESULTS AND DISCUSSION

Effects of Age, Vitamin D Deficiency and Vitamin D 
Repletion On the Incorporation of ^Calcium 

Into Bone Cells

Cells were isolated from the bones of normal rats weighing 

100 and 250 grams and vitamin D-deficient rats weighing approximately 

110 grams. The number of cells isolated, as indicated by total 

protein, or the bone cell protein per gram body weight was greatest 

in the older (250 gram) rats compared to the younger (100 gram) 

rats or the vitamin D-deficient rats (Table 7). The weight of bone 

per gram body weight was not changed significantly . There was a 

50% decrease in both the total bone cell protein and the bone cell 

protein per gram bone from vitamin D-deficient rats as compared to 

normal rats with the same body weights.

The decrease in total protein content of bone cells isolated 

from the younger and vitamin D-deficient rats is probably not related 

to the isolation procedure because the degree of mineralization of 

bone in these rats is less than the older rats (18). Therefore the 

number of cells that could be liberated from the calcified matrix 

would be expected to decrease in the older rats. However this was

45
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not observed and the increase is probably due to the greater number 

of bone cells in proportion to the greater skeletal mass of the older 

rats. Because the degree of mineralization is decreased in a vitamin 

D deficiency, the amount of bone cells that could be liberated from 

this undercalcified matrix would be expected to increase as compared 

to the younger normal rats. However, the total bone cell protein 

was decreased in the vitamin D-deficient rats therefore the number of 

bone cells is probably also decreased. Since the total cellular 

protein in the vitamin D-deficient rat is signficantly less than the 

cellular protein in young rats of the same weight, vitamin D may have 

a role in regulating the cellular components of bone.

Nichols and Rogers (181) found extremely low levels of hydroxy- 

proline in bone cells prepared in a similar manner from both rat and 

pig. Thus the amount of collagen isolated from the bone matrix under 

these conditions is probably small and does not contribute significantly 

to the total bone cell protein. In addition, any collagen in the 

bone cell suspension would have to be absorbed on the surface of the 

bone cells because the bone cells were separated from the supernatant 

during the isolation procedure. Since the collagen from the bones of 

vitamin D-deficient animals is more soluble due to a decrease in 

crosslinking between adjacent microfibrils (188, 189) one would expect 

the amount of collagen in the bone extracts and therefore the amount 

of collagen absorbed on the cell wall to increase. Actually, the total
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protein in the bone cell suspension from the vitamin D-deficient 

rats was greatly decreased. This decrease in total protein probably 

indicates a decrease in the number of bone cells in the vitamin 

D-deficient bones.

The effects of vitamin D-repletion on the bones of vitamin 

D-deficient rats are shown in Table 8. The weight of bone per gram 

body weight was not changed in the vitamin D-repleted rats although 

the total bone cell protein per gram bone was only 80% of the vitamin 

D-deficient rats. The decrease in bone cell protein was apparent 

after 4 hours and maximum 8-18 hours after vitamin D-repletion. This 

decrease was not apparent in vitamin D-deficient rats that received 

actinomycin D before vitamin D-repletion therefore the varying length 

of time that the rats were on the deficient diet probably does not 

account for the decrease in cellular protein.

Vitamin D repletion should stimulate the mineralization of 

bone and increase bone weight and the number of bone forming cells.

But this effect probably does not occur immediately because 1,25(OH)2^3 

which may be the active form of vitamin Dg in bone does not attain 

a maximum concentration in bone until 9-12 hours after repletion with 

vitamin Dg (130). Therefore, an increase in bone weight and the 

number of bone forming cells would not be expected to occur within the 

18 hour vitamin D-repletion period. This is also supported by the 

fact that vitamin D activity using the line test for calcification is
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just measurable a minimum of 4 days after vitamin D-deficient rats 

are refed vitamin D (190). Because the normal sequence of events 

in bone remodeling has the following progression: activation— — ^  

resorption — — > formation (148), the vitamin D mediated decrease 

in bone cell protein may indicate an initial release of large quantities 

of lysosomal enzymes from the bone cells to resorb the abnormally 

calcified matrix prior to the formation and mineralization of a new 

matrix. This vitamin D-mediated decrease in bone cell protein occurred 

within 4 hours and was maximum at 8 hours which is similar to the 

time course of in vivo calcium mobilization from bone in response to 

vitamin Dg, 25-0H Dg or 1,25(0H)2Dg (191), Actinomycin D, an 

inhibitor of DNA directed RNA synthesis, is an effective inhibitor 

of the bone cell protein response in vitamin D-repleted rats (Table 8). 

The fact that actinomycin D also blocks the bone calcium mobilization 

response in vivo (63) suggests that the decrease in bone cell protein 

may be related to bone resorption processes and supports the hypothesis 

that vitamin D may be mediating its action through RNA and protein 

synthesis(63).

These results indicate that the total bone cell protein is 

indicative of the number of bone cells in the bone cell suspension 

except under conditions where bone resorption is stimulated in vivo 

prior to the isolation of bone cells from the experimental animals.

This is supported by the fact that actinomycin D which inhibits bone
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resorption in vivo also prevents the vitamin D-mediated decrease in 

bone cell protein. Actually there is a tendency for bone cell protein 

to increase in the actinomycin D treated rats as compared to the 

vitamin D-deficient rats. This small increase in bone cell protein 

in these rats is probably due to an increase in the number of bone 

cells with respect to the increased body weight and age of these 

vitamin D-deficient rats as compared to the vitamin D depleted control.

The amount of DNA in the bone cell suspension was not considered 

an accurate meaure of the number of bone cells. In vitamin D-deficient 

animals the sustained decrease in blood calcium concentration causes 

hypertrophy and hyperplasia of the parathyroid glands and enhanced 

secretion of PTH (106). Although bone is refractory to PTH in a 

vitamin D-deficiency (121) it is likely that in a vitamin D-deficiency 

the number of osteoclasts is increased (1 2 ) but the bone resorbing 

activity of these cells is inhibited in the absence of vitamin D.

Since osteoclasts are multinucleated giant cells the measurement of 

DNA content in the bone cell suspension from vitamin D-deficient 

rats would probably be high with respect to a bone cell population 

from normal rats and would not necessarily be an accurate measure of 

the number of bone cells in the cellular suspension.

The time course of ^Ca uptake into bone cells from normal 

(100 and 250 gram) rats and vitamin D-deficient rats was studied and 

the results are shown in Table 9 and Figure 6. During the first 30 

minutes of incubation the bone cells from the older (250 gram) rats
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and the vitamin D-deficient rats incorporated ^Ca at a slightly

faster rate than the bone cells from younger (100 gram) rats.

The total influx of ^Ca was increased approximately 130% within

30 minutes as compared to the young rats. The rate of ^Ca uptake

into bone cells from the older and vitamin D-deficient rats remained

relatively constant between 30-120 minutes. Thus the bone cells from

older rats and vitamin D-deficient rats had an identical uptake of

^Ca. In contrast, the rate of ^Ca uptake by bone cells from young,

growing rats constantly increased during the two hour incubation period.

Indeed, the rate of uptake is linear between 30-120 minutes of incuba- 

45
tion. The total Ca uptake by the bone cells from younger rats after 

2 hours of incubation was approximately 160% greater than the corres

ponding uptake by the bone cells from the older rats and vitamin 

D-deficient rats. The total ^Ca uptake by bone cells from young 

rats increased almost 30 fold during the entire incubation period 

while the uptake by bone cells from the older rats and vitamin 

D-deficient rats increased only 6 fold. It is apparent from Figure 1 

that bone cells from young, growing rats exhibit an entirely different 

rate of ^Ca uptake than cells from either older or vitamin D-deficient 

rats.

The differences in the rate of ^5Ca uptake by bone cells in 

this time study are probably related to the skeletal development of 

the rats. In the older rats growth and remodeling is slower and
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most of the skeleton is fully mineralized and unavailable for exchange. 

Since the size of the exchangeable calcium pool remains constant with 

age (18), the uptake of ^Ca by the bone cells of the older rats is 

probably a measure of normal exchange reactions occuring between the 

bone cells and the medium, and thus is not an indication of mineraliza

tion. This is supported by the fact that the rate of ^Ca uptake was 

relatively constant over the final 90 minutes of incubation. Simi

larly, during a vitamin D-deficiency the mineralization of bone is 

greatly decreased. Under this condition of impaired mineralization, 

the uptake of ^Ca by these bone cells is identical with the ^Ca 

uptake by bone cells of older rats. Thus in two different physiolo

gical states accompanied by impaired or decreased bone mineraliza

tion in vivo, an identical uptake of ^5Ca by bone cells is observed

in vitro. This suggests that under these experimental conditions

45
exchange reactions of Ca between the cells and the medium may pre

dominate and are probably being measured. In contrast, the bones 

from young, growing rats are primed for mineralization and the rat 

is in a period of rapid growth. Bone mineralization, bone growth 

and bone turnover is rapid in the young rat (142). The initial ^Ca 

uptake in the bone cells from the younger rats may represent exchange

/ i r

reactions. However, the additional Ca uptake by these bone cells as 

compared to the bone cells of older rats or vitamin D-deficient rats 

may be a measure or indication of bone mineralization. It is apparent
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that some other processes must be occuring in the young, growing 

bone that is not occurring in bone of the mature or vitamin D-deficient 

rat. This other process may be mineralization and the additional 

uptake of ^Ca may be a measure of this mineralization process.

The interpretation that ^Ca incorporation into the bone cells

is a measure of an absolute uptake of calcium between the cells and

the medium and possibly an indication of mineralization, rests on the

assumption that 45Ca uptake parallels the flux of 40Ca in the bone

cells. Although attempts were made to measure the uptake of total

calcium by the bone cells from the medium by atomic absorption

spectroscopy, the increase in calcium concentration in the cells

were below the sensitivity of the analytical procedure. Therefore

one cannot say with certainty that the uptake of 45Ca is a direct

measure or indication of increased calcium uptake by the cells.

However, it appears likely that the additional uptake of ^Ca in

the cells from young, growing rats may be indicative of and represent

additional processes that are occurring in the bones of growing rats

and are not occurring in the bones of adult or vitamin D-deficient

rats. One of these processes is the mineralization of bone. Perhaps

45
the additional uptake of Ca by the cells from young rats represents 

biochemical reactions involved in early stages of bone mineralization.

The possibility that the 45Ca might be bound to a mucoprotein 

or protein component coating bone cell surfaces was considered unlikely
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because at 0 C the uptake of 45Ca into the bone cells was only 10% 

of the 45Ca uptake obtained at 37 C (Gambal, unpublished result).

If the 45Ca uptake was just a measure of 45Caadsorption on the cell 

surface, one would not expect the 45Ca uptake to be temperature depen

dent. Thus the 45Ca activity of the bone cells probably represents 

incorporation of 4^Ca into intracellular pools. This is also sup

ported by the observation that the addition of several hydrolytic 

enzymes or ethylenediaminetetra acetic acid (EDTA) to bone cells 

that were incubated for 1 hour in 45Ca-KRB medium failed to lower
/ I C

the JCa content of the bone cells (181). Hirschmann and Nichols 

(182) reported that 95% of the calcium and phosphate in homogenates 

of bone cells sedimented with subcellular particles indicating that 

calcium is indeed entering the cell. Figure 7 depicts the results 

of an experiment in which bone cells were incubated in 45Ca-KRB 

and subsequently homogenized in isotonic saline. The 45Ca activity 

in the homogenate was determined. The homogenate was then centrifuged 

and the amount of 4^Ca in the supernatant was determined. Approximately 

80% of the 45Ca incorporated into the bone cells sedimented with the 

cellular particles at 1000 x g and 20% remained in the supernatant.

These results agree favorably with those of Nichols and Rogers (181) 

who reported that about 90% of the total bone cell calcium sedimented 

with the larger cellular particles and that 3/4 of this particulate 

calcium sedimented in a gravitational field of 700 x g. The possibility
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that the 4^Ca was bound to the cell surface could not be excluded, 

therefore the precipitate containing cells and cellular debris was 

frozen, thawed and subsequently rehomogenized twice. Following 

centrifugation, 45Ca activities in the final precipitate and pooled 

supernatants were determined (Figure 7). Approximately 67% of the 

45Ca activity remained associated with cellular particles. Since 

the freeze-thawing and rehomogenization removed only an additional 

13% of the 45Ca activity in the bone cells, it appears that the 45Ca 

may be localized in subcellular particles that sediment at lOOOx g.

Thus the 4^Ca activity in the bone cells may actually be a measure
A C

of HOCa uptake by subcellular organelles associated with the calcium

pool. These results do not completely rule out the possibility that 

45
the Ca is bound to the outer surface of the cell membranes. However, 

it appears that freeze-thawing and repeated thorough homogenization 

should have liberated larger amounts of 45Ca into the supernatant 

if the 45Ca was associated with the outer membrane.

The time course of °Ca uptake into bone cells from vitamin 

D-repleted rats is depicted in Table 10 and Figure 8 . There is a 

sigmoid pattern of 45Ca uptake in the bone cells from the 18 hour 

vitamin D-repl eted rats. During the initial 30 minutes of incubation 

there is a slow rate of 45Ca uptake into the bone cells. This is 

followed by a large, rapid increase in 45Ca uptake into the bone cells 

during the next 30 minutes. This is followed by a slow but constant
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rate of ^Ca uptake during the next 60 minutes. After 2 hours of

incubation, the total ^Ca incorporated into the bone cells from the

18 hour vitamin D-repleted rats was approximately 120% greater than

the vitamin D-deficient controls. Thus vitamin D-repletion caused a

45
dramatic increase in Ca uptake into bone cells in vitro and this

45
is apparent 18 hours after repletion of the vitamin. The Ca uptake 

of the vitamin D-repleted cells have the characteristic sigmoid 

pattern of 45ca uptake present in cells from young, growing rats. 

However, the bone cells from vitamin D-deficient and older normal 

rats exhibit a parabolic pattern of ^Ca uptake. The sigmoid pattern 

of ^Ca incorporation into the bone cells from the 18 hour vitamin 

D-repleted rats appears to be developing in the bone cells as early 

as 4 hours after repletion and is clearly apparent in bone cells 8 

hours after repletion. However after 2 hours of incubation the total 

^Ca uptake into bone cells from the 4 and 8 hour repleted rats is 

not significantly different than bone cells from the vitamin D-defi

cient rats. Because a sigmoid pattern of ^Ca uptake occurs in bone 

cells from young, growing rats and after vitamin D-repletion, vitamin 

D is apparently affecting bone cell metabolism within 4-8 hours

following repletion of the vitamin. However the large, rapid increase 

45
in Ca uptake by bone cells requires an 18 hour repletion time.

Thus a lag period of 8-18 hours is required before vitamin D can fully 

initiate the increase in 45Qa uptake by bone cells. A similar lag
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period in the development of the physiological response after oral,

intracardial, or intraperitoneal vitamin D3 administration has been

45
noted when intestinal Ca transport was measured in vivo in chicks

( 2) .

A substantial portion of the lag period is attributed to the 

conversion of vitamin Dg to its active metabolite 1^(OhOgDg and 

the transport of 1 ̂ (OkQgDg to the bone. Weber et.al. (130) reported 

that 1 ̂ ( O H ) ^  attains its highest concentration in 9-12 hours 

following vitamin repletion. These investigators also reported 

that the concentration of 1 ̂ ( O H ^ D ^  in bone 24 hours after repletion 

with vitamin Dg is greater than the concentration of 25-0H Dg or 

vitamin Dg and that 1 ̂ ( O H ^ D g  specifically accumulated in nuclei of 

the bone cells. The bone cell is similar to the intestinal cell with 

regard to the time of appearance and subcellular distribution of 

1 (65, 33). Since 1 ̂ ( O H ) ^  is probably the metabolite

that stimulates the biosynthesis of a calcium-binding protein in the 

intestinal cell and thus stimulates the active transport of calcium 

across the intestinal cell wall, it may have a similar role in the 

uptake and/or exchange of calcium in bone. By affecting these pro

cesses 1 ̂ ( O H ^ D g  may also affect the mineralization of bone. This 

is supported by the fact that 18 hours after vitamin D-repletion there 

is a dramatic increase in the ^ Ca  uptake into bone cells in vitro.

In a vitamin D-deficiency the mineralization of bone is impaired
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45
and the Ca uptake by bone cells is decreased. After 45 minutes of 

incubation the total 45Ca uptake by bone cells from 4 and 8 hour 

repleted rats is similar to the uptake by bone cells from vitamin 

D-deficient rats. The large, rapid increase in 45Ca uptake is not 

stimulated until 8-18 hours after Vitamin D-repletion which corres

ponds to the time of appearance of 1,25(0H)2D3 in bone. Therefore 

the uptake of HJCa into the bone cells from vitamin D-deficient 

rats may represent primarily normal exchange reactions between the 

cells and the medium and additional processes dependent on vitamin 

D may begin as early as 4-8 hours after repletion of the vitamins 

but is maximal 18 hours after repletion. Current research suggests 

that bone cells regulate the mineralization of bone (1 2 ) so the 

substantial increase in 45Ca uptake into bone cells from 18 hour 

vitamin D-repleted rats as compared to cells from vitamin D-deficient 

rats may represent the stimulation of processes that are involved 

with mineralization of bone. One process that may be stimulated by 

vitamin D-repletion is an increased accumulation of calcium in intra- 

mi tochondrial granules (179). The appearance of these granules in 

bone cells is dependent on vitamin D and Lehninger (180) has suggested 

that these granules are involved in the mineralization of bone.

Treating vitamin D-deficient rats with actinomycin D prior to 

repletion with vitamin Dg inhibited the uptake of 45Ca as shown in 

Table 10 and Figure 9. Since actinomycin D blocks protein synthesis, 

it may exert its inhibitory effect on the bone cells by inhibiting 

the vitamin D-induced biosynthesis of protein(s) that stimulate the
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uptake of Ca into bone cells or it may inhibit the biosynthesis 

of a serum protein that specifically binds to a receptor site on the 

bone cell and facilitates the transfer of calcium across the cell wall. 

Bone cells isolated from repleted rats may have this serum protein 

bound to the receptor site. Fraser and Kodicek (37) demonstrated 

that a high yield of 1,25(0H)2D3 from 25-OHDg could be obtained 

using kidney preparations from vitamin D-deficient chicks so the 

hydroxylase enzyme is present in vitamin D-deficient animals and 

does not require induction. However, the formation of the intestinal 

calcium-binding protein by vitamin D-deficient chicks in response 

to vitamin D3 is inhibited by actinomycin D (72). Therefore, the 

metabolism of vitamin D to 1,25(0H)2D3 in the rat may not be affected 

by actinomycin D but the vitamin D-induced biosynthesis of protein(s) 

involved in the 18 hour repletion response may be inhibited by 

actinomycin D.

It is apparent that bone cells isolated from vitamin D-deficient 

rats 18 hours after vitamin D repletion will take up more 45Ca than 

cells from vitamin D-deficient rats. It appears that this additional 

uptake of 4^Ca may be related to the mineralization of bone and that 

the biosynthesis of protein(s) is involved in this vitamin D-mediated 

response. Whether the biosynthesis of the protein(s) is occurring in 

the bone cell itself or some other tissue is synthesizing the protein 

that is now bound to a receptor site on the membrane of the bone cells

45
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cannot be answered by these experimental results. However, it is 

apparent that vitamin D regulates or facilitates in some manner 

the transfer of calcium across the cellular membrane of the bone 

cell. An impaired transport of calcium by the bone cell may be at 

least partially responsible for the gross skeletal defects that occur 

in a deficiency of vitamin D.

Comparison of Metabolic Stimulators and Inhibitors 
~0n the Incorporation of 45Calcium Into Bone Cell's 

From Normal and Vitamin D Deficient Rats

Bone cells were isolated from normal rats (200-250 grams) 

and the 4^Ca uptake was determined by incubating the cells for 30 

minutes in ^Ca-KRB containing compounds that either stimulated 

or inhibited cellular metabolism. NAD+ , sodium succinate and ATP 

were considered as metabolic stimulators. These compounds decreased 

the total 45Ca incorporated into the bone cells by 50% as compared 

to the control (Table 11). Both sodium cyanide and 2,4 dinitrophenol 

(2,4 DNP), which are inhibitors of oxidative phosphorylation, caused 

a significant increase in 4^Ca uptake into normal bone cells (Table 

11). Since these results were not anticipated, a dose response curve 

of CN and 2,4 DNP was determined. The CN" treated bone cells 

showed a significant increase in 45Ca uptake at a concentration of 

0.28 mM as in the initial experiment, but larger and smaller concen

trations had no effect (Table 12). The 45Ca uptake in the 2,4 DNP
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treated bone cells increased significantly with the dose of 2,4 DNP

from 0.09-0.18 mM as in the previous experiment but a larger dose

(0.27 mM) had no effect. The magnitude of the ON" and 2,4 DNP

stimulations was not as great as in the initial experiment, however

this effect was probably masked by the unusually large ^Ca uptake

by this bone cells preparation. Because of the large uptake of 

45
Ca in this experiment, the effects of these compounds should be 

considered only as a possible indication of an effect and further 

experiments should be conducted.

These results indicate that the uptake 45Ca into normal bone 

cells is not dependent on the generation of ATP since inhibitors 

of oxidative phophorylation actually stimulate the uptake of 45Ca 

into these cells. Similarly compounds that generate ATP appear 

to inhibit the uptake of ^Ca by bone cells. These results cannot 

be explained by this investigation. However, both alkaline phos

phatase (90) and Ca+2 -ATPase (89) are present in the brush border 

of intestinal epithelial cells. These two enzymes in the intestine 

are vitamin D-dependent components of the intestinal Ca+2 transport 

system. Alkaline phosphatase and Ca+2 -ATPase have also been 

localized in the ultrastructure of bone cells and are considered to 

have a role in bone resorption (192). The efflux of 45Ca from bone 

cells may be regulated by Ca+2 -ATPase. Cyanide and 2,4 DNP inhibit 

the formation of ATP and thus decrease the concentration of substrate.
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NAD , succinate and perhaps exogenous ATP will increase the concen

tration of substrate. Since the influx of Ca+2 into cells is a 

passive diffusion and is independent of the efflux of Ca+2 in bone 

cells (193) then compounds that limit the supply of ATP for the Ca+2 

-ATPase should decrease the rate of efflux of Ca+2 and at any finite 

time the cell would have an increase of 45Ca. The converse would be 

true for compounds that increase the amount of ATP.

The effects of prostaglandin E-, (PGE]), dibutyryl-cycl ic 

3 ,5 AMP, and theophylline on ^Ca uptake into bone cells from normal 

rats was studied and the results are shown in Table 13. PGE^, 

dibutyryl-cyclic AMP at concentrations between 0.06-1.56 mM and 

theophylline at concentrations between 0.29-6.57 mM had no effect on 

the uptake of ^Ca into the bone cells. These compounds mimic the 

effects of PTH and stimulate the release of Ca+2 from embryonic bone 

in organ culture. Klein and Raisz (194) reported that PGE1 and PTH 

stimulate bone resorption by similar mechanisms. PTH and PGE-j 

activate adenyl cyclase and increase the concentration of cyclic 

AMP in bone cells (116). Exogenous dibutyryl-cyclic AMP also releases 

calcium from bone in organ culture (194). Theophylline inhibits 

phosphodiesterase and thus increases cellular cyclic AMP and increases 

the resorption of Ca+2 from bone. The effects of PTH and theophylline 

are additive (120). Since these stimulators of bone resorption have 

no effect on the amount of ^Ca in the bone cells, it appears that
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biochemical reactions involved in bone resorption may not be func

tioning under these experimental conditions or biochemical reactions 

involved in bone mineralization are being measured in this in vitro 

system and these reactions are independent of bone resorption.

The spontaneous and PTH stimulated release of Ca+2 from bone 

in organ culture is inhibited by 2- thiophene carboxylic acid (2-TPCA) 

(195). Increasing the doses of 2-TPCA from 1.0-5.0 mM had no effect 

on 45Ca uptake into bone cells from normal rats (Table 14). This 

result was confirmed in a subsequent experiment in which the 2-TPCA 

solution was adjusted to pH 7.4 before adding it to the incubation 

medium (Table 14). Similarly dibutyryl-cyclic AMP at concentrations 

of 0.8-1.0 mM inhibited the release of Ca*^ from bone whereas at 

lower concentrations it increased the release of Ca+2 from bone 

(194). A similar concentration range of dibutyryl-cyclic AMP that 

either stimulated or inhibited bone resorption had no effect on 4^Ca 

uptake into normal bone cells (Table 13). These results demonstrate 

that compounds which stimulate the removal of calcium from bone in 

organ culture have no effect on 45Ca uptake into normal bone cells 

in vitro. The fact that these compounds have no effect on 45Ca uptake 

by these cells further supports the concept that reactions involved 

in bone resorption may not be functioning under these experimental 

conditions.

Other divalent cations such as Sr+2 and Mg+  ̂might compete with
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Ca for transport into normal bone cells and thus inhibit the uptake 

of 45Ca by the cells. Bone cells were incubated in 45Ca-KRB con

taining increasing concentrations of Sr* 2 from 0.3-1.0 mM. The con

centration of Ca+2 was 1.72 mM. Increasing the amount Sr+2 in the 

incubation medium caused an inhibition of 4^Ca uptake into normal bone 

cells (Table 15). The Sr4"2 inhibition was significant at a Sr+2/Ca+2 

ratio of 0.4 and a 30% inhibition was observed at a Sr+2/Ca+2 ratio 

of 0.6. Animals fed a strontium diet have low plasma calcium and 

develop rachitic bone lesions (84). Intestinal calcium transport and 

the formation of the calcium-binding protein are also greatly reduced 

(83). The inhibitory action of strontium is due to a block in the 

production of 1,25(0H)2Dg in the kidney. Feeding a normal calcium 

diet can correct the strontium induced inhibition of calcium absorp

tion in the intestine by increasing the rate of 1 ,25(08)^ biosyn

thesis (84). Thus the rachitogenic activity of dietary strontium is 

not a simple competition between Sr+2 and Ca+2 for absorption in the 

intestine. The mechanism of strontium inhibition of 45Ca uptake into 

bone cells is not known, but it appears that the strontium is a com- 

petititve inhibitor under these experimental conditions since increased 

concentrations of Sr+2 caused a greater inhibition of 45Ca uptake.

The effect of Mg 2 on the uptake of 4^Ca by normal bone cells 

was more complex. The normal concentration of Mg+2 in the incubation 

medium was 0.81 mM or a Mg+2/Ca+2 ratio of approximately 0.5. When

+2
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the Mg+2/Ca+2 ratio in the incubation medium was decreased to 0.25

45
or increased to 0.94, Ca uptake into the bone cells was enhanced 

44% and 28%, respectively (Table 16). These results can not be 

explained and Mg+2 appears to either inhibit or facilitate the 45Ca 

uptake by bone cells.

In order to determine whether bone cells from vitamin D-deficient 

rats had an altered uptake of 4^Ca as compared to cells from normal 

rats, the experiments employing stimulators and inhibitors were 

repeated using bone cells from vitamin D-deficient rats. The effects 

of these compounds on the uptake of 4^Ca by bone cells from vitamin 

D-deficient rats are shown in Tables 17 and 18. NAD+ , sodium succinate 

and ATP decreased the 45Ca uptake into the (-D) bone cells by 57%. 

Essentially the same effect was observed when only NAD+ and succi nate 

were added to the bone cells (Table 17). These metabolic stimulators 

had identical effects on bone cells from normal and vitamin D-deficient 

rats. (Table 11, 17). Cyanide and 2,4 DNP had no effect on the 

4^Ca uptake into (-D) bone cells, whereas both of these inhibitors 

caused a significant increase in 4^Ca incorporation into normal bone 

cells (Tables 11 , 17).

Although PGE-j and theophylline stimulated bone resorption in 

organ culture (12 0), neither of these compounds had any effect on the 

total 45Ca uptake into (-D) bone cells or normal bone cells (Tables 

13, 17). An inhibitor of bone resorption, 2-TPCA caused a significant
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increase of ^Ca uptake into (-D)Bonecel 1 s (Table 17). A concentration 

of approximately 3.2 mM increased the 45Ca uptake into the (-D) bone cells 

by more than 50% compared to controls. This effect of 2-TPCA did not 

occur in normal bone cells incubated under identical experimental 

conditions (Table 14). The reason for the difference is not apparent 

but the fact that 2-TPCA has different effects on normal or (-D) bone 

cells supports the hypothesis that the metabolism of bone cells is 

altered during a vitamin D deficiency.

Bone cells from vitamin D-deficient rats were incubated in 

^Ca-KRB medium containing increasing concentrations of Sr+ .̂ The 

uptake of 45ga was determined and the results are shown in Table 18. 

Increasing the Sr+^/Ca+  ̂ratio from 0.2-0.4 had no effect on 45ga 

uptake into the (-D) bone cells. In contrast, there was a dose 

related inhitition of ^Ca uptake into normal bone cells by Sr+^

(Table 15). If the inhibition of ^Ca uptake into normal bone cells 

by Sr+  ̂ is a simple competitive inhibition then one would expect the 

response to be identical in (-D) and normal bone cells. However the 

response is not identical and this suggests that there may be an 

alteration in the calcium receptor site on bone cells during a vitamin 

D-deficiency.

When vitamin D-deficient bone cells were incubated with increasing 

concentrations of Mg+  ̂ in the ^Ca-KRB, the pattern of ^Ca uptake was 

similar to that observed for normal bone cells. The standard ^Ca-KRB
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medium contained a Mg+2/Ca+2 ratio of about 0.5. No Mg+2 and a 

+2 +2
Mg /Ca ratio of 0.9 in the incubation medium significantly 

stimulated the incorporation of 45Ca into (-D) bone cells (Table 18). 

There is no obvious explanation for these experimental results, how

ever they are consistently observed in bone cells from normal and 

vitamin D-deficient rats.

A summary of the effects of the various test compounds on
¿ I T

Ca uptake into bone cells from normal and vitamin D-deficient rats 

is shown in Table 19. Normal and (-D) bone cells respond differently 

to ionized strontium, 2-thiophene carboxylic acid, cyanide and 2,4  

dinitrophenol suggesting that bone cells are altered in some unknown 

manner during a vitamin D-deficiency. These results also suggest 

that vitamin D may have a more direct role in the mineralization of 

bone since the mineralization of bone may be a cellular process (1 2 ). 

It is apparent that vitamin D participates in some manner in facili

tating the transfer of calcium into the bone cell and bone cells 

from vitamin D-deficient rats may have some alteration in a component 

of the membrane. An abnormal composition of the cellular membrane 

could explain these observations.

A Vitamin D-Dependent Serum Protein And the 
Incorporation of 4bCalcium by Bone CiTTs

A protein fraction from normal rat serum was isolated by frac

tional precipitation with ammonium sulfate and chromatography on
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Sephadex G:200. The 50-80% protein fraction had the highest biologi

cal activity (Gambal , unpublished) and the chromatographic profile 

of this fraction on Sephadex G:200 is shown in Figure 3. Polyacryla

mide gels of zones 1-6 are shown in Figure 10. The protein fraction 

corresponding to zone 3 stimulated the uptake of 4^Ca by bone to a 

much greater degree than the other zones (Gambal, unpublished).

In order to determine the time required for the restoration of

the biological activity in this protein fraction after administration

of vitamin D, vitamin D-deficient rats were repleted with vitamin Dg

and sacrificed 2, 12 and 18 hours later. The serum protein fraction

(zone 3) was isolated and assayed for biological activity by measuring

its ability to stimulate 4^Ca uptake into (-D) bone cells. The

results are shown in Table 20. A serum protein fraction from each

45
experimental group caused a significant stimulation of Ca uptake 

into the bone cells. However, the greatest degree of stimulation 

occurred with the protein fractions from the 12 and 18 hour repleted 

rats. The stimulation was dependent on the time of vitamin D-repletion 

since the percent stimulation obtained after 12 hours repletion is 

about 30% greater than that observed after 2 hour repletion. The 

biological activity in the protein fraction is maximal 12 hours 

after repletion with vitamin since a 1.7 fold increase in the 

protein concentration of the 18 hour repletion fraction caused no 

further stimulation of 4^Ca uptake into the bone cells. Similarly,
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the protein in the 2 hour repletion fraction was increased 1 .6  fold and 

the biological activity was only 62% of the 12 hour repletion.

Although a dose-response curve was not obtained it appears that the 

receptors on the bone cell surface may be nearly saturated at a con

centration of approximately 0.5 mg/ml protein and thus the uptake of 

Ca is no longer dependent upon additional serum protein.

These results indicate that the serum protein from 12-18 hour

45
vitamin D-repleted rats stimulates the uptake of Ca into bone cells. 

The concentration of this protein in serum apparently increases after 

repletion with vitamin D since the biological activity of the serum 

protein increases with the time of vitamin D-repletion. The maximum 

biological activity attained 12 hours after repletion of vitamin D 

is similar to the time required for the induction of an intestinal 

calcium-binding protein by vitamin D and the subsequent enhanced 

calcium absorption from the intestine (76). Thus, vitamin D or one 

of its metabolites, probably 1,25(0H)2D3, may stimulate the biosyn

thesis of the serum protein. The biological activity in the serum 

protein fraction from 2 hour rep!eted rats suggests that vitamin D 

may act directly to stimulate the biosynthesis of the serum protein 

because the minimum time for the metabolism of vitamin D3 to 1,25(OH)2D3 

is approximately 6-9 hours (128). Another possibility is that the 

biological activity in the 2 hour repletion fraction merely indicates 

that the rats were not completely deficient in vitamin D. Regardless
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of the biological activity in the 2 hour repleted rats, the biological 

activity does increase with time following repletion with vitamin D 

suggesting an active role for vitamin D in facilitating the transfer 

of calcium into the bone cell. Vitamin D may facilitate this process 

either directly via one of its active metabolites or it may be 

inducing the biosynthesis of a serum protein that specifically enhances 

the transfer of calcium across the cellular membrane.

Since vitamin D does induce the biosynthesis of an intestinal 

calcium-binding protein which facilitates the transfer of calcium 

across the intestinal cell (76), it appeared that vitamin D may also 

induce the biosynthesis of a serum protein that will enhance the trans

fer of calcium into the bone cell. In order to determine whether or 

not vitamin D will stimulate the biosynthesis of the serum protein 

that enhances the uptake of 45Ca by bone cells the following experi

ment was performed. Serum protein fractions (zone 3) were isolated 

from three groups of rats. The rats were treated in the following 

manner: Group 1 was vitamin D-deficient, group 2 was repleted with 

vitamin D2 18 hours prior to sacrifice and group 3 received actinomycin 

D two hours prior to repletion with vitamin D£ and sacrificed 18 hours 

after receiving the vitamin. The serum protein fractions corresponding 

to zone 3 were assayed for biological activity by measuring their 

ability to stimulate 45Ca uptake into (-D) bone cells. Only the protein 

fraction from the 18 hour repleted rats stimulated the uptake of
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45Ca into the bone cells (Table 21). The protein fraction (Zone 3)

from the vitamin D-deficient rats was biologically inactive which suggests

that the active serum protein is absent in a vitamin D-deficient rat.

Administration of vitamin D to vitamin D deficient rats restored the

45
ability of the serum protein fraction to stimulate the uptake of Ca 

into bone cells. Since the serum protein fraction from rats treated with 

actinomycin D prior to vitamin D repletion was biologically inactive, 

vitamin D may induce the biosynthesis of a specific serum protein that 

enhances the transfer of calcium across the bone cell membrane. An 

analogous situation exists in the intestine where the intestinal CaBP 

is induced by vitamin D (69). Wasserman and Corradino (72) reported 

that actinomycin D blocked the induction of intestinal CaBP when 

administered prior to vitamin D.

The protein fraction (zone 3) from normal rats was further puri

fied by ion exchange chromatography on DEAE - Sephadex A50 to give 

zones A and B (Figure 4). The proteins from zone A and zone B were 

electrophoresed on 71 polyacryamide gels. Zone A contained two protein 

bands (Figure 11) and zone B contained a single band which was albumin 

(Figure 12). Since bovine serum albumin and other rat serum fractions 

containing albumin were biologically inactive, zone B was not 

investigated (Gambal, unpublished). The biological activity of zone 

A was determined by adding increasing amounts of protein to bone 

cells from vitamin D-deficient rats in 4^Ca-KRB medium and measuring
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Ca uptake into the cells. The partially purified (zone A) protein

/\r
fraction stimulates the uptake of Ca into the bone cells at concen

trations ranging from 0.27-1.35 mg/ml (Figure 13). Maximum stimulation 

of ^Ca uptake occurred at a concentration of 0.67 mg/ml protein. The 

receptor sites on the bone cells appear to be saturated at this con

centration since doubling the concentration of protein to 1 .3 5 mg/ml 

causes no further increase in 45Ca uptake by the bone cells. The

maximal stimulation observed per unit concentration of serum protein

45
for zone A or zone 3 is usually 90%. The Ca uptake by bone cells 

increases with the concentration of zone A or zone 3 proteins and 

attains a maximum suggesting that the protein may saturate the 

receptors on the plasma membrane that facilitate the transfer of 

calcium into the bone cells.

The molecular weights of the serum proteins in zone A were 

estimated by comparing their mobility to the mobility of several 

standard proteins on 10% polyacrylamide gels. A standard curve relating 

molecular weight and electrophoretic mobility is shown in Figure 14.

The estimated molecular weights of the two proteins present in zone 

A from DEAE-Sephadex chromatogram were 75,000 and 90,000 respectively. 

The protein that stimulates the uptake of ^Ca by bone cells has an 

estimated molecular weight of 75,000. The protein contaminating the 

preparation is probably transferrin (M.W. 90,000). These proteins 

have not been completely separated, but a partially purified fraction

45
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containing only 2 proteins has been obtained and this fraction will

45
stimulate the uptake of Ca by bone cells in vitro. It does not 

appear that this serum protein fraction carries any metabolite of 

vitamin D. The serum proteins that are carriers for vitamin D or 

its metabolites have electrophoretic mobilities on disc gels and 

molecular weights that are considerably different than the serum 

protein that facilitates the transfer of calcium into bone cells 

(27, 196).

A Factor From Bone That Stimulates The 
Incorporation of 45calcium Into Bone Cells

The supernatant from which the bone cells were isolated was 

routinely collected and 0 .2 ml of the supernatant was added to the 

incubation medium. The remaining supernatant was centrifuged at 

15,000 x g, dialyzed and lyophilized. The bone cell supernatant from 

all vitamin D-deficient rats (BCS-D) were pooled. The bone cell 

supernatant from all normal rats (BCS+D) were also pooled. The ability 

of these fractions from normal and vitamin D-deficient rats to stimu-

¿\ C
late the uptake of Ca by bone cells was determined. The BCS(+D) 

and BCS(-D) had no effect on ^Ca uptake by bone cells from normal 

rats (Table 22). However, both BCS(+D) and BCS(-D) caused a signifi

cant stimulation of ^Ca uptake into bone cells from vitamin D-deficient 

rats (Figure 15). The ^Ca uptake into (-D) bone cells was proper-
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tional to the concentration of BCS(+D) and was maximal at a concen

tration of 210 ug/ml protein. However, the stimulation obtained 

from BCS(-D) was considerably less than that obtained with BCS(+D).

At a concentration of 210 ug/ml protein the BCS(+D) was approximately 

70% more potent in stimulating ^Ca uptake into the bone cells than 

that obtained with BCS(-D). In addition the ability of the BCS(-D) 

to stimulate the uptake of ^Ca by bone cells did not exceed 25-30%, 

whereas the BCS(+D) increased the uptake approximately 100%.

These results indicate that there is a factor in the super

natant from bone that stimulates ^Ca uptake into vitamin D-deficient 

bone cells. This factor is liberated from the bone by grinding in

0.25M sucrose-10mm tris buffer pH 7.4. It is present in the bones 

from vitamin D-deficient and normal rats but its concentration is 

apparently reduced during a vitamin D-deficiency since equal amounts 

of protein from the BCS(-D) or BCS(+D) do not stimulate the uptake of 

Ca by the bone cells to the same extent. Although an extensive inves

tigation of the properties of this factor was not undertaken, the BCS 

factor may be a protein because (1) it is non-dialyzable, (2) 2-4 

protein bands are observed on 7% polyacrylamide gels and (3) the biolo

gical activity of BCS(+D) increases as the concentration of BCS(+D) 

protein increases. The fact that the BCS factor stimulates ^Ca uptake 

into vitamin D-deficient bone cells and has no effect on normal bone 

cells is additional evidence that bone cells may be altered in a vitamin
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D-deficiency. This factor in the bone supernatant is not the same 

as the serum protein as evidenced by gel electrophoresis and its 

inability to stimulate the uptake of ^Ca into normal bone cells. 

Gambal (unpublished result) has shown that the serum protein fraction 

(zone 3) stimulates 4^Ca uptake into normal bone cells. Whether this 

BCS factor has any significant role in the mineralization of bone is 

not known at this time. A deficiency in vitamin D decreases the 

ability of the BCS factor to stimulate the uptake of 45Ca into 

(-D) bone cells and also increases the response of the bone cells 

to the bone cell supernatant from normal rats.



75

CHAPTER 5 

SUMMARY

This report has presented experimental evidence that support 

the following conclusions:

1. Bone cells isolated from vitamin D-deficient rats

45
incorporate Ca in an analogous manner as bone cells 

isolated from older, adult rats.

2. Bone cells isolated from vitamin D-deficient rats 

incorporate less ^Ca than bone cells from young, growing 

rats.

3. Bone cells from young, growing rats have an entirely

45
different rate of Ca uptake than cells from older, 

normal rats or vitamin D-deficient rats.

4. Bone cells from rats repleted with vitamin D for 18 

hours incorporate 45Ca at a similar rate and manner as 

the cells from young, growing rats.

5. Actinomycin D administered prior to repletion with

vitamin D not only inhibits the stimulatory effect of

, 45
vitamin D but actually decreases the Ca uptake by

bone cel 1 s.

6. The 45ca uptake by bone cells isolated from normal
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adult rats is affected by certain metabolic stimulators 

and/or inhibitors whereas the uptake of 4^Ca by cells 

from vitamin D-deficient rats are not and vice-versa.

7. Vitamin D appears to affect the transfer of calcium 

into the bone cell.

8. Within 18 hours after the administration of vitamin D 

the biosynthesis of a serum protein is stimulated and 

this protein facilitates the transfer of calcium across 

the membrane of bone cells.

9. A serum protein has been partially purified from normal

48
rat serum that will stimulate the uptake of Ca into 

bone cells. This protein is contaminated with one other 

protein, probably transferrin.

10. A factor in the bone cell supernatant from normal rats

45
will stimulate the uptake of Ca into bone cells from 

vitamin D-deficient rats. This factor is greatly 

diminished during a vitamin D deficiency.

11. Vitamin D has a direct effect on the ^ Ca  uptake by bone

48
cells and facilitates the transfer of Ca into the bone 

cells. A specific protein, a factor in the bone per se 

and possibly the cellular membrane of bone cells are 

decreased and/or altered during a deficiency of vitamin 

D and these factors are essential for the transfer of

calcium across the membranes of bone cells.
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12. Vitamin D has a direct role in the mineralization of 

bone and the function of vitamin D may be to facilitate 

the transfer of calcium across the membrane of the bone 

cells and thereby initiate the mineralization of bone.
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Mineral Composition in One Kilogram of 
Vitamin D-Free Dieta

T a b l e  1

Mineral 9/kg Mineral mg/kg

Alpha cell 33.4 MnS04 -H20 7.8

KC1 11.3 CuS04 -5H20 15.3

NaCl 3.5 K2A1204 ■3H20 3.5

MgS04 -7H20 7.8 NaF 22.1

CaC03 7.7 NaHAs04 -7H20 0.2

FeSO^ (anhydrous) 0.3 Co (CH3C00)2 -4H20 0.7

KI 2.0

aThe mineral mix is 6.5% by weight of the vitamin D-free diet



Table 2

Vitamin Composition in One Kilogram of Vitamin D-Free Diet3

Vitamin 9/kg Vitamin mg/kg Vitamin units/kg

Dextrose 48.7 Thiamine 9.7 & -Tocopherly 
acetate 134

Choline chloride 2.4 Riboflavin 11.7 Vitamin A 
pa Imitate 36525

L - Ascorbic acid 0.2 Pyrodoxine 12.7

i - Inositol 0.7
Nicotinamide 29.2

DL - Pantothenic Acid 58.4

Biotin 3.9

Folic Acid 2.9

P - Aminobenzoic Acid 24.4

Vitamin B-ĵ 2.0

Menadione 48.7

aThe vitamin mix is 5 .3% by weight of the vitamin D-free diet.

<X>
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An
Inhibitors and Stimulators Studied in Experiments Comparing Ca 
Uptake by Bone Cells From Normal and Vitamin D-Deficient Rats

T a b l e  3

Treatment Compounds Effects on Metabolism

1. ATP , NAD+, sodium succinate Stimulators of cell 
Metabolism

2 . a. 

b.

sodium cyanide 

2,4 dinitrophenol

inhibitors of oxidative 
phosphorylation

3. 2-thiophene carboxylic acid inhibitor of bone 
resorption

4. a. 6-N, 3 -O-dibutyryl 
cyclic 3' ,5' AMP

stimulators of bone 
resorption

b. theophyl1 ine

c. prostaglandin E-j

5. a. MgS04 competitors of calcium

SrCl 2b.
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Stock Solutions, Working Solutions and Stains for Preparation of

11 Polyacrylamide Gels

T a b l e  4

Stock Solutions3

A) Tris 36.6 gm
Temed 0.23 ml
IN HC1 48 ml 
HpO to 100 ml
pH 8.9

B) Tris 5.98 gm 
Temed 0.46 ml 
IN HC1 48 ml 
HpO to 100 ml 
pH 6.7

C) Acrylamide 28 gm 
BiS 0.735 gm 
HpO to 100 ml

E) Riboflavin 4 mg F) Sucrose 40 gm
HpO to 100 ml HpO to 1 00 ml

H) Ammonium Persulfate 0.14 gm
H^0 to 100 ml

Working Soluti6nsb

G) Tris 6.0 gm 
glycine 28.8 gm 
HoO to 1000 ml 
pH 8.3

Small Pore Solution
1.5 ml A
3.0 ml C
1.5 ml HpO
6.0 ml H 
pH 8.9

Large Pore Solution 
0.3 ml B 
0.6 ml D 
0.3 ml E 
1.2 ml F 
pH 6.7

Modified Large Pore 
0.3 ml B 
0.4 ml D 
0.3 ml E 
1.2 ml F 
pH 6.7

Fixative Stain Destaining Solution

Napthol Blue Black 0.25 gm 
Methanol 45 ml 
Acetic Acid 9 ml 
H2O 45 ml

Acetic Acid 70 ml 
HpO to 1000 ml

aStock solutions are prepared with distilled HpO, filtered and stored 
in brown glass bottles at 4C. The shelf life of these solutions is 
several months.

bWorking solutions should be used the day they are prepared.



100

Standard Proteins Used for Molecular Weight Determinations by Dodecyl 
Sulfate Polyacrylamide Gel Electrophoresis

T a b l e  5

Standard Protein Molecular Weight

cytochrome C 12,400

myoglobin 17,800

chymotrypsinogen A 25,000

oval human 45,000

Albumin 67,000

gamma globulin 160,000
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Stock Solutions, Buffers and Stains for Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis

T a b l e  6

Stock Solutions

Solution A
Nab^PO^'h^O 0.69 gm 

H2O to 500 ml

Solution C
Acrylamide 22.2 gm
BIS 0.6 gm
H2O to 100 ml

Buffers

Incubation Buffer 
Solution A s 39 ml 
Solution B 61 ml

2-Mercaptoethanol 0.2 ml 
SOS (99%) 0.2 gm
H2O to 200 ml

Staining Solution

1.25 gm Coomassie brilliant blue 
454 ml 50% methanol 
46 ml Glacial Acetic Acid

Solution B
Na2HP04 -7H20 1.34 gm

H20 to 500 ml

Gel Buffer
NaH2p04 'H20 7.8 gm

Na2HP04 -7H20 38.6 gm 
SDS (99%) 2.0 gm
H2O to 1000 ml



102

Effects of Vitamin D-Deficiency on Specific Bone Parameters

T a b l e  7

Treatment
Number 
Rats Per 
Group

Weeks Average 
On Body 
Diet Weight

Wet
Weight
Bone

Bone Per9 
Body 

Weight

Total 
Cel 1ular 
Protei n

Total 
Cel 1ular 
Protei n 
Per Bone

(g) (g) (mg/g) (mg) Tmg/g)

Normal*3 13 0 100 9.4 7.2 1 1 . 6 1.23

Normalk 8 0 250 13.9 6.9 28.0 2.01

-D c 10 7 n o 8.7 7.9 5.3 0.61

aBone Per Body Weight Was Obtained by the Following Calculation:
Wet Weight Bone (Mg)/Number Rats X Average Body Weight (g)

^Normal refers to female rats fed laboratory chow for diet

V-D refers to weanling female rats that were maintained in the 
dark, kept individually in wire cages, and fed the vitamin D-free 
diet and distilled H2O ad libitum for the designated number of weeks.
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Effects of Vitamin D-Repletion On Specific 
Bone Parameters

T a b l e  8

Number
Treatment Rats Per 

Group

Weeks
On
Diet

Average
Body

Weight

Wet
Weight
Bone

Bone Per Total 
Body Cellular 

Weight Protein

Total 
Cel 1 ular 
Protein 
Per Bone

(g) CgT~ (mg/g) (mg) ‘ (mg/g!

-D 10 7 n o 8.7 7.9 5.3 0.61

+Dg(4 Hours)3 8 11 131 8.0 7.6 2.8 0.35

+Dg(8 Hours)3 8 11 134 7.9 7.4 2.5 0.31

+Dg(18 Hours)a9 9 143 9.0 7.0 2.5 0.27

ACT D+Dgb i9 10 149 9.6 7.2 7.0 0.72

aFemale rats were fed the vitamin D-free diet for the designated 
number of weeks. At either 4, 8 or 18 hours before sacrifice each 
rat received intraperitoneal injections of vitamin Dg (about 100 i.u.).

^Female rats were fed the vitamin D-free diet for 10 weeks. At 20 
hours before sacrifice each rat received a 150 mg dose of actinomycin 
D and 2 hours later each rat.received intraperitoneal injections of 
vitamin Dg (about 100 i.u.).



T a b l e  9

E f f e c t s  o f  Age and V i t a m i n  D S t a t u s  on t h e  I n c o r p o r a t i o n  o f  4 5 C a l c i u m
by Bone C e l l s

Treatment
Number 
Rats Per 
Group

Weeks
On
Diet

Average
Body

Weight

Cel 1 ular 
Protein " 
Medium

% 4bcalcium Incorporated9 
In

Minutes of Incubation
(q) (mg/ml) 15 30 45 60 120

Normal 13 0 100 0.1 1.19*0.39 3.27-0.70 8.89*2.90 13.21*3.12 31.65*5.93

Normal 8 0 250 0.1 7.94-0.32b 8.66-0.49 8.35*0.25 11.58*0.52

-D 10 7 n o 0.1 2.17-0.21c 7.02-0.60b 8.83*0.42 6.72*0.68 12.66*1.26'

aResults are expressed as the mean - standard error of mean where the mean is l  total ^Ca 
incorporated per milligram cellular protein. There were 5-6 samples per group and the 
total dose 4bCa was about 200,000 counts per minute.

bp < 0.01 in comparison to the normal (100 gram) value. The student "t" test was applied. 

cp < 0.05 in comparison to the normal (100 gram) value.

O-P*



T a b l e  10

E f f e c t s  o f  V i t a m i n  D - R e p l e t i o n  on t h e  I n c o r p o r a t i o n  o f  4 5 C a l c i u m  by Bone C e l l s

Number
Treatment Rats Per 

Group

Weeks
On
Diet

Average
Body

Weight

Cellular 
Protein In 
Medium

-

1 AbCalcium Incorporatedc 

Minutes of Incubation
(g) (mg/ml) 15 30 45 60 120

-D a 10 7 n o 0.1 2 ,.17-0. 21 7.. 02-0.60 8.. 83-0.42 6..72-0. 68 1 2 ..66-1 .26

+D3 (4 Hours)3 8 11 131 0.1 0..87-0. 04d 2 .. 32-0.22d 4.,86-0.87d 5.. 35-0. 87 9..03-1. 10

+03 (8 Hours)3 8 11 134 0.1 0..31-0. 02d 0.. 65^0.14d 6..50-0.73e 9..68-1 .47 14.. 20-1 .81

+d3 (18 Hours)3 9 9 143 0.1 2 .,98±0. iod 5.20-0.43e 13..33-1.55e2 2..79-2. 93d 28. 22^5. 1 2e

ACT D + D3 b 9 10 149 0.1 0..79̂ 0. lld 2 .24±0.44d 4.,34^0.39d 4..80-0. 92 8.72-0. 93e

arefer to Table 8 , footnote a.

'-'refer to Table 8 , footnote b. 

crefer to Table 9, footnote a.

dp < 0.01 in comparison to the vitamin D-deficiency 

ep < 0.05 in comparison to the vitamin D-deficiency

(-D) value. The Student "t" test was applied. 

(-D) value.

OU1
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45

T a b l e  11

E f f e c t  o f  C e l l u l a r  M e t a b o l i s m  on t h e  I n c o r p o r a t i o n  o f  C a l c i u m  by
Bone C e l l s  From Normal  R a t s 3

Concentration 
Compound In Medium % 45Calcium :Incorporated'3 % Control0

mM control experimental

NAD+ , sodium 0.64, 14.0, 10.3-1.2 5.4-0.8d 52

succinate, 0.52

ATP

2,4 dinitrophenol 0.09 10.3-1.2 15.5-1.9d 155

sodium cyanide 0.29 10.3-1.2 18.7-1.2d 180

aBone cells were isolated from normal female rats weighing 200 
grams and were incubated in 45ca-KRB medium for 30 minutes at 
37C with the compounds indicated.

dRefer to Table 9, footnote a.

:The control samples contained no test compound and the mean 
4^Ca uptake by the controls was considered as 100%.

dp < 0.01 in comparison to the control value. The Student "t" 
test was applled.
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T a b l e  12
45E f f e c t  o f  O x i d a t i v e  P h o s p h o r y l a t i o n  on t h e  I n c o r p o r a t i o n  o f  C a l c i u m

by Bone C e l l s  From Normal  R a t s 3

Concentration 
Compound In Medium %^ Calcium Incorporated^ % Controlc

mM control experimental

sodium cyanide 0.14 40.6-1.4 40.4-1.1 100
0.28 40.6-1.4 44.5-0.7e n o
0.41 40.6-1.4 42.5-1.3 105

2,4 di nitro-

phenol 0.09 34.8-1.3 43.6^1.3° 125

0.18 34.8jh .3 41.4-3.9° 119
0.27 34.8-1.3 37.9-1.8 109

aBone cells were isolated from normal female rats weighing 
300 grams and were incubated in 45ca-KRB medium with the 
compounds indicated.

bRefer to Table 9, footnote a

cRefer to Table 11, footnote c

dp < 0.01 in comparison to the control value

ep < 0.05 in comparison to the control value.
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T a b l e  13

E f f e c t  o f  S t i m u l a t o r s  o f  Bone R e s o r p t i o n  on 4 5 C a l c i u m  U p t a k e  by
Bone C e l l s  From Normal R a t s a

Stimulator
Concentration 
In Medium % ^ C a l c i u m Incorporated^3 % Control

mM control experimental

prostagladin E-j 14.0 0.79-0.03 0.79-0.04 100

cyclic 3' ,5' AMPd 0.06 13.9x1.1 14.5-0.7 104
0 .1 2 13.9-1.1 15.5-0.6 112
0.18 13.9-1.1 14.8-0.6 106
0.52 6.5J0.5 6.8-0.2 105
1.56 6.5T0.5 6.9-0.2 106

theophyl1ine 0.29 1 2 .9-0.6 14.1-0.4 109
0.57 12.9x0.6 13.7t0.7 106
1.14 12.9-0.6 14.7x0.6 114
1.64 9.2-0.7 9.1-0.7 100
3.29 9.2-0.7 8.9x0.7 97
6.57 9.2-0.7 8.5-1.1 92

aBone cells were isolated from normal female rats weighing 150- 
200 grams and were incubated in 45Ca-KRB medium with the 
compounds indicated.

^Refer to Table 9, footnote a

cRefer to Table 11, footnote c

^Cyclic 3',5' AMP was the dibutyryl derivative
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Effect of 2-Thiophene Carboxylic Acid on the Incorporation of ^Calcium 
by Bone Cells From Normal Ratsa

T a b l e  14

Inhibitor
Concentration 
In Medium % ^Calcium Incorporated % Control

mM control experimental

2-TPCA 1.05 8.0-1.3 10.0-2.3 125
3.16 8 .Ojl. 3 9.2 - 1 .1 115
5.27 8.0-1.3 6.4-1.6 80

2-TPCAb 0.52 14.3^0.9 14.4^1.0 100
1.05 14.3-0.9 13.6^1.4 95
3.16 14.3-0.9 15.1-1.2 105

aBone cells were isolated from normal female rats weighing 
300 grams and were incubated in 45ca_|<RB medium with 2-TPCA, 
an inhibitor of bone resorption (194).

^Solution adjusted to pH 7.6 with 0.1N NaOH and then added 
to the incubation medium.



T a b l e  15

E f f e c t  o f  S t r o n t i u m  on t h e  I n c o r p o r a t i o n  o f 45C a l c i u m  by Bone C e l l s  From Normal Rats a

Strontium
Cation Concentration

Calcium
Concentration

Sr+2/Ca+2
Ratio l  45Calcium Incorporated % Control

mM mM control experimental

Strontium 0.34 1.72 0.2 2.24-0.1 1.94-0.1 87

0.68 1.72 0.4 2.24-0.1 1.75-0.1c 78

1 .0 2 1.72 0.6 2.24-0.1 1.58^0.1b 70

aBone cells were isolated from normal male rats weighing 300 grams.

kp < 0.01 in comparison to control value. The Student "t" test was applied.

cp < 0.05 in comparison to control value.

o



T a b l e  16

E f f e c t  o f  Magnes ium on t h e  I n c o r p o r a t i o n  o f 45C a l c i u m  by Bone C e l l s  From Normal R a t s 3

Cation
Magnesium
Concentration

Calcium
Concentration

Mg+2/Ca+2
Ratio

n r
% Calcium Incorporated % Control

mM mM control experimental

0.00 1.72 0.00 42.7-2.0 47.2-2.8 n o

Magnesium*3 0.41 1.72 0.23 42.7-2.0 61.5-2.2c 144

0.81 1.72 0.47 42.7-2.0 42.7-2.0 100

1.62 1.72 0.94 42.7-2.0 54.6-1.7C 128

3Bone cells were isolated from normal female rats weighing 300 grams.

kfhe normal concentration of magnesium in Krebs-Ringer bicarbonate buffer is 0.81 mM and 
that concentration represented the control for this experiment.

cp < 0.01 in comparison to the control value. The Student "t" test was applied.



T a b l e  17

Effects of Specific Compounds on the Incorporation of
D-Defici ent Rats3

45 C a l c i u m  by Bone C e l l s  From V i t a m i n

Compound
Weeks
On
Diet

Average
Body

Weight

Concentration 
In Medium % ^Calcium Incorporated^ % Control

NAD+, Sodium 
Succinate, ATP

26
( g ) fnM contro 1 expérimenta 1
200 0.64, 14.0, 

0.52
9.0Ì0.5 3.9i0.5d 43

NAD+, Sodium 
Succinate

26 200 0.64, 14.0 9.0ÌQ.5 4.4-0.5d 49

2,4 dinitorphenol 11 130 0.09 38.9-2.1 39.0-1.3 100

sodium cyanide 11 130 0.29 38.9-2.1 35.5-2.2 91

prostaglandin E-] 17 160 1 2 .0
19.0

9.3- 0.7
9.3- 0.7

8 .3-0.6 
8.5-0.6

89
91

theophyl1 ine 11 130 1.69 38.9-2.1 37.8-1.7 97

2-thiophene 
carboxylic acid 
(pH 7.2)

13 150 3.16 11.7-0.7 17.8-0.3d 152

aBone cells were isolated from vitamin D-deficient rats that were fed the deficient diet for the indicated 
number of weeks. The cells were incubated in ^^ca-KRB medium with the treatment compounds for 30 minutes 
at 37C.

^Refer to Table 9, footnote a. 

cRefer to Table 11, footnote c

^p < 0.01 in comparison to the control value. The Student "t" test was applied.



T a b l e  18

Effects of Strontium and Magnesium on the Incorporation of 45Calcium by Bone Cells From Vitamin
D-Deficient Rats

Cation
Weeks
On
Diet

Average
Body
Weight

Cation
Concentration

Calcium
Concentration

Cation/Ca+^
Ratio 7o 4bCalcium Incorporated ;l Control

” Tg)" mM mM control experimental

strontium 15 155 0.34 1.76 0.20 17.1 -0.5 17.3^0.7 100
0.68 1.76 0.39 17.1*0.5 18.1-0.5 106

magnesium3 13 150 0.00 1.76 0.00 11.7±0.7 14.0-0.5b 120
0.77 1.76 0.44 11.7Ì0.7 n.7±0.7 100
1.54 1.76 0.88 11.7-0.7 14.7-0.9b 126

aRefer to Table 16, footnote b

bp <  0.05 in comparison to the control value. The Student "t" test was applied.

GO



114

Comparison of the Effects of Specific Compounds on the Incorporation 
of ^calcium by Bone Cells From Normal and Vitamin D-Deficient Rats

T a b l e  19

Compound Effect on ^calcium incorporation 
by bone cells3

Normal Vitamin D-deficient

NAD+, Sodium Succinate, ATP Inhi bition Inhibition

2,4 dinitrophenol Stimulation None

sodium cyanide Stimulation None

cyclic 3' ,5' AMP None -

prostaglandin E-| None None

theophyl line None None

2-thiophene carboxylic acid None Stimulation

strontium Inhibition None

magnesium Stimulation Stimulation

aRefer to results shown in Tables 11-18.
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A Serum Protein Fraction From Vitamin D-Repleted Rats That Stimulates 
the Incorporation of 4bCa1cium Into Bone Cells9

T a b l e  20

Protein Vitamin D2 Concentration l  45calcium % Stimulation
Fraction Repletion Time Serum Protein Incorporated Per mg/ml

Serum Protein

(hours) (mg/ml) control experimental

zone 3 2 0.77 9.1-0.8 1 2 .9-0.8C 52

zone 3 12 0.48

CO0
 

+
 1cr> 1 2 .8-0.8c 83

zone 3 18 0.81 9.1*0.8 15.5-1.0b 86

aThe serum fractions were obtained from female rats that were 
fed the vitamin D-free diet for 23 weeks and weighed 185 grams. 
Each serum fraction was from the pooled sera of 5 rats that 
were repleted with 120 i.u. of vitamin D2 . Bone cells were 
from vitamin D-deficient female rats (17 weeks on vitamin D-free 
diet) weighing 150 grams. The cells were incubated in 45Qa-KRB 
medium with the serum protein for 30 minutes at 37C. There 
were 5-6 samples per group and the total dose 45ca was about 
200,000 counts per minute. Control samples contained no added 
serum protein and the mean 45ca uptake by the controls was 
considered as 0% stimulation.

bp < 0.01 in comparison to the control value. The Student 
"t" test was applied.

cp < 0.05 in comparison to the control value.
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The Role of Vitamin D in the Biosynthesis of a Serum Protein That 
Stimulates 45Ca Uptake Into Bone Cells3

T a b l e  21

Protein Vitamin D? Actinomycin Concentra- l  Calcium % Stimu-
Fraction Repletion D tion Serum Incorporated lati on

Time Protein

(hours) (ug/rat) (mg/ml) control experimental

zone 3 0 0 0.51 6.0-0.6 6.7-0.2 12

zone 3 18 0 0.52 6.0-0.6 8.9-0.1

-QCO

zone 3 18 150 0.48 6.0-0.6 7.2-0.1 20

aSerum fractions were obtained from pooled serum of female 
rats that were fed the vitamin D-free diet for 10 weeks 
and weighed 130-150 grams. Rats were repleted with vitamin 
D2 (256 i.u/rat) 18 hours before sacrifice. Actinomycin 
D was administered 2 hours prior to repletion. Bone cells 
were from vitamin D-deficient female rats (21 weeks on 
vitamin D-free diet) weighing 160 grams. The cells were 
incubated in 45ca_KRg medium containing the serum protein. 
Control samples contained no added serum protein.

kp < 0.01 in comparison to the control value. The Student 
"t" test was applied.
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Effect of the Bone Cell Supernatant (BCS) on the Incorporation of 
45calcium by Bone Cells From Normal Ratsa

T a b l e  22

Treatment
BCS Protein 
Concentration % ^Calciumi Incorporated0 % Control

(ug/ml) control experimental

BCS(+D)b 120 17.6-1.7 21.5-0.6 120

BCS(-D)b 180 17.6-1.7 18.7-0.8 105

aBone cells were isolated from normal female rats weighing 
200 grams and incubated for 30 minutes at 37C in 45ca-KRB 
medium with the bone cell supernatant.

bBCS(+D) was obtained from the bones of normal female rats 
weighing 200 grams and BCS(-D) was from the bones of vitamin 
D-deficient rats that were fed the vitamin D-free diet for 10 
weeks and weighed 150 grams.

cRefer to Table 9, footnote a.
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Figure 1. Primary metabolism of vitamin D3 . The conversion of 
cholecalciferol to 25-OH Do occurs in the liver. The 
hydroxylation of 25-OH D3 in the kidney can yield 
1 ,25(0H)2D3 or 24,25(0H)2D3. The 1,25(OH)2*̂ 3 metabolite 
predominates in calcium deficiency and under conditions 
of a greater physiological need for calcium. When the 
synthesis of 1,25(0H)2D3 is depressed (ie. under high 
levels of dietary calcium or strontium) 24,25(0H)2Ü3 
is the major metabolite.
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Figure 2. A diagrammatic description of the method used to 
isolate the bone cells used in these studies. All 
steps at 0-4 C.
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repeat 3x

I
— <  residue

(discard final

fresh bone
| split longitudinally, blot, mince 

minced bone
place in motar, add 25 ml 0.25M sucrose 
-10 mM tris pH 7.4 grind gently with 
pestal to wash marrow from the bone 
repeat 2x. decant and discard super- 
natant after each wash.

bone residue
add 3 ml/gm bone of the sucrose-tris 
buffer and grind bone for 2 minutes

residue)

pool supernatants from 
each grinding and filter 
through cheese cloth

bone cell suspension
centrifuge 1500 x g, 
15 minutes.

|

crude bone cell ) '

precipitate bone cell supernatant
resuspend in 40 ml sucrose- (Save) 
tris buffer; layer over 5 ml 
Dextran solution (30% w/v) 
centrifuge 700xg, 30 minutes.

r  t
pellet under packed bone cells
dextran 
(discard)

h
supernatant

(discard)

wash 2x with fresh sucrose-tris 
buffer, centrifuge lOOOxg,
10 minutes

V
bone cel 1 s
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Figure 3. Chromatography on Sephadex G:200 of the 50-80% 
ammonium sulfate fraction obtained from rat serum.
The column (2.5 x 45 cm) was equilibrated with 
0.15 M NaCl - 0.02 M tris buffer pH 8.0. Prior 
to application, the sample was dialyzed exhaustively 
against the same buffer. Fractions of 3.0 ml were 
collected at 15 minute intervals. The distribution 
of the vitamin D-dependent serum protein was obtained 
by assaying the ability of zones 1 - 6 to stimulate 
45ca uptake into bone. Zone 3 contained the 
highest biological activity (arrows).
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Figure 4. Chromatography on DEAE-Sephadex of the zone 3 fraction
containing the vitamin D-dependent serum protein obtained 
by gel chromatography on Sephadex G:200. The column 
(1 x 30 cm) was equilibrated with 0.14 M NaCl - 0.05 
M tris buffer pH 6.7. Prior to application, the sample 
was dialyzed exhaustively against the same buffer. 
Fractions of 3.0 ml were collected at intervals of 20 
minutes. The distribution of the vitamin D-dependent 
serum protein was obtained bv assaying the ability of 
zones A and B to stimulate uptake into bone cells. 
Zone A contained the highest biological activity (arrows).
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Figure 5. A diagramatic description of the method used to 
partially purify the vitamin D-dependent serum 
protein.



127

Rat Serum

t
supernatant

Saturate to 30% (NH^SO*
4C» 2 hours
centrifuge 15,000xg, 15 minutes 

0-30% precipitate

saturate to 50% (1̂ 4)2804 
4C, 2 hours
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1
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Figure 6. Effects of age and vitamin D status on the incorporation 
of 45ca]cjum by bone cells. Changing calcium specific 
activities found in bone cells isolated from normal 
(100 gram) • - #  , normal (250 gram) 0 — 0  , and vitamin 
D-deficient A — A  rats with increasing times of incu
bation in Krebs-Ringer bicarbonate buffer pH 7.4 with 
^calcium. Results are expressed as mean - standard 
error of mean and each point represents the mean of 
5-6 samples. The results depicted in this figure are 
also presented in Table 9.
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Figure 7. The distribution of ^calcium in bone cells derived 
by centrifugation of bone cell homogenates prepared 
in, 0.15 M NaCl-0.02 M tris buffer pH 8.0. Centrifu
gation was for 10 minutes at lOOOxg. The bone cells 
were from normal male rats (250-300 grams) and were 
incubated in 45ca-KRB medium for 30 minutes at 37C 
prior to the homogenization.
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Figure 8. Effects of vitamin D-repletion on the incorporation of 
45calcium by bone cells. Changing calcium specific 
activities found in bone cells isolated from vitamin 
D-çleficient ( • — •  ), and vitamin D-repleted (4 hours 
0 — 0  , 8 hours Q — □  , and 18 hours A —A  ) rats with 
increasing times of incubation in Krebs-Ringer bicar
bonate buffer pH 7.4 with 45caicium. Results are 
expressed as mean - standard error of mean and each 
point represents the mean of 5-6 samples. The results 
depicted in this figure are also presented in Table 10
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Figure 9. Actinomycin D inhibition of 45calcium uptake by bone 
cells. Rats were fed the vitamin D-free diet for 10 
weeks and administered actinomycin D (150 ug/rat) 
two hours prior to repletion with vitamin Dg (100 
i.U./rat). The rats were sacrificed 18 hours after 
repletion and bone cells were isolated. The bone 
cells were incubated in 45Ca-KRB medium, at 15 
minute intervals 5 samples were removed and radio
activity in the cells was measured. The 4^Ca uptake 
by the cells from actinomycin D treated rats ( 0 — 0  ) 
is compared to (-D) bone cells ( # — •  ) and cells 
from vitamin D-repleted (18 hours before sacrifice) 
rats ( A — A  ). The results depicted in this figure 
are also presented in Table 10.
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Figure 10. Disc gel electrophoresis of the proteins from the 
Sephadex G:200 column was performed on 11 poly
acrylamide gel in tris-glycine buffer pH 8.3 
(Table 4) and migration is from bottom (cathode) 
to top. Tubes 1-6 represent the proteins in the 
six eluates from the Sephadex G:200 column. Refer 
to Figure 3.
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Figure 11.Disc gel electrophoresis of proteins in zone A from 
the DEAE-Sephadex column showing that only 2 protein 
bands are present in this fraction (refer to Figure 4). 
Electrophoresis was performed on 7% polyacrylamide gel 
in tris-glycine buffer pH 8.3 and migration is from 
bottom (cathode) to top. This protein fraction stimu
lates 4$Ca uptake into isolated bone cells.
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Figure 12. Disc gel electrophoresis of protein in zone B from 
the DEAE-Sephadex column showing that this fraction 
contains albumin only (tubes 2-5). Tube 1 is a 
picture of total serum.
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Figure 13. A vitamin D-dependent serum protein that stimulates 
the incorporation of 45ca1cium into bone cells. The 
protein fraction corresponds to zone A of the DEAE- 
Sephadex chromatogram (Figure 4) and was obtained 
from the pooled sera of normal female rats weighing 
250 grams. Bone cells were isolated from vitamin 
D-deficient rats (27 weeks on the vitamin D-free 
diet) weighing 170 grams. The cells were incubated 
in 45ca-KRB medium with the serum protein for 30 
minutes at 37C. Control samples contained no added 
serum protein. Each point represents the mean 45ca 
uptake per milligram of cellular protein in 5 samples 
and the standard error of the mean is indicated for 
each value.

ap <  0.01 in comparison to the control balue. The 
Student "t" test was applied.

bp <  0.05 in comparison to the control value.
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Figure 14. Standard curve for molecular weight determinations.
The molecular weight of the serum proteins in the 
partially purified zone A (refer to Figure 11) was 
estimated by dodecyl sulfate polyacrylamide gel 
electrophoresis (10% polyacrylamide gel) and 
purified proteins with known molecular weights were 
used as standards. The standard curve was obtained 
by plotting the mobility of each standard protein 
( • — •  ) against the logarithm of its molecular 
weight. The molecular weight of the unknown pro
teins ( O  ) were estimated from this curve (arrows).
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Figure 15. A factor from bone that stimulates the incorporation of 

45calcium into bone cells from vitamin D-deficient rats. 

Bone cell supernatant (BCS) was isolated from the bone 
of normal rats (+D) weighing 250 grams and from vitamin 
D-deficient rats (-D) weighing 140 grams (10 week on 
-D diet) and protein in the BCS was determined. Increas
ing concentrations of BCS (+D'-0— O a n d  BCS (-D) •

were added to bone cells in 45ca_|<RES medium and incubated 
for 30 minutes at 37C. Bone cells were from vitamin 

D-deficient rats (21 weeks on diet) weighing 160 grams. 
Refer to Table 9, footnote a. Control samples contained 
no BCS protein.

3P <  0.01 in comparison to the control value. -The Student 
"t" test was applied.

kp <  0.05 in comparison to the control value.
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