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ABSTRACT

The skeleton is recognized as a cruéial.organ in the minute-to-
minute regulation of the blood levels of calcium and phosphate. The
fluxes éf calcium and phosphate to and from bone greatly exceed the
entry and exit of ;hese ions occurring in the intestine and kidneys.
Parathyroid hofmone, calcitonin and 1,25—dihydroxyvitamin-D3 (1,25-
(0H)2D3) are known to influence the transfer of calcium and phosphate
from bone to blood.

Three mechanisms have been proposed to explain the hormonal control
of the calcium and phosphate effluxes from bone. The concept of a
"bone membrane'" maintaining a distinct bone extracellular fluid compo-

"pH gradient” theories. Under these

sition has led to the "pump" and
proposals, calcium and phosphate are either actively transported from
bone to blood or dissolved from the bone mineral crystal surface by

the action of a decreased pH in the bone extracellular fluid. An
alternate "solubilizer'" theory proposes that boneAcells secrete a sub-
stance which increases the solubility of thé bone mineral.

The '"bone membrane" concept was originally proposed to explain the
presence of the apparent anomalously high concentrations of potassium in
the bone extracellular fluid. These elevated potassium levels were
found toresult, in part, from  the zeté potential-induced concentration

of polarizable ions. Non-vital chick calvaria were shown to concentrate

the sodium and potassium in bone water by a factor of approximately two
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over the buffer levels of these ions. At the present time, estimates
of the volume of skeletal water occupied by cells are sufficiently
imprécise to preclude the proper assignment of skeletal potassium
between cellular and extracellular compartments. Thus, the available
evidence does not allow an unambiguous decision concérning the presence
of a bone membrane.

Incubated caivaria from neonatal mice previously injected with
1,25—(OH)2D3 were used to explore the mechanism of action of this hormone.
Calvarial lactate production was unaltered by'l,ZS—(OH)ZD3 treatment and
consequently 1,25—(0H)2D3 does not appear to promote the mobilization of
bone mineral through a lactate-mediated 'pH gradient' mechanism. 1,25-
(0_H)2D3 did increase the solubility of non-vital bone, clearly demonstrat-

ing that the "solubilizer" mechanism is at least partially responsible
for the mobilization of bone mineral and the regulation of blood levels
of calcium and phosphate.

Studies were undertaken to develop a system of vitamin D-deficient
bone suitable for in vitro examinations of the skeletal actions of wvarious
vitamin D metabolites. Vitamin D-deficient female rats fed a 0.2% calcium,
0.4% phosphorous diet and supplemented with daily injections of 0.75 pmole
of l,25—(0H)2D3 were shown to be capable of bearing young. When the
injectioné of 1,25—(OH)2D3 were terminated at aelivery, the dams and pups
showed signs of vitamin D deficiency approximately one week later. Vitamin

D-deficient rat pups were also produced by placing normal impregnated rats

on a vitamin D-deficient diet soon after mating.
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INTRODUCTION



The ;keleton funétions both as an architectural support structure
and as a storage depot involved in electrolyte homeostasis. In many
respects, a calcium phosphate mineral phase interwoven among collagen
fibers is a system ideally suited to carry out these two functioms.
Deposition of a collagen matrix at the proper locations determines the
unique three~dimensional shape of each bone while bone strength results
from the non—compressibilitf of the mineral phase. The exceedingly
small size of the hydroxyapatite crystals, by permitting a reasonable
degree of diffusion and providing a large surface area, allows exchange
of mineral components with the ions of the general extraceliular fluids.

Bone growth and shape are influenced by a combination of local and
systemic factors. At the tissue level, pressure appears to play a major
role in determining bone growth. Moss and his colleagues have concluded
that under normal conditions, physical pressure applied to the cranio-
facial bones by the expanding neural mass is the dominant factor im the
growth of these bones. Osseous deposition and resorption ("transforma-
tive" growth), although important in endochondral calcification, are not
involved in determining the final position and shape of the calvarium.
The skeletal atrophy observed in disuse osteoporosis also attests to the
importance of local forces in maintaining the integrity of the skeleton.

For proper skeletal growth, humoral agents are also required. Bone
cells must obviously be provided with the nutrients necessary for their

proper functioning and these nutrients can only arrive with the assistance



of an adequate circulatofy system. Somatomedin has dramatic stimulatory
effects on cartilage development, and an impﬁre preparation of somatomedin
C has been shown to triple the synthetic rate of collagen in fetal rat
calvaria. VAt the present time, a skeletal factor analogous to the nerve
and epidermal growth factors has not been found. The anabolic actions

of both parathyroid hormone and vitamin D on the skeleton may result
-entirely from primary effects on blood electrolytes.

Skeletal remodeling occuré throughout the lifetime of an animal.

Even after bone growth has ceased, random osteoclastic resorption of both
mineral and organic matrix spontaneously erupfs. Following this osteo-
clastic activity, new bone formation replaces the previously removed bone.
Under normal conditions, fesorption and formation are in balance and the
total skeletal mass remains constant. However, in osteoporosis, new

bone formation does not keep up with resorption and the loss of bone,
particularly in the vertebrae, greatly decreases the overall load~carrying
capacity of the skeleton.

Proper growth, development, shape and remodeling of bone are important
for the architecturalrole of the skeléton in providing both structural
support for locomotion and protection of soft tissue. The continual
maintenance of these physical aspects of bone structufe has been termed
skeletal homeostasis.

The skeleton is also involved in mineral homeostasis, that is, the
maintenance of a constant "milieu interieur" throughout the general extra-

cellular fluids. Bone, with huge reserves of calcium and phosphate, can



release these ions to the circulation in times of low dietary intake or
excessive output, such as. that occurring during lactation. In addition
to storing calcium and phosphate, bone also contains large quantities of
magnesium and sodium and acts to buffer changes in blood pH.

Bone is one of the main organs involved in the regulation of blood
levels of calcium and phOSphater Not surprisingly, the three hormones
known to be primarily involved in calcium and phosphate homeostasis,
parathyroid hormone, calcitonin and l,259dihydroxjcholecalciferol
[l,25—(0H)2D3], all act upon the skeleton. Parathyroid hormone and
l,25—(0H)2D3 promote the net transfer ofAcalcium and phosphate from bone
to blood while calcitonin decreases the efflux of these ions from bone.

The intestine and kidneys also play important roles in regulating
blood levels of calcium-and phosphate;A Active transport of calcium and
phosphate'by the. gut aoes_not occur in the absence of vitamin D aﬁd
l,25—(0H)2D3 is believed to be the active metabolite of vitamin D3.respon—
sible for initiating this active transport process. Parathyroid hormone
acts on the kidneys to increase the tubular reabsorption of calcium while
reducing the reaﬁsorﬁtion of phosphate.

Although any attempt to describe the integration of the homeostatic
regulatory mechaniéms for calecium and phosphate will undoubtedly be
incomplete, DeLuca has proposed a relatively simple hypothesis that
provides a reasonable framework for further studies. This concept is
best understood by considering the responses invoked by hypocalcemia and

hypophosphatemia:



A) The increased secretion of parathyroid hormone brought about by
hypocalcemia results in:
i) mobilization of calcium and. phosphate from bone mineral,
ii) .increased renal synthesis of 1,25—(OH)2D3 and the consequent
increase in the absorption of calcium and phosphate in the gut,
iii) 1increased renal reabsorption of calcium with a concurrent
increased secretion of phosphate.
B) The increased synthesis of;l,25—(OH)2D3 brought about by hypophospha-
temia results iﬁ:
i) mobilization of calcium ana phosphate from bone mineral,

ii) 1increased absorption of calcium and phosphate in the gut.

The key difference between events following hypocalcemia and hypophos-
phatemia is the renal actions of parathyroid hormome. The enhanced
secretion of parathyroid hormone brought about by hypééalcemia removes
the tendency towards hyperphosphatemia resulting from the entry of phosphaté
into blood from bone and intestine by inducing a renal digresié of this
anion. In contrast, since hypophosphatemia does not result in enhanced
parathyroid hormone secretion, phosphate is conserved by the kidneys while
most of the increased filtered load of calcium is excreted.

There exists almost universal agreement that, among their other
actions, parathyroid hormone and l,25—(OH)2D3 promote the release of
calcium, phosphate and orgénic matrix from the skeleton while the skeletal

actions of calcitonin oppose those of parathyroid hormone and l,25—(OH)2D3.



The major purpose behind the experiments carried out as é part of this
thesis is the elucidation of the mechanism(s) behind the skeletal actions
of these hormones. |

The mechanism(s) by which a hormone found at concentrations on the

order of 10-lO

moles/liter can effect the removal of up to gram quantities
of bone mineral and matrix is expected to be a multi-step process. It is
almost axiomatic that skeletal-active hormones do not act directly upon
the extracellular mineral and matrix but invoke a series of specific
responses in bone cells which eventually alter extracellular events.
Cellular events thought to be involved in the aétions of parathyroid
hormone, 1,25-(OH)2D3 and calcitonin include:

1) hormone receptor activation,

2) plasma and mitochondrial membrane ion fluxes,

3) cyclic AMP induced protein phosphorylation,

4) intermediary metabolism of carbohydrates,

5) de novo protein synthesis,

6) release of lysozomal enzymes, and

7) differentiation of precursor cells,

Since the end-result of the actions of parathyroid hormone, ],25—(0H)2D

and calcitonin is a change in the extracellular status of bone, the

experiments performed as a part of this thesis were designed with particular

attention to extracellular events. Although the organic matrix of bone is

3



undoubtedly important in skeletal homeostasis, the studies which follow
are principally involved with mineral homeostasis and consequently with
the mineral ﬁhase of bone. In effect, these studies are from the '"point
of view" of the bone mineral; i.e., if literary license may be taken,
what does a calcium or phosphate ion located on the surface of a crystal
of bone miﬁeral "see" when thelhormonal messenger‘l,ZS—(OH)zD‘3 "directs"
bone cells to mobilize bone mineral?

The experimental attack on the mechanism(s) involved in the skeletal
aspects of mineral homeéstasié requires an integration of several
approaches. The results of studies on whole animals, perfused bone,
incuba;ed bone fragments, isolated cells and sub-cellular systems must
be put together to form coherent, physiological explanations. No one
technique has more inherent power than another. However, the more
"physiologiéally relevant' approaches, although highly desirable when
knowledge of thch responses actually take place is needed, are often
vague and non-discriminatory wﬁen probing the mechanism(s) behind these
responses.

While the importance and potential power of the techniqueé involving
isolated bone cells and the preparation of sub-cellular fractionsAare
recognized, studies on intact bone have considerable merit and make up
a sizeable fraction of the experiments described in this thesis. Chapters
2, 3, 4 and part of 5 involve in vitro incubations of intact calvaria.
Although the majority of Chapter 5 is concerned with éhronic animal studies,
the development bf vitamin D-deficient bone suitable for in vitro éxperi-

ments provided the impetus behind that investigation.



The initial experiments were performed with the intent of extending
the "bone membrane" concept developed to explain the seemingly aberrant
concentrations of potassium in bone water. 'A review of the bone potassium—
bone membrane literature is given in Chapter 1. As these experiments‘
progressed, the observed blood/bone extracellular fluid potassium gradient
did not appear to be large and, due to errors in determining the cellular
potassium content, this gradient might be found to be non-existent.

Since one of the hypotheses arising from the bone membrane concept
involved the presence of a blood/bone extracellular fluid pH gradient,
experiments were undertaken to determine the bone water pH and the influence
of 1,25-(0H)2D3 upon bone lactic acid production. In unreported experiments
utilizing the distribution of the weak acid DMO [5,5~Dimethyl-2,4-oxazoli-
dinedione], no evidence was foﬁnd to support the proposals that the pH of
the bone‘extracellular fluid differs from that of blood. The data presented
in Chapter 4 clearly demonstrate that 1,25—(0H)2D3 can mobilize bone mineral
without altering bone lactate.production. The lack of favorable evidence
in support of a blood/bone pH gradient coupled with increasing amounts of
data indicating the bone membrane is rather permeable, the decrease in the
experimental blood/bone potassium gradient and the failure of the bome
membrane concept to provide further insights into the mechanisms underlying
- the skeletal aspects of mineral homeostasis, has led to a decline in
enthusiasm for the importance of a bone membrane.

While éhe bone membrane concept was falling into disfavor, the

experiments reported in Chapter 4 gave additional support to work of the



1960's in which the solubility of bone mineral taken from non-vital bone
was found to be under hormonal control. The concept of a bone mineral
"solubilizer" has been further developed and brought up to date in Chapter
4. Further work is required to determine whether this theory can fully
explain the actions of the skeletal-active hormones on the movement of
calcium and phosphate between bone and blood.

The concepts developed in this Introduction were obtained from
numerous sources. 'Many references to particular experiments can be found
in the five chapters which follow. The soﬁafomedin experiment was per-
formed by E.M. Canalis, R.L. Hintz, J.W. Dietrich, D.M. Marina and L.G.
Raisz and appeared under the title, "Effect of Somatomedin and Growth
Hormone on Bone Collagen Synthesis In Vitro" in Metabolism 26, 1079-

1087 (1977).' Excellent review articles on the material preseﬁted in
this séction'includé:
DeLuca, H.F.: Vitamin D: The vitamin and the hormone. Fed. Proc. 33,

2211-2219 (1974).

DelLuca, H.F. and H.K. Schnoes: Metabolism and mechanism of action of

vitamin D. Ann. Rev. Biochem. 45, 631-666 (1976).

Moss, M.L., M.-A. Meehan and L. Salentijn: Transformative and translative
growth processes in neurocranial development of the rat. Acta Anat.

81, 161-182 (1972).

Neuman, W.F.: The mileau interieur of bome. Claude Bernard revisited.

Fed. Proc. 28, 1846-1850 (1969).
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Parfitt, A.M.: The actions of parathyriod horﬁone on bone:. Relation to
bone remodeling and turnover, calciuﬁ hoemostasis, and metabolic bone
disease. Parts I, II, III, IV. Metabolism 25, 809-844, 909-955,
1033-1069, 1157-1188 (1976).

Potts, J.T., Jr. and L.F. Deftos: .Parathyroid'hormone, calcitonin,

vitamin D, bone and bone mineral metabolism. In, Duncan's Diseases

of Metabolism (Endocrinology), 7th edition; ed. by P.K. Bondy and

L.E. Rosenberg. W.B. Saunders Co., Philadelphia, pp. 1225-1430, 1974.

Raisz, L.G.: Bone metabolism and calcium regulation. In, Metabolic Bone

Disease, vol. I, ed. by L.V. Avioli and S.M. Krane. Academic Press,
Inc., New York, pp. _1-48, 1977.

Rasmussen, H. and P. Bordier: The Physiological and Cellular Basis of

Metabolic Bone Disease. The Williams & Wilkins Co., Baltimore, 1974.




CHAPTER ONE

THE STATUS OF POTASSIUM IN BONE
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Studies on the role of the skeleton in buffering the blood levels
of pH, sodium and potassium provided the initial impetus for measuring
potassium levels in bone (2,3,4,8,14,45,46,47,65,66). The prevalent
thinking of the time held that most of the skeletal potassium could not
be ionic and therefore bone potassium levels were typicaily expresséd in
terms of dry &eight. In 1955 Bergstrom (2) concluded thatvbone potassium
values were too high to "be'feasonably assigned to the tissue fluids
present' and that potassium was ''probably associated with (hydroxyapatite
crystal) surface carbonate'. In their 1959 review of the literature,
Edelman and Leibman (17) calculated that when skeletal potassium was
expressed in terms of bone water, potassium concentrations were 90 mM or
greater and predicted that the "bulk'" of bone potassium was nonexchange-
able and associated with the mineral phase.

Subsequent'gtudies have shown that the vast majority of‘potassium
in bone is exchangeable ovér a time course of approximately one hour.
Norman, studying bone potassium under a variety of physiological states
(45,46,47), first demonstrated that skeletal potassium was nearly com-—
pletely exchangeable. Complete exchange of skeletal potassium was also
found by Triffitt et al. (65) in rat tibia and Scarpace and Neuman (59)
in embryonic chick calvaria. In a follow-up to the study of Triféitt et al.
(65), Neuman et al. (40) found that only 80% of the potassium in rat
tibia exchanged withip two hours and the ;emaining 20% of the potassium

exchanged much more slowly. In contrast to potassium, chloride exchange



13

was complete in slightly over 10 minutes (40).. In studies as a part of
this investigation, potassium in the rat pup calvarium appeared to be
fully exchangeable (Chapter 3) while typically a few per cent of the
total potassium in young chick calvaria was .nonexchangeable (Chapter 2).
Thé limited studies undertaken with synthetic hydroxyapatite fuliy
‘support"the data on potassiud éxchénge in bone mineral. Neuman et al;
(39) showed that when. potassium was preéent during the precipitafion of
hydroxyapatite from solutions of calcium and phosphate at neutral pH,
93 to 947 of the potassium associated with these crystals and their hydra-
tion water exchanged within one hour. Pak and Bartter (51) showed that
increasing the solution potassium concentration increased the amount of
exchangeable calcium in the hydroxyapatite hydration water and concluded
that small quantities of potassium can substitute for calcium on the
hydroxyapatite crystal surface. Such a substitution would méke the net
charge on the crystal surface more negative and thereby promote additional
calcium "counter—ion'" accumulation in the hydration water as a result‘;f
charge neutralization. To further support their claims of potassium
binding by hydroxyapatite, Pak and Bartter (51) studiéd the release of
42K from hydroxyapatite prelabeled with the isotope fér 24 to 65 hours
and found that a small amount of potassium Qas displaced from the crystals
only after several hours of incubation.
The only study indicating the presence of large quantities of non-

exchangeable skeletal potassium is that of Hartsuck et al. (22). These

investigators found that roughly one-half of the potassium in dog and
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human bone was nonexchangeable but apparently worked with extremely low
count rates at times relatively long compared to the 12.4 hour half-life
of 42K. Lacking any confirmation of this data, the evidence presently
available must be interpreted .to support the view that skeletal potassium
is almost completely exchangeable.

Since the exchange studies have shown that roughly 90% or more of
the potassium in bone is rapidly exchangeable and therefore, presumably
ionic, some explanation is necessary to account for the relatively high
concentrations of potassium in bone water. This point was first raised
by Triffitt et al. (65) in 1968 and led to the studies of4Canas et al. (7)
on the levels of skeletal potassium during growth, potassium deficiency,
hypophysectomy and vitamin D-deficiency. The conclusion drawn (7) was
that a "bone membrane' separated the bone extracellular fluid from the
general extracellular fluids and that the bone cells enveloping thg
mineral were responsible for mainﬁaining a potassium gradient between
these two fluid compartments.

Although the concept of a separate extracellular fluid compartment
in the skeleton may appear unique, several othei tissues are known to
contain a highly specialized and individual extracellular fluid. The
" endolymph of the inner ear has high levels of potassium but low concen-
trations of sodium, calcium and magnesium (5,12). Carbonic anhydrase
appears to play a role in the maintenance of this potassium gradient (19).
Avian uterine fluids have high concentrations of potassium and recipro-
cally low concentrations of sodium during the process of egg shell

formation (10,18). ' The concentrations of potassium in the extracellular
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fluid in the brain and the cerebral spinal fluid have been known for
many years to be regulated independently of blood potassium levels.
Recent microelectrode experiments have confirmed eérlier estimates of

3 mM potassium in the brain extracellular fluid (29). The concept of a
blood-testis barrier is receiving recognition as the result of ongoing
histological studies (57).

Obviously, the éoncebt of a separate bone fluid compartment where
composition is regulated by bone cells has numerous implications through-
out skeletal physiology. Indeed, Talmage (64), Ramp (54) and Robertson
(56) have all proposed mechanisms involving the cellular pumping of calcium
from bone to blood in order to explain‘the actions of parathyroid hormone,
vitamin D and calcitonin on the skeleton. However, at the present time
there is no direct evidence that an electrochemical potential exists
against'which calcium must be pumped. There ha#e also been several proposals
of a pH gradient between blood and bone extracellular fluid (36,42,60), but
again, no direct evidence for such a gradient has‘been preéented. Potas-
sium is the only substance for which there exists any evidence suggesting
an active blood/bone extracellular fluid concentration gradient.

‘Implicit in the initial discussions of ﬁhe bone membrane was the
concept that this membrane provided some type of barrier to restrict the
flow of substances to and from the skeleton. To maintain a potassium
gradient by a "pump-leak' mechanism such as the.one proposed by Scarpace
‘and Neuman (59), bone cells must pump potassium into the bone extracellular

fluid as fast as potassium is effluxing out of bone. Naturally, the
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greater the potassium "leak', the greater the amount of energy that

'must be expended by bone cells to maintain tﬁe potassium gradient. This
membrane barrier is expected to be present at the endostéal and periosteal
cells lining bone and at the capillary endothelial cells (41).

Morphological studies have attempted to provide insight into the
actual structural features of thé bone membrane. Findings such as "The
surfaces of all bone tissue examined were covered by cells'" by Dudley
and Spiro (165 in 1961 have been extended by the groups of Talmage and
Mat;hewé to the concept of "bone lining cells". These cells, supposedly
osteoblasts, appear to form a "functionalsyncytium' involving gap junc-
tions with osteocytes and been shown to contract following calcitonin
treatment and form "blebs'" in response to parathyroid hormomne (13). There
have been claims both for (1,34,67,69) and against (37,55) the-presence
of tight junctions between these bone lining cells.

Another approach to the study of the bone membrane is the Ussing
chamber investigations of Neuman and associates (43). These studies are
designed to measufe the fluxes of ions througﬁ the periosteum of calvaria
under various treatments. The present interpretations of these experi-
ments indicate that this bone membrane is rather permeable and nonselective.

Studies on the permeability of bone capillafies have also been
undertaken. Kelly and associates have demonstrated that the rates of
sucrose and strontium efflux from the tibial nutrient artery circulation
in.the dog are in the proportion expected from their aqueous diffusion

constants and concluded that both of these substances transversed the
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capillaries into the bone interstitial fluid by free diffusion (11).
Studies of a similar nature using different sized molecules (30) also

led to the same conclusién, namely, there does not appear to be a specific
capillary "pore" which discriminates against molecules on fhe basis of
molecular size. Although lanthanum was shown to inhibit the skeletal
uptake of calcium from blood (53), no mention was ﬁade of the strong
tendency of lanthanum to polymerize by a process of olation. A colloidal
lanthanum hydroxide aggregate could conceivably block large openings and
slow down the transfer of all substances from the capillaries. Following
an intravenous injection, lead localizes at the surfaces of bone mineral
within 30 seconds (28).

The penetration of proteins from blood into bone has provided additional
information on the permeability of bone capillaries. Hprseradish peroxidase
(MW = 40,000), albumin (MW = 69,000) and the synthetic polymer polyvinyl-
pyrrolidone (MW = 35,000) all appear to have little &ifficulty in entering
the bone extracellular fluid (15,49,50). Again, the available data do not
indicate the presence of a membrane barrier between blood and the bone
extracellular fluid.

The apparently high concentration of pbtassium in the bone extra-
cellular fluid is difficult to reconcile with the lack of any well-defined
barrier restricting the flow of substances through the interfaces separating
the bone extracellular fluid from the general extracellular fluids. Although
Howard (25) first proposed the exiétence of a bone membrane from general

principles, the finding of Triffitt et al. (65) that the total skeletal
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potassium is much higher than expected led to the resurrection of the
bone membranc concept and still provides the only direct evidence for
‘the compartmeﬁtalization of extracellular fluids by a bone membrane.
Since the "role'" of the elevated levels of potassium in bone has
not been established, there are no clues associating the bone membrane with
any physiological "function'. Some metabolic process in bone might be
infiuenced by thé concentration of potassiuﬁ or, possibly potaésium
might be a counter-ion for the transport of some other substance out of
the bone extracellular fluid. Presumably, by searching the literature
and recording any values of bone potassium that are given with a simul-
taneous value of bone water, a review of the effects of various physio-
logical treatments on the concentration of bone potassium can be obtained.
In practice however, -this approach is not so straightforward since the
techniques uéed to remove marrowAénd other.soft tissue from the bone can
have a profound influence upon the measured levels of skeletal potassium.
An experiment was undertaken in an attempt to better understand the
effects of sample handling on the values obtained for bone potassium
concentrations. Seven rat pups from the same litter were sacrificed at
four days of age and their calvaria dissected out. Four calvaria were
carefully and firmly wiped with tissue paper before taking a wet weight
while three calvaria were weighed immediately after dissection. Follow-
ing an overnight drying at 110° C, all seven calvaria were reweighed,
extracted overnight in 2 N HNO3 and then the bone extracts were analyzed
for sodium and potassium by flame photometry. The sodium, potassium and

water contents of these calvaria after each treatment are given in Table 1.



TABLE 1

The Effect of "Wiping" on the Calvarial Contents of Water, Sodium and Potassium

: Ratio
"Wiped" "Not Wiped" (Wiped/Not Wiped)
Water (% wet weight) : 64.5 +1.7 75.5 +0.8 0.85
water weight .
Water ( - ) 1.84 +0.15 3.09 +0.14 0.60
dry weight - - A
Sodium o N
(imoles/100 mg dry wt.) 26.5 +1.7 38.0 +0.9 0.70
Potassium ' '
' . +0., . . .
(pmoles/100 mg dry wt.) 14.7 0.6 17.8 10.6 . 0.82
Potassium 80.7 +2.9 578 +1.3 1.40
(mmoles/liter water) - — :
Sodium/Potassium 1.80 +0.06 2.13 +0.05 0.85

These calvaria came from a litter of rat pups sacrificed at 4 days of age. Three

"not wiped" while 4 ‘calvaria were '"wiped". All data are expressed as the

calvaria were
mean + SEM except for the '"wiped/not wiped" ratios which are simply the ratios of the

means.

61
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Naturally, wiped calvaria had a markedly reduced water content.
Assuming that only minimal quantities of dry matter were removed by the
‘wiping procedure, relative to non-wiped calvaria, wiped calvaria lost 40%
of their water content and 30% of their sodium content but only 18% of
their potassium content. The combined effect of these changes due to
wiping resulted in a 40% increase in bone potassium, when expressed in
'terms of bone water. Undoubtedly, the wiping procedure removed consider-
able quantities of non-skeletal extracellular fluid having a high sodium
to potassium ratio but the amount of bone cellular and extracellular
water and electrolytes removed is uncertain.

This experiment demonstrates one of the basic experimental problems
of bone potassium analyses--"To wipe or not to wipe'. Some wiping appears
to be necessary but how much is not clear. At What point do "scrupulously
cleaned" bones (65) become dried out samples with falsely elevated potassium
levels due to the loss of water through evaporation? The option of not
wiping or using only minimal pressure in wiping exists for immature cal-
varia but the diaphysial shafts éf léng bones must bé heavily wiped to
remove ﬁuscle adjacentito the periosteum and the marrow adjacent to the
endosteum. 1In reporting values of bone potassium, a simﬁltaneOus mention
.of the skeletal water content is a great help when comparisons are made
between different studies. For example, in the study of Geisler and
Neuman (21) on rat pup calvaria, the reported water contents averaged
19.7 +0.4% of the wet weight, a value far below the 60 to 75% values

obtained in the experiment reported in Table 1.
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Despite these experimental uncertainties and the expected variations
among different laboratories in determining the concentration of potassium
in bone water, these problems are presumably minimized in a given set of
experiments through the use of well-chosen controls., Table 2 contains a
list of the effects of various physiological treatments on the levels of
bone potassium described in the literature. In some of these investi-
gations, potassium was expressed in terms of bone wet or dry weight but
in each instance no change in the skeletal water content was observed or
expected.

Parathyroid hormone injection had no effect upon rat femoral potassium
levels in the study of Johnston et al. (27) but these authors did not
present any data to substantiate their claims. The calcitonin experiment
will be described below while the experiment involving hypophysectomy and
one of the experiments involving vitamin D-deficiency were performed by
Canas et al. (7) and alluded to earlier. Wuthier (72) has also presented
data showing that vitamin D deficiency lowers the concentration of potassium
in bone water and calculations show that this effect was much more pro-
 nounced at two weeks of age than four weeks. Adrenalectomy has been
reported to decrease (1l4) and have no effect (4,47) upon skeletal potassium
levels. Thyrotoxicosis inéreased bone potassium expressed in terms of
dry weight (26) while the numerous hormonal changes accompanying pregnancy
were without effect on bone potassium levels (32). Skeletal potassium was
unaltered in acute hypercalcemia (66), acute hyponatremia (71), starvation

(33) and during alterations in the levels of dietary sodium (32). Potassium
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The Effect of Various Physiological Factors on Bone Potassium

Physiological Factor Effect Reference
Parathyroid hormone none Johnston et al. (27)
Calcitonin none this report

Vitamin D deficiency decrease Canas et al. (7)

Vitamin D deficiency decrease Wuthier (72)
Hypophysectomy decrease Canas et al. (7)
Adrenalectomy none Borle et al. (4)
Adrenalectomy none Norman (47)

Adrenalectomy decrease Dosekun (14)
Thyrotoxicosis increase Humphrey and Heaton .(26)
Acute hypercalcemia none Wallach et al. (66)
Pregnancy none Kirksey et al. (32)
Starvation none Komarkova et al. (33)
'Acute hyponatremia none Woodbury (71)

Dietary sodium changes none Kirksey et al. (32)
Potassium deficiency decrease Canas et al. (7)

Acute hypercapnia increase Clancy and Brbwn (8)
Chronic hypercapnia decrease Willbanks and Seldin (70)
Chronic hypercapnia increase Claudon et al. (9)

Acute acidosis decrease Bergstrom and Wallace (3)
Chronic acidosis none Norman (46) _
Chronic acidosis decrease Willbanks and Seldin .(70)
Chronic alkalosis decrease Willbanks and Seldin (70)
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deficiency did lower levels of bone potassium and although this decrease
was less'than that observed in serum ér muséle, expressing the data in
terms of water weight rather than dry weight would probably bring the
decreases in muscle and bone potassium into much closer agreement (7).
Although several studies on the effects of respiratory and metaﬁolic acid-
base imbalances on skeletal.potassium have been performed (3,8,9,70), no
- unambiguous trends have been observed. Further details on the experimental
methodologies for all of these studies can be obtained by consulting the
original literature.

The effect of calcitonin on the concentration of potassium in bone
water was determined in an acute experiment done in collaboration with
Dr. Phil Scarpace. Ten 2l-day-old rats were divided into two equal groups
with one group receiving 20 mU/kg of salmon calcitonin and the other group ‘
receiving an injection of the vehicle. At-one hour following injection,
calcitonin treatment lowered serum calcium from 9.1 +0.3 to 7.0 +0.2 mg.%
(means + SEM, n = 5, in each case). Calvarial potassium was determined
by the usual analytical procedures .described elsewhere. Control calvaria
had a potassium level of 82.7 +3.5 mM potassium (n = 4)'while calvaria
from the calcitonin-treated rats had 79.3 +2.9 mM potassium {n = 5).
Watér contents for these calvaria were 45.87% of the wet weight (n = 9).
All data are given as means + SEM. ‘Calcitonin was concluded to have no
acute effect on skeletal potassium concentration.

As observed in 1963 by Norman (46), '"The constancy of bone potassium

concentration is striking'. Most treatments had little, if any, effect
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on the levels of skeletal potassium. Care must be exercised in the
analysis of chronic experiments such as those involving vitamin D
deficiency. Small changes in the levels of total bone petassium might
reflect changes in the nonexchangeable pool of potassium or in the fraction
of the total skeletal water occupied by cells and not changes in the con-
centration of potassium in the bone extracellular fluid. In addition,

as described more thoroughly in Chapter 2, increased skeletal minerali-
zation presumably increases the bone mineral concentrative factor for
potassium. Hypophysectomy caused the most dramatic change in the levels
of bone potassium (7) but unfortunately, potassium was expressed in terms
of dry weight rather than water weight.

In the late 1960's Neuman and associates presented data putatively
demonstrating decreasing concentrations of skeletal potassium, expressed
in terms of bone water, with age (7,65). However, additional experiments
undertaken to extend these earlier findings as a bart of this thesis have
not supported the view that bone potassium falls Qith age and upon a
more detailed analysis of the initial literature, several problems were
uncovered. Although Triffitt et.al. (65) showed that tibial potassium
was completely exchangeable in 90 minutes and almost doubled in tibia
from 80-100 gram rats compared to 400-500 gram rats, no effort was made
to determine the statistical significance of this finding. Moreover,
in a repeat of this experiment by the same workers (40), only 80% of

the tibial potassium in 200 gram rats was exchangeable within two hours.
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The other work of this group claiming to show a loss of bone potassium
with increasing age is that of Camas et al. (7). The observed potassium
concentration in bone water was 302 mM in tibia from 50 gram rats but
declined to approximately 130 mM in rats weighing 100, 175 and 300 grams.
Similarly, cortical bone taken from seven-day=-old qhicks had a potassium
concentration greater than 200 mM while corresponding bone from chicks
at 0, 14, 19 and 27 days of age had potassium concentrations .less than
100 mM. If the data on the 50 gram rats and seven-day-old chicks were
excluded, the remaining data would make a strong case for the dissociation
of skeletal potassium levels with age. The sevén—day—old chick data is
particularly bothersome since the bone potassium concentrations before
and after this age were not elevated. No comments were made on the
apparent hyperosmolality of the bome extracellular fluid when the potassium
concentration rose above 150 mM.

Without a doubt, bone potassium expressed in terms of dry weight
falls with age as increasing quantities of bone mineral 'replace" the
water content of the skeleton. The question raised concerns the concen-
tration of potassium expressed in terms of bone water and, in particular;
the concentration of potassium in the bone extracellular fluid. During
the course of this investigation several studies involving chicks of
various ages were ﬁndertaken and bone potassium concentrations were not
found to decline with age. Table 3 shows data obtained on young chick
calvaria and indicates that calvarial potassium may. actually increase

with age. A similar increase in skeletal potassium with age was found



TABLE 3

Water Content and Potassium Concentration of Chick Calvaria as a Function of Age

Age (days) . _ 1 - 2 . 4 8

Hy0 (% wet weight) 49.0 +1.8 46.6 +0.9 40.3 +0.8 35.3 + 1.1
K (mM) 57.3 +3.2  63.6 +2.1 72.0 +2.9 75.4 +2.8
K (pmoles/100 mg dry wt.) 5.52 +40.39 5:54 +0.15 - 4.84 +0.06 4.08 +0.08

Each value is the mean + SEM for 8 "punch-outs" (4 calvaria).

9¢
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in metatarsals taken from 4- and ll-day-old chicks while calvarial
potassiﬁm remained constant»(Table 4). A third study, described in
Table 5, also indicated that chick metatarsal potassium concentrations
have a tendency to rise with increasing age while calvarial potassium
concentrations were fairly constant. Additional data on calvaria from
the rat (Chapter 3) and mouse (not reported) . did not give any indication
that bone potassium concentrations decrease with age.

In contrast to the work of Canas et al. (7) and Triffitt et al. (65),
the evidence obtained during the course of this investigation does not
support the view that the concentration of potassium in bone water decreases
with age. Bursaux et al. (6),in their studies on rat femur,_also found
that bone potassium concentration did not change with age. These findings
suggest that the attempts to link bone potassium levels with some function
associated with skeletal growth and mineralization must be viewed Qith
skepticism.

‘At the present time there is no simple explapation for the varied
and occasionally contradictory observations made about bone potassium.

The question of why bone cells would go through the energy expenditure
required to pump potassium into the bone extracellular fluid remains
unanswered. The apparent non-responsiveness of bone potassium levels to
acute parathyroid hormone and calcitonin treatment and the relatively

minor changes observed in vitamin D deficiency are difficult to reconcile
with any proposal to link bone potassium levels with the role of the skeleton

in the minute~to-minute regulation of blood levels of calcium and phosphate.



Chick Calvarial and Metatarsal Contents of Water, Sodium and Potassiuﬁ

TABLE 4

Age Water Sodium Potassium Potassium

Bone (days) (% wet wt.) (umole/100 mg dry weight) (mM)
Calvaria 4 41.2 +0.8 20.2 40.1 4.1 +0.1 57.8 +1.2
Calvaria 11 32.8 +1.4 20.6 +0.2 3.1 40.1 62.9 +2.9
Metatarsal 4 36.8 +1.8 19.6 +0.5 4.5 +0.2 78.2 45,1
Metatarsal 11 25;8 +0.6 19.3 +0.2 .3.3 +0.1 93.8 +1.7

Each value is the mean + SEM for six samples.

before the start of the analysis.

elsewhere.

Both calvaria and metatarsals were "wiped"

Calvarial samples were larger than the "punch-outs" described

8¢



TABLE 5

Chick Bone Sodium and Potassium Contents as a Function of Age

Age Water Sodium Potassium ' Potassium
Bone N (days) (% wet wt.) (umole/100 mg dry wt.) (mM)

Calvaria 4 6 36.9 +0.8 21.7 +0.1 4.2 40.1 71.2 +3.4
Calvaria 5 10 32.5 +1.3 20.6;i0.5 3.6 +0.2 74.6 +2.3
Calvaria 5 - 14 39.1 +1,0 21.1 0.3 4.1 +0.1 64.3 +1.7
Calvaria 5 16 30.2 2.7 20.1 +0.3 3.2 +0.4 73.1 +1.7
Metatarsal 4 6 28.1 +0.6 17.9 40.1 3.7 +0.1 94.4 +2.6
Metatarsal 4 10 24.3 40.7 18.0 +0.2 3.3 +0.1 100.0 +2.2
Metatarsal 5 14 28.3 40.6 18.5 +0.2 3.4 +0.1 84.9 +3.1
Metatarsal 5 16 20.6 41.3  18.2 +0.5 3.6 40.2 84.7 +2.8

The mean body weights of the chicks at 6, 10, 14 and 16 days of age were 49, 72, 100 and 117
grams, respectively. Each value is the mean + SEM and N refers to the number of samples. Both
calvaria and metatarsals were ''wiped" before the start of the analysis. Calvarial samples were

larger than the "punch-outs'" described elsewhere.

6¢
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The experimental procedure for a '"state of the art" analysis of
bone potassium concentration simply involves a simultaneous determination
of potassium and water on a suitably prepared bone sample.‘ After correct-
ing for the nonexchangeable potassium, the concentration of potassium in
the bone extracellular fluid is estimated by making assumptions on the
concentration of potassium in the cellular water and the fraction of the
total bone water present in cells. The validity of the values presently
used for bone cell potassium concentration and the fractional water
volume occupied by cells is discussed more thoroughly in Chapter 2. No
direct determination of the conceﬁtration of potassium in bone extracellular
fluid has ever been made.

While an indirect estimation of the skeletal extracellular fluid
concentration of potassium is the procedure currently used, progress
towards a more direct approach would remove much of the ambiguity associated
with the presently required assumptions concerning the contribution of the
bone cells to the total bone potassium content. Unfortunately, many of
the techniques that have been successfully applied to soft tissue are
much more difficult to use on bone.

The first approach that comes to mind in discussions of the measure-
ment of potassium concentration involves ﬁhe use of the rapidly improving
microeléctrode technology. Potassium microelectrodes can be made with
tip diameters of approximately one micron and Qhen used properly, these
electrodes have a rapid, Nernstian response. However, all of the current

designs employ glass tips that presumably would shatter upon impinging on
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the calcified matrix of bone. Although solid pH electrodes have been
made from antimony (63) and iridium (52), no such analogous system
appears adaptable to potassium analyses.

The electron microprobe is another potentially sensitive technique
that might help to clarify some of the confusion concerning bone potaésium
(35). The elemental composition of the mineralization front in tibia (68)
and predentine (44) has been studied with the eleétroq microprobe, but
the content of potassium was not analyzed. Preliminary electron micro-
probe data obtained by Dr. J. Colemanl indicated that the concentration
of potassium was constant throughout the embryonic chick calvarium. Although
the major problem associated with this approach is relocation of potassium
during sample dehyd¥ation, the recent development of tHe proton microprobe
(24) eliminates this problem since dehydrgtion of the sample is not
necessary.

S;nce the exchange of skeletal potassium is rapid, autoradiography
of 42K should be capablé of providing information on the distribution of
potassium in the skeleton. However, as with the glectron microprobe, the
major problem with this technique is the translocation of isotope during
tissue processing. 1In addition, the high energy gamma ray associated Qith
the decay of é?K limits the resolution that can be obtained. Olsson et al.

(48) have used the slightly less energetic gamma ray from 43K to investigate

1 . .
Personal communication.
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the uptake of potassium by different bones using 'whole-body'" autoradiography.
They found potassium at high concentrations in rapidly growing bones and
at the junctions between the skeleton and ligaments.

The most abundant isotope of potassium, 39K, has a net nuclear spin
and therefore provides a nuclear magnetic resonance signal that can be
utilized to study the physical environment surrounding this isotope. As
expected, this technique has been used in the hotly debated discussions
of whether potassium is 'bound" or "free" in intracellular water with both
sides claiming victory (61). The environment of potassium in bone could
be studied by 39K NMR spectroscopy and the state of potassium in the
hydration water Qf hydorxyapatite crystals would also be of interest.

In the model proposed by Scarpace and Neuman (59), potassium is pumped
into the cells comprising the bone membrane from the general extracellular
fluid. Potassium is thought to flow from ﬁﬁe boné extracellular fluid
back to the general extracellular fluid in the channels between cells.
Such a "pump-leak" é&stem was proposed to provide a means of generating an
extracellular fluid'potassium gradient between bone and blood. Since the
content of potassium in bone was strongly decreased by the addition of
ouabain, the active uptake of potassium into the bone membrane cells was
attributed to the actions of a Na+, K+—ATPase transport protein (59). If
this model were correct, then this ouabain-inhibited transport protein
would be expected to be found in'the greatest concentrations on the side

of the plasma membranes of the bone membrane cells facing away from the

bone mineral.
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This hypothesis can be tested with the use of the morphological
localization of the Na+,K+—ATPase profein with tritium~labeléd ouabain
"inhibitor autoradiography'. This technique has been used to localize
the Na+,K+—ATPase in gall bladder (38) and intestine (62) and the use of
tritium~labeled acetazolamide led to the identification of osteoclasts
as the source of bone carbonic anhydrase (16a). Since the tritium Beta_

. particle has a low eﬁergy and the inhibitor binds to a specific protein,
the problems discussed earlier concerning resolution and translocation
with 42K autoradiography are minimal.

Perhaps the most interesting approach to the study of bone extracellular
fluid potassium concentrations involves the culturing of bone cells on
artificial capillaries. In this systemn, isolaﬁed bone cells are allowed
to grow in layers surrounding capillary fibers as medium is. continually
perfused through the fibers. Heersche et al. (23) have.répoftéd preiiminary '
data in which on one occasion bone cells maintained a potassium concentra-
tion in the extracapillary space 347% higher than in the perfusion medium
while no such gradient was observed for calcium. The addition of para-
thyroid hormone induced a three-fold potassium gradient without affecting
the distribution of calcium. This technique has obvious potential for a
systematic investigation of the mechanism behind the transcellular move-
ment of potassium and the factors which regulate tﬁis movement,

/ A radioactive isotope of rubidium, 86Rb, is commonly used as an
analog of potassium in membrane transport studies. In their comparison

of the distribution of 86Rb and 42K in rabbit tissues, Kilpatrick et al. (31)
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found that, relative to potassium, rubidium was concentrated in liver,
kidneys and intestine but excluded in brain, bone and urine. The
rubidium and potassium isotopes were found in equal concentrations in
erythrocytes and skeletal muscle. Rubidium is also known to be a poor
substitute for potassium in the diet (58). These results indicate that

rubidium is not a perfect potassium analog and suggest the use of 42K,

8 , , . .
rather than 6Rb be continued in studies on skeletal potassium.
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INTRODUCTION

The principal cations of bone, namely calcium, magnesium, sodium
and potassium, exist in a variety of chemical states in the skeleéton.
The minerél phase.(hydroxyapatite and amorphous calcium phosphate)
contains the majority of calcium and magnesium but also sodium and
some potassium. The hydrated water surrounding this mineral has a com-
position which depends upon tﬁe fluid with which it is in contact. Bone
cells contain each of these cations in various compartments and the
extracellular flﬁid of bone has its own composition. In recent years
claims have been made that this extracellular fluid is not a simple
ultrafiltrate'of plasma. but rather a separate fluid. 'compartment whose
composition is regulated by the layer of cells surrounding bone (23,26,36).

To gain further information on the physiological importance of the
concentrations of magnesium, sodium and potassium in bone water, the
"passive' concentrations of these cations in non—liﬁing bone hgve been
determined and related to previously obtained data from both bone and

synthetic hydroxyapatite.
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MATERIALS AND METHODS

Four- to five-~day-old White Leghorn chicks were sacrificed by
decapitation and their calvaria removed by dissecting outside the suture
lines. Incubated calvaria were placed in a modification of a buffer
solution consisting of 5 mM HEPES, 140 mM NaCl, 1 mM CaClz, 1l mM
NazHPoa, 1 mM MgSO4

modifications of this buffer are described in Table 1 and the three

and 4 mM KCl set to pH 7.4 at 37° C. The specific

figure legends. In general, six to eight calvaria were placed in 100 ml
of buffer and swirled with the aid of a magnetic stirring bar in a
room maintained at 37° C for periods ranging from one to five hours.

At the conclusion of the incubation the calvaria were removed from
the buffer, blotted (wiped) to remove excess water, and each frontal
bone was "punched-out" with a cork borer (area of 0.283 cm2) as described
previously (36). The two "punch-outs'" from each calvarium were combined
and extracted overnight with 1 ml of 2 N HNO;. Each "pﬁnch—out" had a
wet weight of approximately 6 mg and contained about 24 umoles of calcium.
Following the extraction, aliquots were removed for analyses of sodium,
potassium, calcium and‘magnesium. The sodium and potassium analyses
were done simultaneously on an Instrumentation Laboratories Model 143
flame photometer with 250 microliters of extract added to 10 ml of
15 meq/liter lithium nitrate. Calcium and magnesium were analyzed

simultaneously on an Instrumentation Laboratories Model 143 atomic

absorption spectrometer using 50 microliters of extract diluted to 10 ml
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of 0.1% lanthanum, 0.5% HCl, 32.5 ug/ml SrClZ-6H20 and 0.2% non~ionic
detergent. Preliminary experiments demonstrated that the recoveries .
of sodium, potassium, calcium and magnesium added to the bone extract
were 96, 98, 99'and 99%, respectiﬁely.

In each experiment several control calvaria were not incubated
but analyzed in -the identical.fashion as the incubated calvaria. The
magnesium data were normalized with respect to the individual calcium
content of each calvarium since this procedure tended to decrease the
standard errors without influencing the interpretation of the results.
A Cahn top-loading digital millibalance (Model DTL 7500-7) was used for
the experiments in which water weights of the calvarial "punch—duts"
were required (Figure 3). Each "punch-out'" was weighed wet and then
dried overnight at 110° C before reweighing. These samples were extracted
with nitric acid'and analyzed individually for sodium and potassium

concentrations.



RESULTS

Magnesium

As shown in Figure 1 (parts A and B), incubating chick calvaria -
in buffers containing 1 mM magnesium and either 2 M urea of 0.1% SDS
did not change the bone magnesium content. When magnesium was omitted
from the buffer, the bone magnesium content gradually declined (Figure
lé) over a 5-hour period. The bone magnesium content rose slowly when
the calvaria were incubated in a buffer containing 5 mM magnesium
(Figure 1D).

Several studies have shown that the skeletal content of magnesium
is a function of blood levels of magnesium in vivo (1,2,4,35) and
buffer magnesium concentration in vitro (1,14,16,30,BZ). Magnesium is
thouéht to be capable of replacing calcium on a mole for mole basis in
bone mineral (25,30,34) although obviously calcium phosphate precipi-
tation is favored over that of magnesium. A discrimination ratio for
calcium over magnesium of 45 has been observed with synthetic hydroxy-
apatite (25).

Alfrey and Miller (1) have shown that approximately 35% of the
magnesium in powdered bone can be eluted over a several-hour period
and this observation was supported by additional experiments as part
of this investigation (data not shown). The exchange of ions in the
crystal hydration water is rapid while ions residing on the hydroxy-
apatite surface exchange with a half-life of approximately 10 hours.

Ions in the crystal interior exchange over a period of weeks (18).

48



FIGURE 1. The Calvarial Content of Magnesium as a Function of Buffer
Magnesium Concentration and the Presence of Tissue-

Denaturing Agents.

Each graph gives the mean + SEM of the calvarial Mg/Ca ratio (on a
mole basis) for six to nine samples as a function of incubation time.
Data from unincubated calvaria are plotted at zero hours; these calvaria

contained an average of about 0.8 umoles of magnesium per two ''punched-

out"

sections. Each experiment was performed with the buffer described
in the text modified as follows:

A. The buffer contained 2 M urea.

B. The buffer contained 0.17% SDS.

c. MgSO4 was omitted from the buffer.

D. The buffer contained 5 mM MgSO0,, .
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Thé best available evidence indicates that roughly two-thirds of the
skeletal magnesium is buried within the mineral phaée. Since' the
exchangeability of magnesium in synthetic hydroxyapatite increases with
crystal aging (25), bone mineral must exist in a rather "immature"
state. From the exchaﬁgeabilify data, most of the remaining one-third
of the skeletal magnesium appears to reside of the mineral surface, in
the hydration water or in the cells. Although magnesium is no doubt
extremely important to the proper functioning of cells, cellular

magnesium represents only a small fraction of the total bone magnesium.

Sodium

| The data in Figure 2A show that when chick calvaria are.incubated
in a sodium-free buffer they lose approximately 70% of their sodium
content within the first hour of incubation. Further incubation for
up to 5 hours did not remove additional sodium from the calvaria. The
effect of varying the sodium concentration in the buffer is shown in
Figure 2B. The bone sodium content is linearly related to the buffer
sodium concentration and, at a buffer concentration of 140 mM, the
sodium contents of incubated and unincubate& calvaria were identical.
The inhibitors used 1in Table 2 (urea, SDS, iodoacetate and ouabain)
had no effect upon the bone sodium content (data not shown). The bone
sodium fraction that was lost upon incubation in sodium-free buffer,
namely 707% of the total sodium, can clearly be cqnsidered exchangeable
"while the remaining sodium is probably "bound" within the mineral phase.
The exchangeable sodium is presumably located in the cellular, inter-

stitial and crystal hydration water.
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FIGURE 2. The Calvarial Contents of Sodium and Potassium as a Function

of Various Incubation Conditions.

Each graph gives the mean content + SEM of sodium or potassium
for five to eight samples. In parts A and C, data from unincubated
calvaria are plotted at zero hours. In parts B and D, the incubation
lasted for two hours and the abscissa represents the sodium and potassium
buffer concentrations in mmoles/liter. Each experiment was performed
with the buffer'degcribed)in the text modified as follows:

A. NaCl was replaced with choline chloride and NaOH was

replaced with KOH.

B. NaCl concentrations were 0, 50, 100 and 140 mM with

osmolality maintained with choline chloride.
C. The buffer contained 100 pyM ouabain.

D. The buffer contained 100 uM ouabain and various

concentrations of KCl.
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These results are in excellent agreement with prior experience.
When sodium is present during the precipitation of calcium and phos-
.phate at neutral pH, as is the case in growing bone, some of this sodium
is incorporated in a nonexchangeable fashion into the calcium-phosphate
precipitate (19). The fraction of bone sodium that is nonexchangeable
depends in large part upon the age of the animal. More mature bone,
having a higher mineral to water ratio than younger bone, exhibits a
smaller percentage of exchangeable sodium (6,7). In experiments involv-
ing 24Na, 73% of the sodium was shown to be exchangeable in embryonic
chick calvaria (36), a value very close to the 70%Z obtained in this
study on calvaria from 4- to 5-day-old chicks.

In agreement with this study, the turnover of the exchangeable
sodium in synthetié hydroxyapatite (24), rat tibia (39) ;nd embryonic
‘chick calvaria (36) has been éhown to be extremely rapid. The concen-
tration of the sodium in the hydroxyapatite hydration water has been
found to be directly proportional to the concentration of sodium in the
buffer solution to which the hydroxyapatite was exposed (37). Likewise,
in this study the exchangeable bone sodium was directly proportional
to the buffer sodium concentration.

The actual concentration of sodium in the bone extracellular fluid
was estimated from the data presented in Figure 3. This experiment was
similar to the one described in Figure 2B except that wet and dry
weights were determinéd on the calvaria 'punch-outs'. This procedure

permitted the bone sodium contents to be expressed in terms of total
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FIGURE 3. The Calvarial Concentrations of Sodium and Potassium as a

Function of the Buffer Concentrations of these Cations.

All concentrations are given in mmoles/liter. The sum of the
sodium and potassium buffer concentrations was maintained between
140 and 150 mM. Each data point is the mean of six to eight calvaria
-"punch—out" samples. Unincubated calvaria contained 78.2 +3.7 mM
potassium, 381 +13 mM sodium and 33.6 +0.9 per cent water (mean + SEM,

n = 7 in each case)’while the water content of incubated calvaria

averaged 36.4 per cent.
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bone water. By plotting the "apparent" calvarial sodium concentrations
against the buffer concentrations of sodium, the resulting slope gives
the "conceﬁtrative factor" by wﬁich sodium is passively concentrated in
the total bone water. The term ''passively concentrated' represents the
combined concentrative effects of the mineral and organic substances in
bone thatlcontinue to concentrate sodium-following the cessation of
cellular activity. The actual mechanism(s) behind this passive concen-
trative phenomenon will be analyzed in greater detail in the Discussion.

The concentrative factor of chick calvaria for sodium as determined
from the slope of the line relating bone and buffer 'sodium concentra-
tions in Figure 3 is 1.9; a value of 2.0 was obtained in a repeat of
the experiment. Thus, the concentration of sodium averaged over the
totél bone water is approximately double that of the fluid in which the
calvaria is exposed. If the cells are assumed not to passively concen-
trate sodium, then the concentrative factor for sodium in the calvarial
extracellular fluid is greater than two. Assuming the cell water is
one-quarter of the total calvarial water, the sodium concentrative
factor in the extracellular fluid is roughly two and one-third.

The distfibution of sodium émong the various compartments in the
éhick calvarium can be accounted for as follows. With an extracellular
fluid concentrative factor of two and one-third, a blood sodium
concentration of 142 mM, an equivalent of 16 mM sodium present in the
total cell water and one-quarter of the calvarial water present in cells,

the mean concentration of sodium in bone water is 252.5 mM. This
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exchangeable sodium is roughly 70% of the total calvarial content of
sodium, the remainder is presumably associated with the mineral phase.
Thus, by calculation, chick calvaria contain an equivalent of 360.7 mM
sodium, a value less than 6% lower than the observed 382.7 +11.8 mM

(mean + SEM, n = 8) in unincubated calvaria.

Potassium

The effect of various inhibitors on calvarial potassium content
is shown in Table 1. In sharp contrast to sodium and magnesium, bone
potassium levels are strongly influenced by cellular activity. Treat-
ment with sodium dodecyl sulfate (SDS), urea, ouabain and iodoacetate
all resulted in the loss of nearly identical amounts of potassium; the
final calvarial potassium content consisted of about 17% of the unincu-
bated potassium content. Since ouabain is thought to act specifically
upon a membrane—Bound Na+,K+—AIPase ﬁransport protein, the potassium
lost in the presence of ouabain (83% of the total). presumably was
initially present as a result of the activity of the Na+,K+-ATPase. In
other words, the entire cellular control of bone potassium levels is
apparently expressed through a ouabain-sensitive process. The time
course of the potassium loss in ouabain-treated calvaria is shown in
Figure 2C; the potassium loss with SDS was as rapid while the loss of
potassium in urea- and iodoacetate-treated calvaria was slightly slower
Fhan in the ouabain experiment.

The amount of potassium remaining in the calvaria after incubation

for two to three hours in potassium-free buffers varied from 0 to 87 of
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TABLE 1

Effect of Inhibitors on the Equilibrium Content

of Potassium in Chick Calvaria

Unincubated Final Incubated _Incubated
Potassium Content  Potassium Content Unincubated
Inhibitor (umoles/2 sections) (umoles/2 sectionms) Ratio
Urea (2 M)t .256 +.012 (7)° .032 +.003 (6) .13
sps (.1%)° .260 +.011 (9) L045 +.002 (8) . .17
Iodoacetate (2 mM) " .265 +.008 (8) .045 +.003 (6) .17
Ouabain (.1 mM) : .272 +.012 (6) .049 +.002 -(6) .18

The potassium content for a single calvarium was determined from two
"punched-out' sections as described in the text. Data were taken every
hour for 5 hours and in every case there was no change in the K content .
from 4 to 5 hours. The equilibrium contént was taken as the value for

the 5th hour.

1 , e e . . .
Concentration of the inhibitor used is given in parentheses.

2, . . . .
Values are mean + SEM with the number of data points given in parentheses.

3Sodium dodecyl sulfate.
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the unincubated potassium content. Bone potassium has been claimed to
be both completely (36,38) and incompletely (22) exchangeable over the
course of several hours. Two studies (19,31) have shown that synthetic
hydroxyapatite binds potassium to a slight degree. Clearly, a greater
fraction of bone sodium is nonexchangeable than bone potassium. The
basis for this phenomenon presumably depends upon iomnic radius; the
ionic radius of sodium is 0.97 K, very cloée to the value of 0.99 & for
calcium while potassium has an ionic radius of 1.33 A.

As is true for sodium, the concentration of potassium in the
hydroxyapatite hydration water is directly proportional to the buffer
potassium concentration (37). Figures 2D and 3 show that the same
phenomenon occurs in chick calvaria. The relationship between bone and
buffer potassium concentrations is more linear in Figure 3 than Figure
2D ;s the result of additional cére'in maintéining the.ionic strength
of the buffer constant. In the analysis of the sodium data, the bone
water sodium concentration was shown to he approximately a factor of two
greater than the buffer sodium concentration. The slope of the line
relating bone and buffer potassium concentrations in Figure 2 indicates
a calvarial concentrative factor of 2.0 for potassium. Values of 1.5
and 1.7 were obtained in repeats of this experiment.

Given the three experimentally determined values of the calvarial
concentrative factor for potassium (1.5, 1.7 and 2.0), and the fact
that synthetic hydroxyapatite has a greater concentrative factor for

sodium than potassium (37), a calvarial concentrative factor for potassium
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of 1.75 will be used for further calculations. This difference in con-
centrative factors .is probably a result of sodium's smaller ionic radius
and hence greater quantity of polarizable hydrated water associated with
the ion in solution.

Calculations‘similar to those found in the analysis of the so&ium
data can be made fof potassium. A calvarial concentrative factor of 1.75
for potassium in the total bone water corresponds to a value of 2;0 in
the extracellular water of bone, if bone cells are again assumed to con-
tain one-quarter of the total calvarial water. Assuming that an equivalent
of 7 mM of potassium is bound to the mineral phase, blood potassium is
siightly greater.than 5 mM, the cells contain 120 mM potassium and occupy
one-quarter of the total bone water, then the total calvarial potassium

concentration should be approximately 45 mM.
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DISCUSSION

The ionic content of the bone water is of particular interest in light
of the evidence suggesting the extracellular fluid of bone has an electro-
lyte composition differing from that of the general extracellular fluids
of the body (23,26,36). The data on magnesium are sufficiently complex
to provide any information either for or against the existence of a bone
membrane regulating the composition of the bone extracellular fluid.

Since the concentration of bone sodium appears to be directly proportional
to blood levels of sodium and independent of cellular activity, there is
no evidence to suggest that the concen;ration of sodium in the bone extra-
cellular fluid is contréiled by the bone membrane.

The concentration of potassium in chick calyaria has consistently
been found to be between 70 and 90 mM, well above the calculated value
of 45 wM obtained in the Results Section. There are two explanations
that can account for this discrepancy. The cellular contribution to the
total potassium content may have been underestimated or, as has been
proposed (23,26,36), bone cells might actively pump potassium into the
bone extracellular fluid. Although present evidence does not permit an
unambiguous resolution of this discrepancy, a discussion of some unresolved
problems does provide some direction for future experimentation.

The cellular concentration of potassium and, in particular, the

fractional water volume of the calvaria occupied by cells, are both
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"major factors in accounting for the distribution of potassium in the
chick calvaria. A reasonable assumption usually made is that bone

cells are similar to other cells in their intracellular potassium con-
centrations. Published reports on intracellular concentrations of
potassium from a variety of tissues typically show values ranging

from 100 to 150 mM. The value of 120 mM used for the distribution
calculation was meant to represent an average estimate and not an
absolute datum from a particular study. The possibility, however slight,
that bone cells contain potassium at concentrations much greater than
150 mM has not definitively been ruled out.

The determination of the cellular volume in these and other bones
has not proved to be an easy task. Although an estimate of the frac-
tion of the chick calvérial water occupied by cells made by mannitol
space measurements has given a value of 20% (28), there is sufficient
reason to doubt that figure. Mannitol is known to "slowly'" enter cells
of several tissues (3,5,8,9) and, in doing so, would underestimate the
fractional cell volume. Despite the fact that no such cavities were
found in an earlier study (27), recent histological observations (17)
have indicated that these chick calvaria contain considerable quantities
of marrow in an enodsteal éavity. The existence of a sizeable number
of non-osseous (and presumably potassium rich) marrow cells makes the
conclusions of the mannitol study (28) appear even more unlikely.

As discussed in Chapter 1, the fundamental problem standing in
the way of a resolution of the distribution of potassium in bone is
the inaccessibility of the bone extracellular fluid for analysis. The

concentration of potassium in the bone extracellular fluid has always
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been estimated as the 'left-over' potassium unaccounted for by cells.
Unless some method fdf the direct determination of potassium in the bone
extracellular fluid is devised, this indirect, "left-over'" approach will
remain.

The recent observations that chick calvaria contain significant
quantities of marrow make this tissue a poor choice for investigations
on the distribution of potassium in bone. These marrow cells contribute
to the total potassium content of the calvaria and estimates of the bomne
extracellular fluid space are complicated by the existence of a marrow
extracellular fluid space. Obviously, despite the advantages of using
chick calvaria as a model system, mainly ease of dissection, relatively
small thickness and adaptability to the "punch-out'" and Ussing chamber
methodologies, some other bone should be used. for future studies of the
distribution of potassium in bone.

The lacg of a decisive solution to .the bone potassium dilemma doesi
not mean that no new knowledge was obtained. Although numerous reports
in the literature suggest that a passive concentrative mechanism played
some role in the distribution of sodium andApotassium in bone, this
report is the first extensive analysis of this phenomenon. Calvarial
extracellular fluid concentrative factors for sodium and potasgium of
approximately two were calculated. It must be emphasized that the
numerical values of these concentrative factors.apply only to 4- to 5-
day old chick calvaria. Analyses of ofher bones necessitate quantita-

tion of the concentrative factors for. these bones.
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This concentrative phenomenon of bone mineral has a bearing upon
the energetics of maintaining the proposed blood/bone extracellular
fluid potassium gradient. Scarpace and Neuman (36) have suggested that
the layer of periosteal cells "enveloping' the calvaria are responsible
for this potassium gradient and that these cells actively pump ﬁotassium
into the bone extracellular fluid. With an eitracellular fluid con-
centrative factor of two for potassium, bone cells would only be required
to pump potassium to an effective concentration of 30 mM to maintain
an actual potassium concentration of 60 mM in the extracellular fluid
compartment. This is a concentration six times greater than the blood
levels of potassium. Thus, by energetically maintaining a‘six to one
gradient, the actuai measured gradient would in fact be 12 to one. Of
course, the presence of a "bone membrane'" electrical potential would
alter these considerations to some extent, but at the present time no
such potential has been measured, nor does existing data give any
evidence either for or against such a potential.

Since the concentrations of sodium and potassium in calvarial
water increase linearly as a function of the buffer concentrations of
these ions up to buffer concentrations of at least 100 mM (Figure 3),
the concentrative factor does not appear to result from the "binding"
of sodium and potassium. If any signifi;ant binding of these ions
occurred‘with é dissociation constant in the millimolar range, then
some indication of saturation would.be expected in Figure 3. Similar

data has been observed in muscle (32), where the cell concentration
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of potassium was directly proportional to the buffer potassium concen-
tration up to 350 mM. However, in contrast to to the findings of this
study, the slope of the line relating muscle and buffer potassium con-
centrations was essentially unity. Clearly, some mechanism other than
the simple ligand binding of sodium and potassium is required to explain
the concentrative phenomenon in bone.

The available evidence points overwhelmingly to the zeta potential
present on the surface of bone mineral as the physical basis for the
passive concentrative mechanism. This zeta potential is electrostatic
in nature and attracts diffusible species (counter-ions) that are
polarizable. Anions such as phosphate and sulfate are polarizable due
to their multiatom structure while cations such as calcium and potassium
are polarizable by nature of their ability to surround themselves with
hydrated water molecules. The influence of a zeta #otential is greétest
on highly polarizable species. Physiologically, calcium and phosphate
make the greatest contribution to '"discharging" the bone mineral zeta
potential. Studies on the exchange of calcium and phosphate with
synthetic hydroxyapatite crystals have shown that these ions exist at
concentrations close to one molar in the crystal hydration water (18).
Sodium and potassium are concentrated by synthetic hydroxyapatiﬁe, but
to a much smaller degree than calcium and phosphate.

A zeta potential is the result of an electric charge at an inter-
face such as the surface of a crystal. The small size, and hence large

surface area to mass ratio, makes the hydroxyapatite zeta potential an
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important factor in the analysis of the distribution of ions in bone
water. The zeta potential, in addition to attracting ions such as
calcium and phosphate, also attracts water molecules and results in the
large quantities of hydrated water surrounding hydroxyapatite. Since
amorphous calcium phosphate precipitates are larger than hydroxyapatite
crystals and consequently have a smaller surface area (11), the cumula-
tive influence of the zeta potential of amorphous calcium phosphate is
presumably less than that of hydroxyapatite. Nevertheless, the hydroxy-
apatite crystal conten£ of potassium appears to decrease with crystal
age (20).

The calcium/phosphate ratic of hydroxyapatite crystals can be
systematically altered simply by changing the solution calcium/éhosphate
ratio. In this manner the net charge of the crystal can be altered and

the cofresponding éeta potential reflects this net crystal chargé (iZ),
as do the amounts of calcium and phosphate in the crystal hydration
water (29). Even at a net crystal charge of zeré, i.e., a calcium/phosphate
molar ratio of 1.67, hydroxyapatite concentrates calcium and phosphate to
a significant degree. Presumably, the alternating positive (calcium)
~and negative (phosphate) charges at the surface of the crystals can
maintain a zeta potential without the presence of net crystal charge.

When hydroxyapatite is placed in a solution containing citrate, some
surface phosphate is replaced by citrate and the crystals become more
" negatively charged (12). Consequently, citrate-containing crystals can

be expected to have increased values of the concentrative factors for
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cations such as calcium, sodium and potassium. The partial replacement

of mineral calcium by sodium and the binding of carbonate and anionic
proteins to the hydroxyapatite surface are other physiological mechanisms
that might render the bone mineral more negative and thereby increase its
ability to passively concentrate sodium and potassium. The finding that
bicarbonate increased the concentrative factors for sodium and potassium
in synthetic hydroxyapatite (21,37) and preliminary data (not reported)
demonstrating that citrate acted in a similar fashion give further support
to the involvement Qf these anions in the bone mineral cpncentrative
phenomenon.

Although polyanions such as hyaluronic acid and chondroitin sulfate
can conceivably concentrate sodium and potassium and might be responsible
for the excess accumulation of sodium observed in cartilage (15), these
substances méke up dniy é sméll ffaction of the organic matrix of bone (10)-.
By far the most likely candidate responsible for passively concentrating
sodium and potassium in the skeleton is the zeta potential resulting from
the charge imbalances at the surfaces of hydroxyapatite crystals.

As discussed previously, the hydroxyapatite zeta potential concentrates
phosphate as well as calcium and other cations. There is evidence sug—
gesting that chloride and bicarbonate are also concentrated above blood
levels in the bone extracellular fluid. Skeletal chloride is completely
exchangeable (22,38) and exists in bone ét a greater concentration than
can be accounted for by assuming that bone water is an ultrafiltrate of

plasma (13). Since cells contain lower concentrations of chloride than
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extracellular flpid, correcting for cell volume only raises the bone
extracellular fluid concentration of chloride. When the exchangeable
bicarbonate of bone is expressed in terms of bone water, concentrative
factors of greater than 10 have been obtained (33,38). Thus, bicarbonate
alters the hydroxyapatite zeta potential by binding to the crystal sur-
face and also concentrates inithe hydration water in response to the

zeta potential (21). The presence of variable quantities of both
polarizable cations and anions in the skeleton insures that there is no

net charge associated with the bone mineral.
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INTRODUCTION

- This study was undértaken in an attempt to explore the possible
existence of an endocranial versus ectocranial asymmetry in the
potassium concentration in neonatal rat calvaria. A potassium
asymmetry in these rapidly growing bones was expected for the following
reasons:

1) Bone potassium is decreased in hypophysectomized rats (1),
and during vitamin D deficiency in chicks (1) and has been claimed to
fall with age (1,16). Estimates of the cellular content of neonatal

rat (3) and chick (8,15) calvaria suggested that the majority of the

° -

potassium in these bones was extracellular. These findings, and
others (7), indicated that the concentration of potassium in the bone
ECF was elevatedlaBove blood levels and the highest potassium concen-
trations were found in growing bone.

2) Immature calvaria appeared to be an ideal system for biochemical
studies of skeletal apposition and resorption. Calvarial growth was
"thought to consist of ectocranial apposition and simultaneous endo-
cranial resorption. The Ussing chamber studies of Scarpace and Neuman
(14), involving the release of 45Ca from prelabeled chick calvaria,
supp&rted this viewpoint. Therefore, if bone potassium were concentrated
at areas éf bone growth, the ectocranial side of the neonatal rat
calvarium should have contained a higher concentration of potassium

than the endocranial side.
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During the course of this study, the premise of ectocranial skull
apposition and endocranial resorption was found to be no longer valid.
Histological examinations revealed little, if any, osteoélastic activity
on the endocranial surface of fetal rat calvaria (13). Improved tech-
niques for measuring the unidirectional fluxes of calcium to and from
bone demonstrated that mineral apposition occurred on both sides of
neonatal rét and young chick calvaria (9). Utilizing staining with
vital dyes, Moss and coworkers (5) have shown beyond doubt that apposi-
tion occurs on both endocranial and ectocranial sides of a growing
calvarium. The data from this‘study suggest that the potassium concen-
tration, expressed in te;ms éf water content, is equal on both sides
of the neonatal rat calvarium.

Despite the fact that the major premise of this study was later
found to be invalid,'the experiments undertaken to examine the possible
potassium asymmetry revealed several interesting properties of the
Ussing chamber calvarial system. In particular, the following conclu-
sions appear to be of interest to the chamber studies:

1) The exchange of water, and probably that of other diffusible
species, between the incubation buffer and bone tissue is not restricted
to the exposed cross-sectional area defined by the chamber. Although
substances must flow through this defined area to enter the calvaria,
once inside they can diffuse outward, towards the periphery of the
calvaria.. Similafly, a substance produced in peripheral areas, for
example lactate, can diffuse inward and then efflux from the bone into

the buffer.
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2) As determined by 3H20 and 42K contents, the endocranial side
of the neonatal rat calvarium contains a greater proportioﬁ of soft:
tissue mass than the ecotcranial side. 1If this soft tissue asymmetry
is assumed to result from a greater quantity of cells on the endocranial
side, then the reported asymmetry in neonatal-rat calvaria lactate
fluxes (10), may be attributed in part to a difference in cellular volume
with the endocranial side having the greater cell mass and lactate
production.

'3) Although the flow of water from one side of the Ussing chamber
to the other side is relatively slow, fluxes can be determined. These
fluxes .must be related in’some fashion to the overall resistance to

diffusional flow in the calvaria and the physiological interpretations

of these fluxes await further exploration.
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MATERIALS AND METHODS

In all studies 3~ to 4-day-old rats of. the Sprague-Dawley
(Holtzman) strain were used. These rats weighed approximately 10 grams
and were always returned to their mothers following injection of isotope.
42K (0.14 mCi/mg) and 3H20 (100 mCi/gm) were purchased from New England
Nuclear Corporation. Potassium was determined on an Instrumentation
Laboratory Model 143 flame photometer. For tritium scintillation count-
ing, a cocktail consisting of 4% BBS-3 (solubilizer) plus 4 grams/liter

of Omnifluor dissolved in toluene was used. Quenching was monitored by

‘the channels-ratio approach and was found not to be a problem.

Exchange Study

Rat pups were injected with 10 microliters of 42K subcutaneously
in the back at 29, 6 and 1 hours before sacrifice. Upon sacrifice,
blood was collected in heparinized capillary tubes and centrifuged
within the following 15 minutes. For each rat, the plasma from several
tubes was pooled and then 30 microliters were taken for radioisotope
counting. The calvarium, brain and liver were then quickly removed and
an 8 millimeter diameter punch was used to obtain a reproducible
calvarial sample. Parts of the brain'and liver were weighed on a Cahn
Model 7500-7 Millibalance. The three tissues were then counted with.
the corresponding plasma sample for two minutes and a background sub-
tracted from each sample. Each tissue was then dissolved in 2 N HNO3

and aliquots taken for analysis of total potassium by flame photometry.
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Data for bone, liver and brain have been expressed as tissue 42K
CPM per umole K divided by CPM in 30 pliters of plasma. In addition,
the total potassium per.punched-out section (calvaria) or per mg tissue

wet weight (liver and brain) was calculated. -

Asymmetry Study

Rat pﬁps were injected. subcutaneously with 10 uliters of 3H20 or
42K eight to 16 hours before the start of the experiment. Calvafia
were dissected out and clamped in the Ussing chambers of Scarpace and
Neuman (14). Each side of the chamber was filled with 2.5 to 3.5 ml of
medium consisting of 125 mM NaCl, 5.3 mM KC1l, 1.75 mM NazHPO4, 2.0 mM
CaClz, 2.0 mM MgSOa, 30 mM HEPES, 500 mg.%.glucose, 100 units penicillin/
ml, 100 ung s;reptomycin/ml, 2 mg/ml BSA and SZ“heat-inactivated newborn
calf serum. The medium was adjusted to a pH of 7.4 at 37° C with NaOH.

A£ tﬁe indicated tiﬁes, aliquots of medium were taken from both
sides of the chamber and counted for either 42K or 3H20. The total
amount of isotope that had effluxed from the calvarium was calculated
from these sample aliquots without correcting for the effect of the
changing medium volume with sampling. An endocranial/ectocranial ratio
of counts was calculated for each time point and the mean + SEM
determined:for each bone sample. After taking the last sample, the
calvaria were removed from the chambers, counted and the per cent of
isotope that effluxed from the calvarium was calculated. In the 3HZO

experiment 5 pl samples of plasma were also taken and used to determine

the total volume of HZO that was initially present in each calvarium.



78

RESULTS

Previous experience involving Ussing chamber transport studies (14)
has demonstrated that the large calvarial mineral pool contains an
excess of exchangeable calcium and phosphate éufficient to effectively
prohibit the flow of calcium and phosphate isotopes between sides of
the Ussing chamber. A preliminary experiment with 20-day embryonic chick
calvaria was undertaken to quantitate the flow of 3H20 from one side of
the Ussing chamber to the other side. The results are shown in Figure 1.

Al though 3H O did cross the calvaria, the time requiréd for full equili-

2
bration was many hours. After one hour, approximately 27 of the 3.2 ml
of medium water on the two sides of chamber had exchanged. This exchange
was slow enough so that any asymmetry present in the release of 3H20
from'pfelabelled calvaria could be-adequately'detected in analyses of
medium from each side of the chamber. 42K, being charéed and hydrated,
can be expected to have a slower trans-calvarial flux than 3H20' As
indicated by the data presentedAin Tables 2 and 3, the small trans-calvarial
fluxes of 3HZO and 42K did not interfere with the asymmetry studies.

The potassium contents of neonatal rat brain and liver taken
during the 42K exchange study are given in Table 1. For comparative
purposes, data from Ginsburg and Wilde (4) on 125-175 gram rats are
included. Values of calvaria potassium contents taken during separate

experiments are also presented. The older rats appear to have slightly

higher potassium contents in liver and brain. Bone contains a lower
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FIGURE 1. The Transfer of Medium Between Sides of the Ussing Chamber.

Twenty-day embryonic chick calvaria were dissected out and placed
in the Ussing chambers. At time zero 3.2 ml of medium containing 3H20
at a concentration of 29,472 +221 CPM/50 ul (mean + SEM, n = 12) weré
placed on the endécranial side of the calvaria and simultaneously 3.2 ml
of unlabeled mediuﬁ were placed on the ectocranial side of the calvaria.
At various periods of time 50 ul aliquots of medium were taken from the '
ectocranial side of the calvaria and counted for 3H20 by 1liquid scintil-

lation spectroscopy. The data are expressed both as CPM/50 pl appearing

on the ectocranial side and as the per cent of the total medium water that

transversed the calvaria. Background CPM were not subtracted from the

data.
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TABLE 1

Tissue Potassium Contents

Potassium Content (umoles/gm wet weight)

Tissue 10 gm Rats 125-175 gm rats
Brain ' 74.4 0.6 (12) - 98.6 +2.2 (11)?
Liver 88.1 +0.8 (12) 95.0 +0.9 (61)°
Calvaria’ 48.3 +0.6 (9) 19.0 +0.8 (9)

The data are given as the mean + SEM for the no. of samples

indicated in parentheses.

%pata taken from Ginsburg and Wilde (4).

bWhen expressed in terms of total bone water,

the potassium con-

centrations of 10 and 125-175 gm rats are 68.2 +0.8 and

62.9 +1.8 mM, respectively (mean + SEM, n = 9).

80
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content of potassium than soft tissues due to a greater proportion of
extracellular space and the presence of calcium-phosphate salts.

The relative exchange of potassium with time in liver, brain and
calvaria is given in Figure 2. In agreement with ﬁrevious studies on
older rats (4,11,12,17), neonatal liver and bone exchange potassium
rapidly while the exchange of potassium in brain is much slower. The
existence of the capillary endothelial blood-brain barrier presumably
accounts for the slow exchange of brain potassium.

The asymmetry data for 3HZO and 4ZK are given in Tables 2 and 3,
respectively. In both cases the flux of these isotopes out of the
calvaria was very rapid as thé samples taken during the first time point
contained greater than one-half of the total counts that finally did
efflux. Approximately two-~thirds of the isotopes came out of the
calvaria during the course of the experiment and thé isotope remaining
appears to be located in the fraction of the calvarium located far out-
side the 0.6 mm diameter opening and therefore not accessible to the
'medium for exchange. There was a slight asymmetry in the neonatal rat
calvarial contents of both water (1.22 +.04) and potéssium,(l.lS +.08)

with the endocranial side having the greater contents.
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FIGURE 2. The Accumulation of 421( in Liver, Calvaria and Brain as a

Function of Time.

.. . 42 .
Rat pups were injected subcutaneously with “K at time zero. The
data are expressed as the mean + SEM for animals sacrificed at one

hour (n = 3), six hours (n = 4) and 29 hours (n = 5).
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TABLE 2

Asymmetry of Calvaria Water

Times Total H,0 % Hy0

Sample (min.) (ul) Effluxed Asymmetry
1 10,15 - - 1.14 +0.03

2 5,10,15,20 11.7 80 1.21 +0.03

3 1,2,3,5,7,10,20 16.9 69 1.10 +0.06

4 10,20 15.7 72 1.37 +0.02

5 . 10,20 12.1 76 1.24 +0.02
6 2,4,6,8,17 15.3 66 1.27 $0.02

a

14.3 +1.0 73 +2 1.22 +0.04

Asymmetry of calvaria water is defined as the mean ratio of the
endocranial to ectocranial CPM of 3H?O in the medium for the times

indicated.

aThis value is the mean + SEM of the individual asymmetries and is
statistically different from 1.0 as evaluated by the Student t-test
at p < .01.



TABLE 3
Asymmetry of Calvaria Potassium

42

Sample . | Times (min.) Eéfluied Asymmetry.
1 5,10,15 63 1.05 +0.03
2 5,15 56 0.93 +0.03
3 10,20,30 64 1.26 +0.01
4 1,3,5 47 1.50 +0.07
5 1,3,5 47 0.86 +0.02
6 10, 20, 30 59 1.13 40.02
7 1,3,5 | 47 1.68°+0.22
8 10,20, 30 73 ©1.07 40.03
92 5,10,15 78 1.04 +0.01

10° 5,10,15 72 1.14 io.tu
118 5,10,15 61 0.80 +0.03
1.13 +0.08°

Asymmetry of calvaria potassium is defined as the mean ratio

42

(given with SEM). of the endocranial to ectoecranial CPM of “K in the

medium for the times indicated.

a’I‘hese calvaria were briefly wiped with tissue paper before being
placed in the Ussing chambers in order to determine if any excess
fluid was an artifact of the dissection procedure. Wiping did not

appear to have any effect.

bThis value -is the mean + SEM of the individual asymmetries and is
statistically different from 1.0 as evaluated by the Student t-test

at p < .10.



85

DISCUSSION

The rate of exchange of any isotope in bone depends upon blood
flow and the concentration of the material in both blood and bone. A
simple model describing exchange in bone predicts an exchange time of
160 minutes for potassium in a 200 gram rat (6). This rather rapid
exchange has been verified (6,11,12,15,16) and is not surprising con-
sidering the fact that potassium exchanges rapidly in most tissﬁes 17,
due in part to almost complete extraction from the capillaries with
only one passage of blood.

The data presented in Figure 2 show that, with respect to potassium
exchange, the neonatal rat is similar to older animals. Bone and liver
have a rapid exchange of potassium while exchange is much slower in
brain. Assuming a plasma potassium concentration of approximately 4 mM,
the excﬁange of potassium in liver and calvaria was complete in approxi-
mately one hour. Full equilibration of bone potassium insures that the
effluxing potassium in the Ussing chamber asymmetry experiments represents
the entire potassium pool in bone. Edelman et al. (2) have shown full
exchange of bone water in dogs at two to four hours so that 3H20 is a
good marker for total bone water.

Since the effluxing isotopes came from a volume of approximately
10 ul and entered a volume of approximateiy 6 ml, backflux must have
been negligible. Isotope effluxing into one side of the éhamber could
not flow through the entire bone into the other side of the chamber to

any appreciable extent (Figure 1). Consequently, any asymmetry in
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water or potassium contents that existed in the calvarium would be
measured in this system.

Since the efflux of 3HZO and 42K occur so rapidly, actual flux
values cannot be obtained. Rather, the data indicate the total amounts
of isotope present in the endocranial and ectocranial sides of the
calvaria. These measurements do not. distinguish between the relative
proportion of water or potassium present in intracellular or extracellular
spaces. Preliminary estimates of the extracellular fluid space with
inulin in neonatal rat calvaria (3) and mannitol in four-day-old chick
calvaria (8) have given values of 85 and 80% of the total water, respec-
tively. The proportion, and hence concentration, of potassium in the
bone extracellular fluid is still undetermined.

The contenﬁs of water and potassium in the neonatal rat calvarium
appearvto be greater on the endocranial side than the ectocranial side.
The simplest interpretation of this finding is that there is slightly
more soft tissue endocranially. Such an increased tissue volume probably
corresponds to a greater cell mass and would explain, in part, the
greater production of lactate by the endosteal surface (10). The ratio
of the asymmetry of the potassium content to that of water content gives
a reasonable indication of the asymmetry of the potassium concentration
in the total bone water. Since the asymmetry in the potassium content
(1.13 +0.08) is close to‘that of the water content (1-22.i0-04)’ the‘
total potassium concentration appears to. be nearly equal on endocranial

and ectocranial sides of the calvarium.
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As described in the Introduction, recent studies involving
histology, vital staining and calcium flux determinations have con-
clusively .demonstrated net appositional growth on both sides of the
developing calvarium. Therefore, the iack of a demonstrable asymmetry
in potassium concentration (1.13 +0.08/1.22 +0.04) reported in this study
~is of no help in discussions of the dependency of bone potassium levels
upon skeletal growth. However, as seen in Table 1 and discussed in
Chapter 1, more recent evidence does not indicate that bone potassium
concentration falls with age.

From.the data presented in Table 2, an average of 73% of the 14.3 pul
of 3H20 initially present in the calvaria - or 10.4 ul - had effluxed
through the 0.283 cm2 opening of the Ussing chamber. Since these calvaria
are known to contain 15.6 ul of water per cm2 (10), only 4.4 ul of the
10.4 ul of water tha;'effluxed could have been initially present within
the 0.283 cm2 area. Clearly, water can diffuse inside these calvaria
beyond the area defined by ‘the opening in the chamber. No doubt other
diffusible substances can also move in a similar fshion inside the
calvaria. This phenomenon may contribute to the large rate of lactate
production by the neomnatal rat pup calvaria (10).

From the data in Figure 1, the calculated unidirectional flux of
3H?_O through embryonic chick calvaria is approximately 12 mmole/cmz/hr.
In terms of volume, an equivalent of 60 pl of water flow through the
0.283 cm2 chamber opening per hour from each side of the chamber. Since

these values are far greater than the actual water contents of the

calvaria, the diffusion of water appears to be relatively uninhibited
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by the presence of the calcified matrix. Further knowledge on the
diffusibility of other substances through the calvaria would be of
great interest in analyzing the availability of substrates and removal

of metabolites to and from indiwvidual bone cells.
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CHAPTER FOUR

MECHANISM OF THE MOBILIZATION OF BONE MINERAL BY 1,25-DIHYDROXYVITAMIN D3
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INTRODUCTION

Vitamin D plays an important role in the proper functioning of
the skeleton. Unmineralized osteoid, a sign of rickets and osteo-
malacia, results from vitamin D-deficiency and the ability of vitamin D
to mobilize bone calcium was demonstrated by Carlsson over 20 years
ago (3). Despite these widely accepted interactions between vitamin D
and bone, very little is known about the mechanism by which vitamin D
acts on the skeleton.

Following the synthesis of high specific activity radiolabeled
vitamin P3, the hydroxylation of this compound to 25-hydroxychole-
calciferol.[ZS-(OH)D3] and subsequent conversion éo either 1,25~
dihydroxycholecalgiferol [1,25-(OH)2D§ or 24,25-dihydroxycholecalciferol
[24,25—(0H)2D3] was'demonstrated (10,18). The kidneys synthesize
1,25-(0H) ,D, from 25-(OH)D, in a regulated fashion and this 1,25-(0}1)2153
is believed to be the physiologically active metabolite of vitamin D3
(10,18). When given to vitamin D-deficient animals, 1,25—(OH)2D3
localizes in bone and intestine and is the major metabolite found in
these target tissues (12,66). Studies on the intestine suggest 1,25-
(OH)2D3 has a mechanism of action similar to that of other steroid
hormones; i.e., cytosolic receptor bihding and activation followed by
the translocation qf the hormone-receptor complex to the nucleus where
the promotion of the synthesis of specific protéins occurs (16).

1,25-(0H2)D3 mobilizes skeletal mineral. in rats (4,19,59) and

induces bone mineral resorption in tissue culture (45,53).
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The presently available evidence suggests that 1,25—(OH)2D3 mobilizes
~ skeletal calcium and phosphate to maintain the blood levels of these
ions and that the skeletal mineralization obsérved after vitamin D
repletion in deficient animals results from the increased intestinal
abéorption of calcium and phosphate.(52). In other words, bone miner-
alization proceeds as long as normal blood levels of calcium and
phosphate are present (8,64). 1,25—(0H)2D3, in concert with para-
thyroid hcrmone [PTH], maintains serum calcium and phosphate during
dietary shortagesof these ions by promoting their release from the
skeleton.

Recently, a high affinity geceptor for 1,25—(0H)2D3 has been
identified iﬁ chick and fetal rat calvaria (22). Presumably, the 1,25-
(0H)2D3-receptor complex induces the synthesis of a pro;ein(s) which
sets in motion a series of events resulting in the net flow of calcium
and phosphate from bone to blood (8,9). There exist at least three
mechanisms by which this mineral mobilization.might occur (2). Bone
cells have beén proposed to [1] actively pump calcium and phosphate
from the bone extracellular fluid [ECF] to blood (48,54,57); [2] main-
tain a variable but regulated pH gradient between the bone ECF and
blood (33,35); and [3] secrete a mineral "soiubilizer" (2). This
investigation was undertaken to help decide among these theories by
determining whether 1,25-(0H)2D3 alters bone lactate production and/or .

the mineral solubility of non-vital bomne.
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MATERIALS AND METHODS

The conditions of incubation used in these expeiments are
modifications from the fetal rat long bo;e system of Raisz (44) and
the neonatal mouse calvaria system of Reynolds (51). The electrolyte
content of the medium was altered to reflect more closely the neonatal
mouse levels shown in Table 1. Calvaria were "submerged" in the
medium rather than placed at an air-fluid interface on mesh grids in
petri dishes. Since 4SCa release did not adequately reflect calcium
movement (see Figure 2), measurements of total medium and buffer
calcium and phosphate concentrations were used to determine mineral
mobilization and solubility, respectively. Messer et al. (30) have
described a similar problem with using 45Ca in their studies. The 20 ng
} dose of 1,25—(OH)2D3 injected }nto the mice was taken from the midpoint
of the dose response curve reported by Reynolds et al. (55). Since
the mice weighed about three grams, the peak concentration of 1,25~
(OH)ZD3 was approximately 25 nanomolar.

Four- to five-day-old mice were sacrificed by decapitation and
their calvaria (frontal and parietal bones) removed by careful dissec-
tion. All dissecting instruments were cleaned with 70% alcohol between
dissections. Thé calvaria were plééed in individual 13 x 100 mm
borosilicate glass test tubes containing either 1 ml of medium or
0.75 ml of buffer (to be described below) and incubated for various
periods of time at 37° C under an atmosphere saturated with water and
containing 5% CO,. At the conclusion of the incubation the medium

(buffer) was collected and stored for analysis.
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The medium used for these experiments consisted of a modified BGJb
mixture (44). A 10x concentrate of BGJb amino acids and vitamins.
(except ascorbic acid) was purchased from Grand Island Biological
Company and stored at 4° C . until used. .This concentrate was diluted 10x
such that the resulting mixture coﬁtained4the BJGb concentrations of
ascorbic acid, sodium acetate, penicillin and streptomycin and, in
addition, 1 mM MgS0,, 5 mM KC1, 25 mM NaHCO3, 600 mg.%Z glucose, 50 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES], 50 mM NaCl
and varying concentrations of CaCl2 and NaZHPO4. Then, this mixture
was further diluted by 5% with heat—-inactivated newborn calf serum
(Grand Island Biological Company). This medium was warmed to 37° C and
the pH adjusted to 7.4 with 4 N NaOH. Filtering the medium through a
0.45 micron Millipore filter removed any bacteria present. One ml of
this medium was dispensed into previously autoclaved test tubes ‘and
rewarmed to 37° C before addition of the calvaria.

The buffer used in these experiments consisted of 90 mM NaCl,

25 mM NaHCO,, 5 mM KCl, 25 mM HEPES, 0.5 mM MgSO4, 100 units penicillin/ml

32
and 100 pg streptomycin/ml. The buffer pH was adjusted to 7.4 at 37° C
with 4 N NaOH. Three-quarters of a ml of buffer per test tube was used
for each calvarium. |

Medium and buffer calcium concentrations were measured either by
atomic absorption spectroscopy or ethyleneglycol-bis-(B—aminoethyl

ether)N,N'tetraacetic acid [EGTA] titration on a Precision Systems

Model 4008 Calcette titrator. Atomic absorption spectroscopy was
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carried out on an Instrumentation Laboratories Model 153 spectrometer
using strontium as an internal standard with 0.1% lanthanum, 0.57 HCl,
32.5 ug/ml of SrC12°H20 and 0.2% nonionic detergent as- the diluent.
Glucose was analyzed by the glucose oxidase method of Raabo and Teikeldsen
(42) as modified in Sigma Technical Bulletin #510. For analyses of
phosphate and lactate, protein was first precipitated with 8% perchloric
acid. Phosphate was determined by the method of Chen et él. (6) while
lactate determinations involved measuring the amount of B-nicotinamide
adenine dinucleotide [NADH] produced from NAD+ in the presence of

lactate dehydrogenase as described in Sigma Technical Bulletin 826-UV.
Plasma sodium and potassium were measured with an Instrumentation
Laboratories Model 143 Flame Photometer while plasma calcium and phosphate
were assayed as described above.

In one experiment 2 uCi of 45Ca was injected subcutaneously into
one—-day-old mice and these mice were sacrificed four days later. Follow-
ing the incubation each calvarium was wiped clean of medium and then
extracted in 0.5 ml of 2 N HNO;. Both medium and calvaria extracts
were analyzed_for 45Ca content by liquid scintillation spectroscopy using
47 Beckman Biosolve BBS-3 in an Omnifluor-toluene cocktail. The bone
extract was diluted 11-fold and analyzed for total calcium and phosphate
as described previously. Bone ''resorption' was calculated as per cent
of the total calcium, phosphate and 45Ca originally present in the
calvaria which was released into the medium during the incubation.

A negative value for resorption indicates the calvaria took up the
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substance from the medium. The cells in some bone samples were ''killed"
by placing the calvaria in the usual medium following the dissection
and then freezing and thawing the entire test tube contents -3x by
repeated immersion into dry ice-acetone mixture.

For analyses of mouse pupAplasma, blood was collected at
decapitatidn in heparinized.capillary tubes, centrifuged and the
plasma removed. Plasma obtained in this fashion from 21 pups was
pooled and then analyzed. The 1,25-(OH)2D3 was a generoué gift from
Dr. Milan R. Uskokovic' of Hoffman-LaRoche, Inc. In initial experi-
ments this compound was weighed and dissolved in 95% ethanol before
injection into the mouse pups, but in later experiments (Table 2,
Experiment 2 and Figure 4) the actual concentration of 1,25—(OH)2D3 was
determined from the ultraviolet absorption spectrum by using a molar

extinction coefficient of 18,200 at 265 mu.
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RESULTS

The concentrations of calcium, phosphate, sodium and potassium in
the plasma  of neonatal mice are listed in Table 1. As has been reported
for the rat (13), blood calcium tends to be high (11 mg.%) during the
first week of life. Likewise, blood potassium is high at birth and
gradually falls with age (56). Sodium and phosphate aﬁpear to be close
to adult levels. The hematocrit value of 34 is in agreement with the
low values observed in newborn animals.

The effects of omitting either glucose or HEPES from the medium are
shown in Figure 1. The calvaria did not produce any lactate when glu—'
cose was not present and consequently medium glucose appears to be the
' sole substrate available for lactate production. The small amount of
lact;te present in the medium results from'thé inclusion of the 5% heat-
inactivated newborn calf serum. In the absence of added glucose the
calvaria must soon exhaust their energy reserves resulting in a decrease
in medium levels of calcium and phosphate.

The use of HEPES to buffer the medium pH resulted in a more linear
rate of lactate production. Since acid pH is known to inhibit bone
lactate production (37), lactate already produced lowers the medium pH
and inhibits the further production of lactate. By increasing the
buffering capacity of the medium with the inclusion of HEPES, the fall
in pH was deqreased and lactate production proceeded at nearly the

initial rate. As observed earlier (35), maintaining the medium pH also
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TABLE 1

MOUSE PUP PLASMA ELECTROLYTE LEVELS

Calcium 10.94 mg.%
Phosphate 1.52 mM
Sodium 139.6 mM
Potassium 6.19 mM

o

Each value is the mean of a triplicate determination from

21 pooled plasma samples. The blood hematocrit was 34 +3 (standard

deviation).



FIGURE 1. The Medium Concentrations of Lactate, Calcium and Phosphate are Given in mM.

Each point represents the mean from analyses of four calvaria. The medium was

identical to that described in the text except for the following modifications:

Df 30 mM

HEPES, 700 mg.% glucose; o - 30 mM HEPES, no glucose; A= 700 mg.% glucose, no HEPES.
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decreased the acid-induced solubilization of bone mineral and therebf
minimized the rise in medium calcium and phosphate. No doubt the
increases in medium calcium and. phosphate seen in the presence of 30 mM
HEPES result from a slight fall in medium pH. The concentration of
HEPES in the medium .was increased to 50 mM in the remaining experiments.

The results of an experiment in which the release of 45Ca from
prelabeled calvaria was measured are shown in Figure 2. Under normal
incubation conditions ("'live'" bomne) 45Ca was released in a greater pro-
portion than the release of total calcium. Thus, even four days after
an exposure to a pulse injection, significant quantities of bone 4SCa
are readily exchangeable and.released into the medium without the con—
current release of bone calcium. When-the calvaria were "killed" by
freezing and thawing three times 45Ca was released into the medium des-
pite the fact that calcium was actually taken up by the calvaria. Never-—
theless, compared to "live" calvaria, "dead" calvaria released less 45'Ca
to the medium,

Figure 2 also.shows that calcium and phosphate were released into
the medium in almost identical proportions during the course of the
incubation and therefore either ion may be used as an index of bone
mineral mobilization. 1In "dead" calvaria, as the calcium concentration
fell, there was no change in the medium phosphate concentration.
Apparently, the dead bone mineral underwent a spontaneous conversion to
a higher Ca/P ratio (27,35,48). This phenomenon will be discussed in

greater detail later.
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FIGURE 2. The Time Course of the "Resorption" of Live and Dead Bone

Mineral as Indicated by 45Ca; Total Calcium and Total

Phosphate.

Each point is the.mean of 4 to 6 determinations. Solid
lines indicate "live'" bone, dotted lines indicate "dead" (3x frozen
and thawed) bone. Per cent resorption is defined in the text.
Initial medium calcium and phosphate levels were 1.53 and 1.62 mM, -
respectively. The calvaria had a.Ca/P ratio of 1.52 +0.005 and a
specific activity of 14,999 +163 CPM/umole calcium (mean + SEM, n =
30 in each case). Thé final calvaria Ca/P ratio of the ''dead"

calvaria was 1.549 +0.014 (n = 6). ..
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The utilization of medium glucose and the production of lactate
are shown in figure 3. These data were from the same experiment described
in Figure 2. Although the rates of glucose consumption and lactate
production were not perfectly linear, an excellent maintenance of
cellular viability was indicated. The concentration of glucose was not
a limiting factor after two days of incubation. Even with 50 mM HEPES
present the release of over 25 umoles of lactate depressed the medium
pH and inhibited lactate production to a slight extent. Additional
experiments demonstrated that the medium pH decreased to about 7.2 after
24 hours of incubation and to about 7.0 by the end of 48 hours.

The effects of injecting 20 ng (48 pmoles) of»l,ZS—(OH)ZD3 into
mice pups 24 hours before the start of the in vitro incubation are given
in Table 2. l,25—(0H)2D3 treatment resulted in a greater release of
calcium and phosphate into the medium at all times inveséigated. This
mobilization of bone mineral was not accompanied by an increase in bone
l;ctate production at 8 or 24 hours. There was a tendency for 1,25-(OH)2D3
to increase lactate production at 48 hours; however, since the dissolu-
tion of bone mineral consumes H+, part of this tendency can be explained
by a reduced fall in medium pH as a result of the mineral mobilization
with 1,25—(OH)2D3 treatment.

As demonstrated in Table 3, injecting 1,25—(0H)2D3 at 8, 17 or
26 hours before‘the start of the incubation did not influence glucose
consumption or lactate production over the 24-hour incubation period.

The effect of 1,25-(0H),D, upon calcium and phosphate release from the
273 _



FIGURE 3. The Utilization of Medium Glucose ahd the Release of Lactate Into the Medium.

Each point is the mean of 4 or 5 determinations. Medium without calvaria
contained 0.28 +0.01 mM lactate (n = 6) and this value was subtracted from all lactate
data. Medium from "dead" calvaria (48 hours of incubation) had 0.14 mM lactate and

568 mg.% glucose (n = 6 in both cases).
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TABLE 2

The Effects of l,25—(OH)2D3 Upon the Medium Concentrations of Calcium,

Phosphate and Lactate as a Function of Incubation Time

105

Experiment 1 Experiment 2
Time : ~
(hrs) Control 1,25—(0H)2D3 Control 1,25—(OH2D3
Calcium 1.39 +0.01 1.44 +0.01
1.30 +0.02  1.48 +0.05%* 1.38 +0.02 1.52 10.02*‘
24 1.49 +0.04 1.75 +0.02%* 1.42 +0.03 1.63 +0.03*
48 1.87 +0.09 2.20 +0.06%* 1.52 40.03 1.74 +0.06%
Lactate 8 6.96 +0.31  7.55 +0.46 5.34 +0.31  5.50 +0.15
24 18.26 +0.78 18.56 +0,79 13.94 +0.47 14.15 +0.62
48 35.44 +1.09 37.99 +0.86 21.98 +0.55 23.89 +1.13
Phosphate 0 2.24 +0.01
8 2.17 +0.01  2.29 +0.01%*
24 2.23 40.02  2.35 +0.03*
48 2.30 +0.01  2.44 +0.02%
Each value is the mean + SEM of 4 or 5 calvaria. The mice were injected

with 20 ng of l,25—(OH)2D.3 or the 95% ethanol vehicle 24

~start of the incubation.

#*Significantly greater than the control value at p < .01

the Student t-test.

hours before the

as evaluated by



TABLE 3

Effects of the Time Interval Between 1,25—(0H)2D3 Injection and the Start of Injection

No Injection 8-hr. Interval 17-hr. Interval 26-hr. Interval
Media Ca (mM) 1.66 +0.03 ' 1.73 +0.02 1.74 +0.02 - 1.95 +0.04
Media P; (mM) 2.03 +0.01 2.03 +0.02 .2.10 +0.02 ©2.19 +0.04
Glucose consumption 13.1 +0.5  ~  13.5 +0.4 11.6 +0.2 12.7 +0.5
(umoles/24 hrs)
Lactate production 21.8 +1.1 '23.3 +1.4 20.1 :40.4 21.9 +0.9

(ymoles/24 hrs)

Each value is the mean + SEM of 5 or 6 determinations. The in vitro incubation lasted for
24 hours; 20 ng of 1,25—(0H)2D3 was injected per pup. The initial medium concentrations of

calcium and phosphate were 1.52 and 1.84 mM respectively.

90T
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calvaria was greatest at 26 hours and diminished as the time interval
between injection and incubationAwaS»shortened. Clearly, the mineral
mobilization observed in Table 2 did not occur as the result of an
increase in bone lactate production before the initiation of the incu-
bation. This time course of 1,25—(OH)2D3 action is consistent with
data in vivo in the vitamin D-deficient rat (4,19,59).

In order to study the effects of 1,25—(OH)2D3 upon the solubility
of bone mineral in the absence of living cells, a simple buffer solu-
tion was devised. Preliminary experiments demonstrated that removal
of glucose from the medium was equivalent to freezing and thawing three
times with respect to levels of calcium and phosphate .in the medium.
Therefore, this buffer did not contain any glucose, vitamins, amino
acids or serum.

The effect of l,25—(OH)2D3 on the solubility of bone mineral as
measured by the buffer concentrations of calcium and phosphate is shown
in Figure 4. The solubility of both control and l,25—(OH)2D3—treated
bones decreased from the first to the fourth day of incubation. How-
ever, prior injection of 1,25-(0H)2D3 24 hours before the start of the
incubation into the mice pups increased the mineral solubility relative
to vehicle injected pups throughout the incubation period; This effect
was greatest during the early phases of the incubation and gradually
diminished with time. The rise in buffer calcium concentrati&n was
greater than the rise in buffer phosphate concentration, presumably a

result of the bone Ca/P ratio of 1.5 and the lower initial concentration

of caicium in the buffer.



FIGURE 4. Buffer Concentrations of Calcium and Phosphate with Time.

Squares represent values from mice given a subcutaneous injection of 20 ng of
1,25-—(0H)2D3 24 hours prior to the start of the incubation while circles represent vehicle
injected mice. Each bbint represents the mean value from four calvaria. The dotted lines
indicate extrapolations of the buffer concentrgtions back to zero time in order to estimate

the .bone mineral solubility at the time of sacrifice.
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DISCUSSION

The purpose of this investigation was to explore the mechanism(s)
by which 1,25—(OH)2D3 promotes the mobilization of bone mineral. In
bone l,25—(OH)2D3 has been shown to bind to a cytoplasmic receptor (22)
and localize in the nucleus (62). Actinomycin D obliterates the mineral
mobilizing action of 1,25-(0H)2D3 in the rat (59). Since 1,25—(0H)2D3
is thought to act upon bone without further modification (66), actino-
mycin D presumably interferes with the synthesis of the unknown
1,25—(OH)2D3—dependent bone protein(s) claimed to be responsible for
mineral mobilization (8,9). Recently, a 1,25—(OH)2D3—dependent protein
with immunological cross-reactivity to the l,25—(OH)2D3—induced intes-
tinal calcium binding protein has been discovered in chick tibia (7).
The physiological roles of'this‘protéin(s) in bone and intestine are
unknown. Wergedal (63) studied various enzymatic activities in vitamin D-
deficient bone and ‘saw only minor differences compared to pair-fed
controls. l,25-(OH)2D3 decreases the oxidation of citrate in an
"osteoblast—liké” population of isolated bone cells (65) and also
decreases the synthesis of collagen in bone tissue culture (47).

By inducing the synthesis of a specific protein(s), an .agent such
as l,25-—(0H)2D3 might stimulate bone mineral mobilization by one of
three non-mutually exclusive mechanisms (2). While all three mechanisms
involve the direct action of bone cells to produce a net efflux of

calcium and phosphate from the skeleton, each mechanism uniquely couples
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cellular activity with the efflux of these ions. The existence of
a "bone membrane" to regulate the flow of substances to and from the
skeleton has been advanced (32,34,57). This membrane has been proposed
to maintain a regulated blood/bone pH gradient to dissolve bone |
mineral (33,35) and to actively pump. calcium and phosphate from bone
to blood (48,54,57). Alternatively, bone cells might secrete variable
amounts of a mineral "solubilizer" which binds to the surface of bone
mineral and increases both the bone fluid and blood levels of calcium
and phosphate without the need for a bone membrane (2).

The large lactic acid production by bone cells has been proposed
to be the source of protons for the blood/bone pH gradient (33,35).
The stimulation of bone lactic acid production by PTH is thought to
decrease the pH in the bone ECF and by dissolving bone mineral, to
increase the flux of calcium and phosphate from bone fo blood. The
effect of vitamin D upon bone laétate production has previously been
studied by giving vitamin D to deficient animals several days before
the incubation of bone in vitro. In this type of study vitamin D has
been reported both to increase (38,39) and decrease (1) bone lactate
productién. An extract of the leaves of Solanum glaucophyllum, which
contains a glycosylated form of 1,25—(0H)2D3 (15), increased lactate
production in chick embryo calvaria (42).

The resglts of these studies on the alteration of bone lactate
production by vitamin D are complicated by several factors. Solanum

glaucophyllum extracts contain relatively high levels of calcium,
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magnesium and phosphate (61) and use of the crude extract has caused
problems in a mouse calvaria culture system (24). In additiom, it is
uncertain whether a 13-day-old chick embryo is normally exposed to
l,25—(OH)2D3 (32). When vitamin D is given to deficient animals

numerous changes in serum electrolyte and hormone levels occur for
~several days. Gradually, both the types and number of bone cells

change. In this study, by giving low doses of  the physiologically active
metabolite of vitamin D to normal mice and determing bone lactate pro-
duction as a function of both time of incubation and time between
injection and incubétion, these objections have been minimized.

The data presented in Tables 2 and 3 clearly show that bone
lactate production was not affected by 1,25—(OH)2D3. 1,25—(OH)2D3 did
not increase lactate production either preceding or duripg.the;moBili;A

" zation of bone mineral. Such a lack pf effécﬁ is in marked contrast.
to the well known action of PTH to increase lactate production by bone
(33). Despite the fact that PTH and 1,25—(OH)2D3 both mobilize bone
mineral, their initial actions on bone cells appear to be quite
different. PTH is thought to act upon a blasma membrane receptor to
influence adenylate cyclase activity (5) and the plasma membrane
permeability to calcium (49), while l,25—(OH)2D3 binds to a cytoplasmic
receptor (22) and does not alter the bone cell concentration of
3',5'-adenosine monophosphate [cAMP] (28;29,40,65)>or uptake of

calcium (11). Hekkelman et al. (17) have prOposea that the PTH-induced
increase in bone lactate production results from.a prior increase in

bone cell cAMP levels.
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Since 1,25—(OH)2D3 can be shown to induce the mobilization of
bone mineral without a concurrent increase in bone lactate production,
1,25—(OH)2D3 apparently does not act by increasing the proposed lactate-
mediated blood/bone pH gradient. The possibility that 1,25-(0H)2D3
might promote bone mineral mobilization through the action of a
solubilizing agent(s) has received some support (2). For instance,
Nichols et al. (38) have shown that vitamin D-treated bone maintains
higher buffer levels of calcium and phosphate than vitamin D-deficient
bone even when cellular metabolism is abolished. Similar observations
have been made from bones taken from rats treated with PTH (20,43,47),
while calcitonin treatment lowers buffer calcium and phosphate concen-
trations (21). These findings indicate that the solubility of the
mineral phase can be altered by an unidentified agent(s) secreted by
bone cells under the influence of PTH and 1,25-(0H)2D3.

This solubilizing agent(s), by interacting with the bone mineral
surface, presumably increases the bone mineral solubility and thereby
raises the concentrations of calcium and phosphate in the bone ECF.
Eventually, the calcium and phosphate released from the bone mineral
distribute throughout the entire body ECF. Once bone cells have
secreted the solubilizing agent(s) they are no longer necessary for the
increase in bone mineral solubility. Therefore, the solubility of
non-vital bone reflects the physiological state of the animal at the
time of sacrifice. Bone from animals in PTH- and vitamin D-deficient

hypocalcemic states can be expected to contain little of this
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solubilizing agent(s). If this agent(s) were removed entirely the
solubility of the bone mineral would approach that of synthe;ic aﬁatite.
Naturally, the solubilizing agent(s) must eventually be removed from
the mineral surface and in;Etivated. Since calcitonin lowers ane
mineral solubility (21), bone cells may be involved in some fashion
with the removal and/or inactivation of the solubilizer.

The initial precipitation of calcium.phosphate near neutral pH
involves a tr;nsitory phase [amorphous calcium phosphate or ACP] of
lower Ca/P ratio and higher solubility than the final hydroxyapatite
phase (36,58). Upon poisoning bone cells, bone mineral spontaﬁeously
converts to a phase with a higher Ca/P ratio; presumably an ACP to
hydroxyapatite transformation occurs. Although this conversion was
first recognized by Neumén and Bareham (35), decreases in buffer
calciuﬁ with simultaneous increases in buffer phdéphate during incubation
of non-vital bone had been previously observed (27,48). Apparently,
active bone cells stabilize the presence of ACP in bone. Preliminary
work in this investigation fully supported the earlier work and led
to the choice of a high buffer phosphate to calcium ratio in the
solubility studies. During 48 hours of incubation (Figure 2), the bone
Ca/P ratio increased from 1.512 +0.005 to 1.549 +0.014. The data in
Figure 4 demonstrate that this increase was not complete in 48 hours
‘and it is difficult to predict whether the hydroxyapatite stoichiometric
ratio of 1.667 can be attained in a melieu containing magnesium and

carbonate.
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Figure 4 shows the mineral solubility of the mouse pup calvaria
decréased.with time over the 4-day incubati&n period. Consistent with
the expected ACP to hydroxyapatite phase transition, the buffer calcium
concentration decreased to a much greater extent than the buffer phos-
phate concentration. 1,25-(OH)2D3 increased the mineral solubility of
the calvaria throughout the four days of incubation but'did not appear
to influence the gradual decline in buffer concentratioﬁs of calcium
and phosphate. Further work is required to determine the interaction
of the postulated solubilizing agent with the ACP—hydro#yapatite phase
transition.
| The evidence obtained in this investiggtion clearly demonstrates
that l,25—(OH)2D3 exerts an effect upon the -solubility of bone mineral
in 2 manner entirely consistent with its physiological action of trans-
ferring calcium and phosphafe from bone to blood (&,19,595;' Thqs;
1,25—(OH)2D3 abpears to have been the active metabolite in an earlier
study of the effects of vitamin D on bone mineral solubility (38).
Since PTH (20,43,47) and calcitonin (21) also alter the solubility of
bone mineral, the action of the proposed solubilizing agent(s) may be
a general mechanism by which 5one mineral mobilizing agents act. This
does not imply that the pump and pH gradient theories are incorrect,
only that they cannot fully explain the actions of these hormones. The
key arguments in favor of the '"'solubilizer" theory are (a) the effects
of these hormones persist after bone cell metabolism is abolished, a

fact difficult to explain by the pump theory and (b) 1,25—(0H)2D3
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increases the moﬁilizatioh of'bone mineral without a concurrent increase
in lactate production; a fact difficult to explain by the lactate-
mediated pH gradient theory.

1,25—(0H)2D3 might act to induce either the synthesis of the
solubilizer directly or the enzymatic machinery necessary for the full
development of the action of the solubilizer(s). Since colchicine has
been shown to inhibit the action of 1,25—(OH)2D3 (46), microtubules may
be involved in thg secretion of the solubilizer(s). The solubilizer(s)
may or may not be a protein. It is interesting to note that PTH
increases the synthesis of hyaluronic acid by bone in vitro (25,26) and
that 1,25-(OH)2D3 alters the lipid composition of the intestinal brush
border membrane (50). Although the exact identity of the proposed
solubilizer is presently unknown, the solubilizer(s) might be related to:
i) one 6f the recently discovered proteins found in bone: calciﬁm-
binding protein (7), bone sialoprotein (18), a,~HS glycoprotein (60) and
‘ the Y—carboxyglufamic acid- containing osteocalcin (14) ..or, ii) the
peptides and other low molecular weight components described by Learer

and Shuttelworth (23).
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INTRODUCTION

Vitamin D3 (cholecalciferol) is a natural fat-soluble steroid
associated with normal body growth and bone calcification. Although
all species do nof react identically to a deficiency in vitamin D,
typical symptoms include lack of weight gain, muscle weakness, loss of
appetite, enlarged parathyroid glands, uncalcified (rachitic) cartilage,
hypocalcemia and hypophosphatemia. In severe cases death from hyﬁo—
calcemic tetany can occur. Bone and intestine are the most widely
studied target organs for the action of vitamin D. Vitamin D increases
the mobilization of bone mineral and the intestinal absorption of calcium
and phosphate; both of these actions result in increased blood levels of
calcium and phosphate. The parathyroid glands (28), salivary glands (20)
and kidneys (5) also appear to be target organs in vitamin D action.

The synthesis of high specific activity radiolabeled vitamin D3
led to the identification of 25—(OH)D3, a metabolite produced by the .
liver. Although 25—(0H)D3 is the major circulating form of vitamin D3,
further metabolism to 24,25-(OH)2D3 and 1,25—(OH)2D3 occurs in the
kidneys. Low concentrations of 25,26—(OH)2D3 (63) and l,24,25—(OH)3D3
(69) have also been found under certain circumstances. In terms of
potency, 1,25—(0H)2D3 is the most active natural derivative of vitamin D3
in promoting bone resorption in vitro (61,62), binding to the intestinal
receptor protein (14,47) and in increasing tibia ash weight (7). This

high activity, coupled with a rapid time course of action and the
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observations that the synthesis of‘l,25—(OH)2D3 is under metabolic
control, has led to the belief that l,25--(OH)2D3 is the physiologically
active metabolite of vitamin D, (40,46). '

In contrast to these findings however, three recent reports have
suggested that 1,25—(OH)2D3 may not be responsible for all of the
actions of vitamin D3. Bordier et al. (6) could not fully duplicate the
actions of 25-(OH)D3 with 1,25—(0H)2D3 in man. Norman et al. (41) have
shown that l,25—(OH)2D3 does not fully support growth in chickens over
a 30-week period while Sunde et al. (64) found that embryonic chicks did
not develop properly when hens were given l,25—-(OH)2D3 instead of vitamin
D3. In the first part of this investigation another aspect of the long-
term actions of 1,25—(OH)2D3 has been studied; .namely, the efficacy of
1,25—(OH)2D3 treatment in tgrms of body weight gain, normalization of
plasma calcium, and reproductive ability in young adﬁlt vitamin D-deficient
female rats.

Since 1,25—(0H)2D3 has a rapid biological turnover k21,32,42),animals
previously deficient in vitamin D and given 1,25-(OH)2D3 as their sole
source of vitamin D should quickly become vitamin D-deficient upon
cessation of the 1,25—(0H)2D3 treatment. Such a procedure was employed
in order to obtain vitamin D-deficient rat pups. By ‘terminating injections
of 1,25-(0H)2D3 at delivery into female rats being maintained with this
metabolite, rat pups and dams soon showed signs of vitamin D deficiency.
An additional experiment was undertaken to determine whether normal
impregnated female rats could be rendered vitamin D-deficient by the time

of delivery.
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MATERTALS AND METHODS

All rats were éf the Sprague-Dawley strain and purchased from
Holtzman Company. These rats were housed in a room free from ultra-
violet light and kept on a 12 hour/day light cycle. The three vitamin D-
deficient diets were purchased from Teklad Test Diets and contained:

(1) no calcium, 0.4% phosphorous (TD 76524); (2) 0.2% calcium, 0.4%
phosphorous (TD 76428); and (3) 1.4% calcium, 1.0% phosphorous (TD 77192).
The 1,25—(OH52D3 was a generous gift from Dr. Milan R. Uskokovic' of
Hoffman LaRoche, Inc. and the vitamin D3 was purchased from ICN Pharma-
ceuticals; Inc. Stock solutions of l,25—(OH)2D3 were checked for actual
1,25—(0H)2D3 concentration by taking ultraviolet absorption spectra and -
using a molar extinction coefficient of 18,200 at 265 mu. One unit of
vitamin D3“or l,25f(OH)2D3 is defined as 65 pmoles.

Rats were bled by snipbing off the tip of their tails (usually under
ether anesthesia) and collecting bload in heparinized capillary tubes.
Blooa from rat pups was obtained at decapitation. Plasma calcium was
determined, usually in triplicate, on 20 microliter samples with a
Calcette titrator. Plasma phosphate was deterﬁined after deproteini-
zation with 8% perchloric acid by the method of Chen et al. (8). The
medium employed for the.in vitro incubation (Table 4) consisted of 130.mM
NaCl, 5 mM KCl, 2 mM CaClz, 1.65 mM NazHPO4, 1 mM MgSO4, 30 mM HEPES,

500 mg.% glucose, 2 mg/ml bovine serum albumin, 100 units/ml pepicillin

and 100 pg/ml streptomycin diluted by 5% with heat-inactivated newborn
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calf serum and set to pH 7.4. Medium calcium and phosphate were analyzed
in the same féshion as the plasma determinations. Sodium and potassium
concentration in serum and bone extracts were measured on an Instrumen-
tation LaBoratories Model 143 Flame Photometer. Bone wet and dry weights
were taken on a Cahn Millibalance. The glucose oxidase method of Raabo
and Terkildsén (48) was used to determine medium and serum glucose while
medium lactate was analyzed according to the procedure described in

Sigma Technical Bulletin #826~UV. Calvarium thickness was measured with

a Mitutoyo micrometer.
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RESULTS

Experiment 1

Figure 1 contains a flow chart outlining the procedufes followed
in this experiment.

Twenty-three 40-day-old female rats weighing approximately 140 grams
were placed on the 0.27%7 calcium, 0.47% phosphorous, vitamin D-deficient
diet upon arrival from Holtzman Company. Body weights were determined
every several days. After 36 days five rats were given 500 units of
vitamin D3 by intraperitoneal injection. 'Four of these vitamin D3—
injected and six of the non-injected rats were bled 21 days later.

Plasma calcium values were 10.9 +0.1 and 5.9 +0.1 mg.% (mean + SEM) for

the vitamin D,~injected and nbn—injected rats, respectively. The body

3
‘weighfs of these rats during this period are shown in Figure 2. The"
non-injected, vitamin D-deficient rats gained less than 40 grams while
the rats given vitamin D3.gained over 90 grams of body weight.

The 18 ndn—injected rats were divided into four groups: one group
of six was not injected while three groups of four rats were injected
with 0.25, 1.0 and 10.0 units of l,25—(OH)2D3 per day for ome week.

The 1,25--(OH)2D3 was initially dissolved in 95% ethanol and then diluted
to the proper dosage level with saline. Plasma calcium values obtained
after this week of injections are given in Table 1. There was a clear

dose-dependent increase in plasma calcium but normalization to values

near 10 mg.% did not occur. All three injected groups of rats gained
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FIGURE 1. Flow Chart Describing the Procedures Employed for
Generating the l,25—(OH)2D3rReplete'Female Rats
Used for Mating.

A fuil description of the experimental details is given in

the RESULTS section under "Experiment 1".
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FIGURE 2. Time Course of the Body Weights (mean + SEM) of Female Rats Placed on. the 0.2% Calcium

0.47% Phosphorous, Vitamin D-Deficient Diet After Purchase from Holtzman Company.

- The age indicated is the actual age of the rats. At the times indicated by the arrows, 500
units of vitamin D3 were injected intraperitoneally into 5 of the rats. The remaining 18 rats
did not receive any vitamin D3. Plasma calcium values (mean i.SEM) obtained on the number of

rats given in parentheses, at 97 days of age, are also indicated.
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TABLE 1

The Effect of 1,25—(0H)2D3 Upon Plasma Calcium After 7 Days of Injection

Daily Dose of ‘
l,25—-(OH)2D3 N Plasma Calcium

(units) (mg.%)
0 6 5.9 +0.1
0.25 4 , 6.3 +0.2
1.0 4 7.0 +0.2

+0.5

10.0 4 8.1

Seven daily intraperitoneal injectidns with saline as a
vehicle were given and the rats were bled one day after the last
injection. Plasma calcium values are given as the mean + SEM;

N refers to the number of rats in each group.
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about 15 grams in body weight while the non-injected group gained
5 grams.

Due to the possibility of oxidation of the l,25—(0H)2D3 occurring
in the saline diluent, attempts were made to continue these injections
with propylene glycol in place of the saline. This procedure did not
prove successful since the 200 microliter propylene glycol injections .
caused severe ﬁain in the rats. All subsequent injections were made
with 95% ethanol as the vehicle and the injected volume was reduced to
either 25 or 50 microliters. Problems were also encountered in changing
the diet from powder to pellet form. As a result of these two delays,

a three-month period passed between the initial saline vehicle injec-
tions (Table l)‘and the injections with ethanol as the vehicle described
below. During this time the rats continued to appear healthy but did
not gain/body weight.

The'three previéusly injected groups of rats were injected with
0.05, 0.2 and 1.0 units of 1,25—(OH)2D3 per day. The non-injected and
0.05 unit/day injected rats did not gain any body weight. The rats on
the high dose of 1,25—(0H)2D3 had an approximately linear rate of body
weight gain over the next four weeks. Two of the four rats receiving
the intermediate dose of 1,25—(OH)2D3 gained weight at the same rate
as the rats receiving the high dose while the other two rats on the
intermediate dose lost weight. This weight loss appeared to result from
" the injections as the loss stopped after terminatihg the injections.

Plasma calcium values obtained 38 days after the start of the injections
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are given in Table 2. The 1.0 unit/day dose of 1,25-—(0H)2D3 was
effective in returniné plasma calcium to normal. The 0.05 unit/day
dose was not effective while the results of the 0.2 unit/day dose of
l,25—(OH)2D3 were inconclusive in the normalization of plasma calcium.

Since the effective daily dose of l,25-¥(0H)2D3 as judged by
body weight gain and normalization of plasma calcium appeared to be
between 0.2 and 1.0 unit per day, a dose of 0.75 unit/day was chosen
for the remainder of the injections. Ten rats (one previously non-
injected, four given 1.0 unit/day, four given 0.2 unit/day and one rat
given 0.05 unit/day of'l,25—(OH)2D3) were injected daily with 0.75 unit
of l,25—(OH)2D3 for five to seven weeks. During this time the two rats
that did not adjust to the earlier intermediate dosage again had
problems resulting from the injections and were sacrificed. The mean
body weights throughout this period of the non—injeéted andAfour rats
who had previously received the high dose of 1,25-(OH)2D3 are given in
Figure 3. |

The eight female rats receiving 0.75 unit/dayvof 1,25—(OH)2D3 were
mated with normal young males for a period qf eight days. Two males
were placed with two females. After the males were removed the females
were put into individual cages for the remainder of the experimen;..
Three of these femalés préduced litters of 7, 9 and 10 pups. The
females did’not receive any further injections of 1,25—(OH)2D3 once
'they had given birth.

The 1,25—(OH)2D3 injections were terminated on four of the five

rats that did not give birth. These rats weighed an average of 326 grams



TABLE 2

The Effect of l,25—(0H)2D3 Upon Plasma Calcium

After 38 Days of Injection

Daily Dose of

l,25—(OH)2D3 Plasma Calcium
(units) (mg.7%)
0.05 7.0
0.2 8.7
0.2 10.0
1.0 9.8
1.0 9.8
1.0 9.9
1.0 9.9

The 1,25—(OH)2D3 was given daily by intraperi-
toneal injection with 957 ethanol as the vehicle.
Body weights for non-injected and 1.0 unit/day
1,25—(0H)2D3—injectedArats during this period are

shown in Figure 2.

136



FIGURE 3. Mean Body Weights of 1,25-(0H)2D3—Injected Rats (n = 4) Following the Start of ‘the

Injections; Non-Injected Controls are Included for Comparison.

The daily doses of 1,25—(OH)2D3 injected controls are given at the top ofithe figure.
Plasma calcium averaged 9.9 +0.1 mg.Z (mean + SEM) after 38 days of injection. The injected

female rats were mated with normal males during the indicated eight-day interval.
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and were considered to be fully grown. The requirement for vitamin D
in these animals was studied by taking plasma samples and analyzing
for calcium. The data presented in Table 3 show that plasma calcium
did not fall over a period of three and one-half weeks. As judged by
their ability té maintain normal levels of plasma calcium, these adult
rats did not have any requirement for vitamin D. Poésibly, analyses
of additional parameters would have demonstrated a deficiency in vitamin D.

Seven pups Were born to the first dam who delivered. One of these
pups died on the second day and another died on the tenth day after
birth. All the pups appeared normal upon visual inspection and suckled
uneventfully. The body weights of these pups are shown in Figure 4;
although growth was slow the first few days, the pups gained an average
of 122 of their body weight per day after the fourth day. Throughout
this period the dam was kept on a vitamin D-deficient diet containing
0.2% calcium and 0.47 phosphorous. At 11 days of age the five pups were
sacrificed and found to have a plasma calcium of 10.3 +0.1 mg.Z (mean
+ SEM). The corresponding plasma calcium value in the dam was 5.7 mg;%.
After her pups were sacrificed, the dam was placed‘on the calcium-free,
0.4% phosphorous, vitamin D-deficient diet overnight. The next day she
went into tetany, had a plasma calcium of 5.4 mg.%Z and was sacrificed.
Whereas adult vitamin D-deficient rats not subject to a calcium stress
maintain a normal plasma calcium (Table 3), 11 days of lactation reduce
plasma calcium by nearly oné—half.

As was the case with the first dam, the daily injections of

1,25—(0H)2D3 were terminated at delivery for the second and third dams
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TABLE 3

Plasma Calcium Following Withdrawal of 1,25—(OH)2D3

Days Since Last » Plasma Calcium (mg.%)
1,25-(0H) ,D, 1, 25-(0H) 2D5- Dy
Injection. Injected Rats. Injected Rats
1 10.6 + 0.3 10.5
4 10.5 + 0.2 10.5
8 10.4 + 0.2 10.8
15 10.4 + 0.3 -
25 | 10.7 + 0.1 10.6

Plasma calcium values for the l,25-(OH)2D3—injected rats are
‘the mean + SEM for four rats while values for the vitamin Dj-injected

rats are the mean of two rats.
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FIGURE 4. Mean Body Weights of the First Litter of Pups Born to
the Rats Maintained on 1,25—(0H)2D3.

The dam was kept on the 0.2% calcium, 0.47% phosphorous,
vitamin D-deficient diet after delivery but the l,25—(OH)2D3
injections were terminated. The pups were sacrificed at 11 days
of age and their plasma analyzed for calcium. The dam was bled

at the same time for determination of plasma calcium.
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that gave birth. However, these two dams were placed on the calcium-
free, 0.47 phosphorous, vitamin D-deficient diet at delivery. The -
body weights of the third litter (8 pups plus 2 born dead) are given in
Figure 5. The pups grew for the first nine days but then lost weight
and died on days 13 through 16. On the 12th day after delivery the

dam had a plasma calcium of 4.1 mg.%Z. The dam was placed on the 1.47%
calcium, 1.0% phosphorous, vitamin D~deficient diet and in 12 days she
gained over 50 grams in body weight and had an increase in plasma
calcium to 8.0 mg.Z.

The gains in body weight for the pups in the second litter (8 pups
plus 1 born dead) are given in Figure 6. Normal growth occurred for
eight days but then plateaued over the next four days. On the 12th day
the dam was put én the 1.4% calcium, 1.0% phosphorous, vitamin D-
deficient diet and by the next day the pﬁps hadAbegun to gain wgight.
By the 17th day the pups were beginning to eat solid food and in order
to evaluate their growtﬂ'on a more restrictive calcium intake, the
0.2%Z calcium, 0.47% phosphorous, vitamin D-deficient diet was given to
the pups and dam. The pups were not weaned but continued to both suckle
and eat solid pellets. Except for their small size, roughly one-half
the normal body weight, these pups appeared normal. They had a full
coat of fur and actively scampered around the cage. Eye opening
occurred on day 16, within the normal range (15).

Ten units of vitamin D3 were given'by intraperitoneal injection

to three pups at 26 days of age; three other pups were injected with
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FIGURE 5. Mean Body Weights of the Third Litter of Pups Borm to
the Rats Maintained on 1,25—(OH)2D3.

At delivery the dam was placed on the calcium-free, 0.47%
phosphorous, vitamin D~deficient diet and the daily injections
of 1,25—(OH)2D3 were terminated. The dam was bled and a plasma
calcium determination carried out on day 12. The pups died on

days 14 through 16.
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FIGURE 6. Mean Body Weights of the Second Litter of Pups Born to the
Rats Maintained on l,25-(OH)2D3 (solid squares).

At delivery the dam was placed on the calcium-free, 0.4% phos-
phorous, vitamin D-deficient diet. The open squares represent the
mean body weights of the four litters of pups in "Experiment 2" whose
damshad been given 500 units of vitamin D3.on the fifth day after
delivery. On the 12th day (first arrow), the dam was. placed on the
1.4% calcium, 1.0%Z phosphorous, vitamin D-defiqieni aiet and on the
lith déy.(second arrow) ﬁhe dam waé switched to the 0.2% calcium, 0.4%
phosphorous, vitamin D~deficient diet: Ten units of vitamin D3 were
given by subcutaneous injection to one-half of the pups on the 26th
day (third arrow). The mean body weights of these pups are given by

the solid circles. The remaining pups received an injection of the

95% ethanol vehiecle and all pups were sacrificed at 28 days of age.
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the 957 ethanol vehicle. ' Three days later, following an overnight fast
the pups were sacrificed, plasma collected and the calvaria dissected
out, rapidly weighed and then incubated . in three ml of medium for seven
hours. Initial and final medium concentrations of calcium, phosphate,
glucose and lactate were determined. Following the incubation, the
calvaria were dried overnight at 110° C and then extracted overnight
with 2 ml of 2 N HNO3. This extract was analyzed for ;alcium after a
20-fold dilution.

The data in Table 4 demonstrate that the vitamin D3 ipjection
dramatically increased plasma calcium and slightly increased plasma
phosphate in these young rats. - According to. the water and calcium
contents of the calvaria, there was no effect of vitamin D3 upon bone
mineralization. This fact is not surprising considerihg the short time
interval beﬁween injection of vitamin-l.)3 and sacrifice. Incubated
calvaria from vitamin D3-injected rats maintained significantly higher
levels of medium calcium than controls. Since medium phosphate was also
higher with vitamin D3 treatment, the vitamin D3—treated calvaria
suppurted a significantly higher calcium X phosphate product than
vitamin D-deficient control calvaria. Vitamin D3 increased calvarial
lactate production without a corresponding increase in glucose |

consumption.

Experiment 2

Twelve sperm—-positive females were purchased from Holtzman Company

and placed on the 0.27% calcium, 0.47% phosphorous, vitamin D~deficient



TABLE 4

Effects of Vitamin D3 Injection

on Four-Week-0ld Rats

. Control 10 Units D4
Plasma calcium (mg.%) 5.24 +0.03 8.62 +0.31%
-Plasma phosphate (mM) ' 2.74 +0.29 3.23 ip.292
Calvaria water (% wet wt.) 56.6 +0.9 55.9 +2.3
Calvaria calecium (% dry wt.) 18.2 +0.5 17.9 +0.2
Medium calcium (mM) 1.67 +0.04 1.90 ip.023
Medium phosphate (mM) 1.47 +0.05 1.54 19.052
Medium Ca x P, (mt?) "2.45 +0.03 2.93 +0.08>
Glucose consumption. : 9.60 +0.44 10.23 +0.93
(ymoles/hr/gm wet wt.) ‘
“Lactate production 13.62 +0.33 17.13 19.814'

(umoles/hr/gm wet wt.)

Rats were injected with vitamin D3 or the ethanol vehicle at 26 days

of age and upon sacrifice three days later plasma was collected and

calvaria dissected out. Full details are given in the text.

three rats in each group; each value is the mean + SEM.

determined with the Student t-test.

lp < .0005 compared to control value

2p < ,20 compared to control value

3p < ,005 compared to control value

4p < .01 compared to control value

p values were

There were

145
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diet and housed individually. These rats were received two days after
they were certified to be sperm-positive. Ten of these rats delivered
pups and were put on the calcium-free, 0.47 phosphorous, vitamin D-
deficient diet after delivery. Litter sizes were evened out such tﬁat
each dam had eight pups. Four of the 80 pups died within two days. On
the fifth day after deiivery 500 uniﬁs of vitamin D3 were given by
intraperifoneal injection to four of the dams. The pups were weighed
at least every alternate day and the normalized body weight gains
(defined in the figure) are plotted in Figure 7. After one week the
pups from the dams not injected with vitamin D3 stopped growing while
the pups from dams given vitamin D3 grew normally. This phenomenon of
cessation of growth at about one week of age was also observed in the
first experiment of this investiéation (Figures. 5 and 6).

To better understand the cause of this rat pup growth failure,
one-half of the pups in each litter were injected subcutaneously with
10 microliters of 95% ethanol containing 50 units of vitamin D3 at 10
days of age. The remaining pups were injected with 10 microliters of
the ethanol vehicle. On days 12 through 15 one pup froﬁ each group in
each litter was sacrificed and plasma collected. For the pups sacri-
ficed on days 12, 13 and 14, plasma calcium-was determined. The data
presented in Table 5 clearly show that none of the pups were hypocalcemic
and vitamin D3 had little effect, if any, upon piasma calcium. Plasma

calcium values were slightly lower the last two days as a result of

additional care in preventing calcium-rich milk from contaminating the
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" FIGURE 7. The Growth of the Pups in "Experiment 2" as Evaluated by
their Normalized Body Weight Gain (mean + SEM).

The normalized weight gain.of an individual litter is defined
as the mean body weight of the litter divided by the litter's mean
body weight at one day of age. At delivery the dams were switched
from the 0.4% phosphorous, vitamin D-deficient diet containing 0.2%
calcium to one that was calcium-free. Fourvdams were given intra-
periténeal injedtioné of 500 uﬁits of vitamin D3 fivé days after
delivery and the normalized weight gains of their pups are represented
by solid squares. The remaining six dams did not receive any
vitamin D3 and the normalized weight gains of their pups are represented

by the solid circles.
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TABLE 5

Pup Plasma Calcium Values Following Vitamin D3 Injection

Age Dam Given D3 Pups Given D3 N Plasma Calcium
(Days) . , _ . : (mg.%)
12 Yes Yes 4 11.6 +0.1
Yes No 4 11.7 $0.1
12 No Yes 6 - 12.0 +0.3
' No No _ 5 11.7 +0.2
13 No Yes 4 10.5 +0.3
No No 4 10.2 +0.3
14 , : No . o Yes 4 4 . - 10.8.+0.3
No | No 4 10.3 +0.3

Vitamin D; injected dams were given 500 units 5 days after delivery. At
10 days of age, one-half of the pups in each litter were given 50 units
of vitamin D3 as described in the text. Plasma calcium values are given

as the mean +SEM; N refers to the number- of pups in each group.
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plasma samples. On the 15th day plasma phosphate was determined as

were the water, calcium, sodium and potassium contents of the calvaria;
the results are given in Table 6. Plasma phosphate was significantly
increased in the vitamin D3—injected pups from the Qitamin D-deficient
.dams. Changes in the calvarial contents of water, calcium and sodium
were all in the direction of increased mineralization in these vitamin
D3-treated pups, although the change in each. individual parameter was
barely statistically significant. Vitamin D3 did not appear to influence
bone potassium, a reasonable index of cellularity.

In addition to-determining plasma calcium levels on the pups
sacrificed at 12 through 14 days of age (Table 5), the pups' calvaria
were dissected out aﬁd incubated in the recently developed system for
skeletal ion flux analyses (39).l The calvaria from the vitamin D3—
treatéd bupé mainﬁéined a highervfiﬁal level of buffer calcium after a
four-hour incubation compared to the calvaria taken from the vehicle-
injected littermates in 12 out of 12 cases. Since vitamin Dq had a
skeletal effect at a physiological dose of 50 units, the vehicle-
injected pups appear to have been deficient in vitamin D. Further work
is required in order to understand how this apparent increase in
bone mineral solubility is promoted by vitamin D3.

On the 15th day all the remaining pups were removed from the dams

and sacrificed. The dams were starved overnight and then sacrificed

lThese experiments were performed by C.R. Myers.
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TABLE 6

Plasma Phosphate and Bone Data from 15-Day-0ld Pups

- Vitamin D, + Vitamin D3
Plasma phosphate (mM) 2.86+0.08 3.2310.111
Calvaria Water (% wet wt.) 46.5 +0.3 45.1 19.92
Calvaria calcium (% dry wt.) 18.95+0.27 19.3310.183
Calvaria sodium 18.27+0.19 18.68i0.243
(ymole/100 mg dry wt.) '
Calvaria potassium 8l.4 +4.3 83.3 +1.5

(mmoles/liter bone HZO)

These pups were from dams that had not recéiVéd any vitamin D3. At
ten days of age one-half of the pups from each litter were given 50 units
of vitamin D3 as described in the text. Values are given as the mean
+SEM for four pups (one from each litter). p values were determined with

the Student t-test.

lp < .025 compared to vehicle-injected pups.
2p < .10 compared to vehicle-injected pups.
3

p < .20 compared to vehicle-injected pups.
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the following day. Sera were collected and the calvaria diésected out.
The results of several assays performed on the sera and calvaria are
given in Table 7. Vitamin D-deficient dams had lower serum calcium but
higher serum phosphate.vélues. No changes were observed in serum glucose,
sodium or potassium with vitamin D status. Vitamin D3—treated dams
mobilized a significant fraction of their skeletal mineral as indicated
by an increase in water content and a corresponding decrease in the
calcium content of their calvaria. The skeleton was the only source of
calcium available to the pups through milk since these dams were on a
calcium-free diet since delivery. Vitamin D status did not appear to
affect the frhickness of the calvaria. One observation made_but not
quantitated was the fact that the vitamin D3-treated dams ate considerably

more food than the vitamin D-deficient dams.



TABLE 7

Comparison of Vitamin D3—Injected Dams with Non-Injected Dams

+ Vitamin D3

Non-Injected
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1
Serum calcium (mg.%) 9.8 +0.3 (4) 8.6 +0.4 (3)
2
Serum phosphate (mM) 2.1 +0.1 (4) 3.1 40.1 (3)
Serum glucose (mg.?%). 99 + 5 (4) _ 116 + 11 (3)
Serum sodium (mM) 130 + 1 (&) 130 + 1 (3)
Serum potagsium (mM) : 6.7 +0.4 (4) 6.8 +0.2 (3)
3
Calvaria water 038.1 +0.8 27.6 +1.0 (4)
(% wet wt.) .
Calvaria calcium 19.2 +0.8 (4) 22.2 +0.3 (4)

(% dry wt.)

Calvaria thickness 0.86 +0.06 (4)

0.85 +0.09 (4).
(milliméters) B

Vitamin D3—injected dams were given 500 units of vitamin D3 by
intraperitoneal injection on the fifth day after delivery. The dams
were sacrificed on day 16 after an overnight fast; the last of the pups
had been removed on the previous day. Values are given as the mean
+ SEM for the number of data points in parentheses. p values were

determined with the Student t-test.

1 p < .05 when compared to vitamin D3-injected dams

2 p < .005 when compared to vitamin D3—injected dams
3 p < .0005 when compared to vitamin Dy-injected dams
4

p < .0l when compared to vitamin D3—injected dams
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DISCUSSION

The daily dose of l,25—(0H)2D3 required to maintain rats in a
normal calcium and phosphorous balance depends upon age, sex and the
dietary levels of calcium and phosphorous. The increased requirements
for calcium and phosphate during growth are reflected in higher plasma
levels of 1,25-(0H)2D3 in children (16,23). Norman et al. (41) have
demonstrated a sex difference in growth rates of chickens given daily
doses of 1,25-(0H)2D3. As dietary calcium is decreased, the efficiency
of the intestinal absorption of this cation is increased and l,25—(OH)2D3
is thought to be the "endogenous factor" mediating this phenomenon.
Hughes et al. (27) have shown khét blood levels of l.,ZS—(OH)ZD3 increase
when dietary calcium or phosphorous is lowered.

Under normal ci;cumstances, the v;riable requirement for l,~25-(OH)2D3
" is achieved through a complex interplay of various‘physiological factors.
The synthesis of 1,25-(OH)2D3 by the kidney cortex mitochondria is
influenced by parathyroid hormone (19), serum phosphate (66), insulin (57),
estrogen (2), glucocorticoids (60) and possibly prolactin (59) and growth
hormone (35) but not calcitonin (34). The mechanism(s) by which these
agents act is currently under investigation in several laboratories and,
at least in the case of parathyroid hormone, cAMP2 appears to be

involved (25). There is little information available about the control

2 3',5'-adenosine monophosphate.
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of blood 1,25—(OH)2D3 levels by degradative pathways although fecal
excfetion, side chain oxidation and conversion to more polar metabolites
do occur. 1,25-(OH)2D3 speeds up its own metabolic breakdown (18).
Recent experiments have shown that when radiolabeled 1,25—(OH)2D3 is
given daily to rats for two weeks at a dose level similar to the one used
in this experiment, several unidentified metabolites could be distinguished
by chromatographic analysis (53). When vitamin D-deficient rats are
maintained on daily injections of 1,25—(OH)2D3 the physiological control.
mechanisms for regulating blood levels of l,25—(OH)2D3 by synthesis are
bypassed. Care must be taken in order that hypercalcemia does not
develop (67).

There are several additional complications in choosing an effective
maintenance dose of 1,25—(0H)2D3. As the need for calcium and phosphate
increase during pregnancy and lactation, the requirement'fdr 1,25—(0H)2D3
can also be expected to increase. The elevated blood levels of 1,25-
(OH)2D3 observed in lactating rats (3) and during human pregnancy (23) are
consistent with this expectation. Thus, a dose of 1,25—(OH)2D3 sufficient
for an adult rat might be too low if that same rat became pregnant. ihe
route of administration of 1,25—(OH)2D3 may also be an important factor.
Since 1,25—(OH)2D3 was ineffective when given by repeated oral doses in
the study of Tanaka et al. (65), the 1,25--(OH)2D3 was given by intra-
peritoneal injections in this investigation. A single daily injection
of 1,25—(OH)2D3 with the subsequent oscillations of blood and tissue

concentrations can at best only approximate the normal continuous
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synthesis and breakdown. As might Be expected for a relatively rapidly
metabolized hormone, on a daily basis, chicks require less 1,25—(0H)2D3
when they are given injections daily rather than on alternmate days (10).

In this investigation, a daily injection of 0.75 unit.of 1,25-(OH)2D3
proved to be an adequate .maintenance dose for young female rats on a
diet of 0.2% calcium and 0.47% phosphorous. Although direct comparisons
to other studies are difficult, thé dose of l,25-—(0H)2D3 employed in this
study does appear reasonable. Tanaka and DeLuca (65,66) used similar
doses of 1,25-(0H)2D3 but their rats were fed diets with extremely low
contents of either calcium or phosphorous. Rizzoli et al. (54) used a
dose of 0.4 unit of l,25—(OH)2D3 divided into two daily injections for
parathyroidectomized rats. However, their rats were given higher dietary
levels of calcium and phosphate than used in this study and thyropara-
thyroidectomy does not fully'stop the synthesis of 1,25-(OH)2D3 (27).
If the 0.75 unit/day dose of 1,25—(OH)2D3 required by a 300 gram rat is
extrapolated to the requirement for a 70 kg human, assuming the dose goes
as body weight to the 0.75 power (56), then an estimated value of
1.2 pug/day is obtained. This value Lls in excellent agreement with
the clinical doses currently employed (6,21).

Under normal dietary conditions vitamin D is clearly necessary for
an organism's development to full potential. Vitamin D-deficient
animals typically suffer from muscle weakness, swollen joints and loss
of appetite. These symptoms, together with the failure of the

intestine to properly absorb calcium and phosphate, result in greatly
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reduced 1intakes of calcium and phosphate. Although hypersecretion of
parathyroid hormone can temporarily mobilize calcium and phosphate from
bone, the skeleton eventually becomes refractive to parathyroid hormone
and both hypocalcemia and hypophosphatemia occur. A vicious cycle is

set up since the failure to maintain normal serum electrolytes aggravates
the muscle weakness and loss of appetite.

Upon repleting deficient aniﬁals with vitamin D, enhanced infestinal
absorption and the combined bone mineral mobilizing effects of para-
thyroid hormone and 1,25—(OH)2D3 result in increased blood levels of
calcium and phosphate. The subsequent mineralization of cartilage and
rapid bbdy growth give ﬁhe impression that vitamin D is an anabolic
hormone. HoweVef, these anabolic actions are probably secondary to the
norméliiatidﬁ'of blood calcium and phosphate levels. With proper
dietary manipulation, nofﬁal skeletal growth and maturation occur in
rats deprivedvof vitamin D (26) or parathyroid hormone (77). Several
reviews have emphasized that there has been no experiment reported
demonstrating a direct effect of any vitamin D metabolite omn bone
mineralization (13,51,52). The anabolic effects on the skeleton
observed with low doses of parathyroid hormone have also not been
satisfactorily disséciated from increases in the blood levels of
calcium and phosphate (44). Both of these hormones are obviously
required during dietary shortages of calcium and/or phosphate.

If vitamin D is not required for full develdpment from weaning

with proper management of dietary calcium and phosphorous, then rats
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might not need vitamin D to produce and rear young successfully.
Maternal parathyroidectomy does not interfere with reproduction and
lactation (4,58). Hypophysectomized rats will deliver young but not
nurse. properly without prolactin (12). In both cases, each fetus has
its own full complement of hormones. - Although severely'hypocalcemic
vitamin D-deficient rats cannot reproduce (49), there has been no
reported attempt to breed vitamin D-deficient rats made normocalcemic
and normophosphatemic by dietary manipulation. If such rats can success-
fully reproduce and rear their young to sexual maturity, then a convinc-
ing argument could be made that vitamin D is not necessarily a required
vitamin,.

The experiments reported in this investigation demonstrate that
l,25-(OH)2D3 can successfully support reproduction in rats giveﬁ a vitamin
D-deficienﬁ,'low (0.2%) calcium, normal (0;42) phosphordus diet.
l,25-—(OH)2D3 appears to fully mimic the éctions of vitamin D in maintain-
ing the appropriate physiological environment necessary for reproduction.
Whether all of the reéponses to vitamin D in all species can be achieved
by proper l,25-—(OH)2D3 treatment is still an area for futu;e research.
Certainly, the studies of Bordier et al. (6) on man and tﬁose of
Norman et.al. (41) and Sunde et. al. (64) on chickens strongly suggest
that a metabolite of vitamin D3 other than 1,25-(OH)2D3 may be required
for some of the diverse effects of vitamin D3. The earlier discussion
concerning the possibility that vitamin D and its metabolites might not

be required at all assumed that proper dietary manipulation of calcium
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and phosphorous could be achieved. WNeither in this investigation, nor
in those of Bordier et al. (6), Norman et al.-(4l) and Sunde et al. (64)
have aﬁy attempts been made to reduce, if not eliminate altogether, the
requirement for vitamin D and.its metabolites by dietary manipulation.

The status of vitamin D activity in milk has yet to be resolved.
Since little vitamin D activity can be obtained from milk with procedures
used for lipid extractions, claims have been made that vitamin D in
milk may exist in a water-soluble sulfated form (24,31). Osborn and
Norman (43) have reported that milk contains some subs;ance which dis-
places 25—(0H)D3 from the chick serum binding protein and this substance
did not appear to be 25—(OH)D3. A binding protein for vitamin D metabo-
lites has been found in human milk (73). Since the possibility exists
that maternal 1,25—(OH)2D3 might be secreted into milk, the 1,25-(OH)2D3
injections into'the'dams were terminated at delivery, Tﬁis brocé&ufe
insured that the pups were not exposed to any form of vitamin D from
birth.

The biological turnover of 1,25—(OH)2D3 is an important parameter
to consider in evaluating the time course of the development of vitamin
D-deficiency following the termination of 1,25—(OH)2D3 treatment. Follow-
ing injection, the blood levels of 1,25—(OH)2D3 tise rapidly and then
fall as metabolism and target tissue extraction occur. In the target
tissues, l,25—(OH)2D3 binds to receptors and proceeds to elict specific
responses. Even after 1,25—(0H)2D3 has left the target tissues these

responses continue for an additional period of time; thus, vitamin D-
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deficiency might be present sevefal days before the appearance of any
symptoms indicative of the deficiency.

The plasma turnover of 1,25—(0H)2D3 is relatively rapid; Lawson and
Emtage (32) have data indicating a four- to five-hour "half-life" in
vitamin D-deficient chicks while Omdahl et al. (42) éstimated the entire
plasmé pool of 1,25—(0H)2D3 is renewed every 20 hours in normal chicks.
The body stores of 1,25—(0H)2D3 in man have been estimated to turnover
approximately twice a day (21). By 24 hours, 20 to 30% of an injected
dose of 1,25—(0H)2D3 has undergone side chain oxidation in the rét (30)
and additional amounts of 1,25—(OH)2D3 have presumably Been excreted
and/or metabolized differently. As discussed previoﬁsly, when single
daily injections of 1,25—(0H)2D3 are given to vitamin D-deficient
animals the maintenance dose obtained is probably an overestimate of the
natural production rate. Assuming the daily synthesis of 1,25—(OH)2D3
by a 300 gram rat (with a plasma volume of 12 ml) is 0.4 unit and fhe
steady state blood level is 20 ng/100 ml (27), then, if its turnover
follows first order kinetics,_the plasma half-life of 1,25-(OH)2D3 is
3.7 hours.

Wong et al. (78) have observed that,lfollowing a single injection
to rachitic chicks, 1,25—(OH)2D3 reached its peak concentration in bone
within four hours and by 48 hours only 10% of the 1,25—(0H)2D3 in bone
remained. The time course of 1,25—(OH)2D3 action on intestine and bone
has beén investigated by giving a single injection of 1,25—(OH)2D3 to

vitamin D-deficient animals and observing the induction and decay of
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the intestinal absorption of calcium and phosphate and the mobilization
of calcium and phosphate from bone mineral (33,38,68,75). Since these
studies involved rats and chicks of various ages and dietary histories
and utilized several procedures for analyzing intestinal;absorption and
bone mineral mobilization, the data on the length of time 1,25-(OH)2D3
was active varied. Generally, one to three days after the injection of
1,25—(OH)2D3 the bone and intestinal responses decayed back to baseline
levels. However, in one instance, the intestinal absorption of calcium
was still enhanced five days after 1,25—(OH)2D3 treatment (68).

In this study, after terminating the daily maintenance injections
of l,25-(OH)2D3 into dams at delivery, the growth.of the rat pups ceased
at about one week of age (Figures 5 and 6). A similar ceséation of
growth was observed (Figure 7) when normal impregnated female rats were
-placed on a Qitamin D-deficient diet soon after mating. In both caées
the dams had been placed on a calcium-free, vitamin D-deficient diet at
delivery and normal growth of the pups occurred during the first week.
When a low (0.2%) calcium diet was used rather than the calcium-free
diet, the pups grew normaily at least to 11 days of age (Figure 4).

Although the exact mechanism behind the defect responsible for
the pup's growth failure has not been determined, several intefesting
observations can be made about this phenomenon. Pups grow normally
when dams are placed on a calcium-free diet if there is an adequate
source of vitamin D (Figure 7 and Reference 17). Thus in the presence

of vitamin D, the mobilization of calcium and phosphate from the skeleton
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provides the environment necessary in the dam for supporting normal
neonatal development. Toverud et al. (72) have estimated that in a
lactating rat as much as 130 mg of calcium may be transferred to milk
every day and consequently, the plasma pool of calcium ﬁust be renewed
roughly every 12 minutes. Calvaria from vitamin D3-treated dams under-
went significant resorption compared to those of vitamin D-deficient dams
as indicated by an increase in water content and a decrease in calcium
content (TaBle 7). During the skeletal resorption accompanying lactation
trabecular bone is resorbed to a greater extent than cortical bone and
cortical bone resorption occurs primarily at the endosteal surface (11,74).
Under noymal circumstances, enhanced levels (55).and potency of calcitonin
(72) appear to minimize the destructive effects of lactation on the
skeleton (70).

The failure of the vitamin D-deficient dams to mobilize sufficient
bone mineral resulted in severe hypocalcemia (Figures 4 and 5). A similar
group of rats who did not deliver pups and were kept on the 0.2% calcium,
0.4% phosphorous, vitamin D-deficient diet did not become hypocﬁlcemic in
the three and one-half weeks following termination of the daily injections
of l,25—(OH)2D3 (Table 3). Apparently, parathyroid hormone was able to
mobilize sufficient skeletal calcium to maintain normocalcemia in these
rats but was. ineffective when the severe calcium drain accompanying
lactation was present. Although several studies. have shown that the
skeleton is refractive to parathyroid hormone in young vitamin D-deficient

rats (22,29,37,50), parathyroid hormone mobilized bone mineral when



162

infused along with calcium (25) and when normocalcemia was maintained.
by dietary manipulation (1). Further knowledge of the mechanisms of
action of both l,25—(OH)2D3 and parathyroid. hormone on the skeleton will
no doubt help to clarify these discrepancies. Nevertheless, in the
absence of vitamin D, parathyroid hormone cannot mobilize sufficient bone
mineral to prevent hypocalcemia in lactating dams.

The pups from the vitamin D-deficient dams must have been vitamin
Dsdeficient themselves. Surprisingly, despite the fact that they stopped
growing, these pups were not hypocalcemic (Figure 4 and Table 5). Simply
placing‘the dams on a high (1.4%) calcium, high (1.0%) phosphorous diet
alloyed the pups to start growing again and they continued to grow slowly
(Figure 6) despite the fact that they eventually became hypocalcémic
(Table 4).

Very little information is available on the absorption of calcium
and phosphate from the gut in ﬁeonatal rats. These rats do absorb gamma

"closure"

globulin antibodies and other large molecules by pinoéytosis and
does not occur until 18 days of age (9). Most of the calcium in milk is

in a colloidal rather than ionic form and consequently, active transport

of calcium by the neonatal gut might not be necessary. ©No attempt has

been reported to find calcium-binding protein in the intestines of suckling
rats despite the fact that this protein is induced by 1,25—(OH)2D3 in

the intestines of weaned rats. Although rat pups have been shown to

metabolize their endogenous supply of 25-—(OH)D3 (36), Weisman et al. (76)

found little evidence of l,25—(OH)2D3 production in these animals.
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Naturally, as long as a rat pup 1is suckled and can absorb the ingested
calcium, it has little need for the mineral mobilizing actions of
1—25-(OH)2D3.

Toverud (71) has shown that the calcium content of rat milk is
independent of the plasma calcium in the dam as long as the parathyroid
glands are intact. The mechanism by which calcium is transported from
blood to milk does not appear to depend upon the blood calcium concen-
tration. Therefore, the growth failure in the vitamin D-deficient pups
probably did not result from a deficiency in milk calcium. Since the
dams were on a normal (0.4%) phosphorous diet and had elevated serum
phosphate levels (Table 7), a deficiency in milk phosphate is also an
unlikely explanation for the growth failure in the pups. The observa-
tions that these pups had normal blood levels of calcium (Table 5) and
nearly normal blood levels of phosphate'(Table 6) support thése cl;ims.

One possible reason for the failure of the neonatal rats to continue
growing might be that they were deficient in vitamin D. However, as
discussed previously, the anabolic actions of vitamin D are thought to
result from primary effects on blood calcium and phosphate concentrationms.
These non-growing pups were normécalcemic and only slightly hypophospha-
temic. In addition, when 50 units of vitamin D3 were given to one-half
of the pups in each vitamin D-deficient litter, there did not appear to
be any growth surge over the next several days. The primary defect seems
to have been a maternal one and correctable, at leas£ in part, by

increasing the maternal intake of calcium (Figures 4 and 6).



164

Since the vitamin D-deficient dams were severely chronically
hypocalcemic, an alteration of some calcium-dependent metabolic process
responsible for the production of a normal.milk might have been affected.
Under this hypothesis, the vitamin D-deficient dams éould not mobilize
sufficient skeletal calcium to maintain normocalcemia and an increase
in blood calcium brought about by either an increased dietary intake of
calcium or a 1,25-(0H)2D3—induced mobilization of skeletal calcium would
at least partially correct the hypocalcemia and permit production of
milk containing all of the proper nutrients. A preliminary analysis of
the dam's condition showed that serum levels of sodium, potassium and
glucose were all normal (Table 7).

A relatively small change in milk composition can have a drastic
effecé on neonatal development. For example, there exists a strain of
mice with a genetic abnormality resulting from é recessive mutation.
Females Qith this "lethal milk" syndrome give birth to normal pups but
neonatal growth does not occur solely as a result of a 347 decrease in.
the zinc content of the dam's milk (45). A similar deficiency of an
essential nutrient found in milk would explain the cessation of growth
observed in the pups of the vitamin D-deficient dams placed on a calcium—-
free diet. In this case thever, the abnormal milk is hypothesized to
result from hypocalcemia rather than a genetic defect.

Whatever the exact mechanism of the defect resulting in’ the failure

of the vitamin D~deficient pups turns out to be, two conclusions can be

drawn from this investigation. First, 1,25—(0H)2D3 can support
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reproduction in female rats otherwise deﬁoid of vitamin .D. Second, the
successful production of rat pups deficient in vitamin D‘opens up new
experimental possibilities . for studies on the actions and metabolism of'
vitamin D3. In.particular, immature, vitamin D-deficient bone can be

used for in vitro investigations on the mechanism of action of

1,25-(0H) D, on the mobilization of bone mineral.
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