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ABSTRACY

It is generally believed that the mineral portion of the
skeleton cannot have a thermodynamic solubility product because of
the complex and variable nature of the bone salt, This opinion
is examined in the light of our present understanding of bone salt
composition and of previous investigations into bone salt selubility.

A simple experimental technique is deseribed for studying
the relationship between powdered whole bome and the concemtrations
of the ions of bone salt in solution,

It is shown that in bicarbonate-free buffer, bone powder
establishes on ionie equilibrium in terms of the produet(ca*]>(po;)®
within 2 hours. For human bone, the pK of the meen of this product
is 26,39,

Studies with synthetie ultrafiltrate of plasma suggest that
there is a direct relationship between the carbomate and phosphate
concentrations in solutions in equilibrium with bone salt, In
experiments using tris buffer with added bicarbonate, the bone salt
yields constant caleimm phosphate products within 72 hours, the pk
of the mean being 26,30, It has not been possible to demomstrate
any calcium carbonate ion product even when very high solidisolution
ratios of about 500 gm bone per litre buffer are employed, but a
direct relationship between the carbonmate and phosphate concentrations
in solution is apparemt,




Equilibration studies with bone powder in normal serum
suggest that the equilibrium could be operative in wvive provided
the recently proposed views of Walser are accepted, Valser
maintains that only about 53% of the total serws imorganic phos-
phate is in the non-associated 'free’ form, With this assumption
our exporiments indicate that the ion product(Ca*’] > (P0;]® in serws
is not significantly different from that in synthetic media, the
pk of the mean being 26,17,

Accepting Walser's views, which are indirectly confirmed
by our experiments, it is thea shewn that bene mineral by a purely
physico-chemical process, can maintain the concentrations of cal=-
cium end phosphate found in normal human extracellular fluids

An xive, provided the pll at the phase boundry is about 7.1. This
value is roughly mid-way between intracellular and extracellular

pit,

Brief studies with bone powder of childrem and several

animal species suggest that there is a relationship between plasma
phosphate levels in yive, equilibrimm phosphate concentrations with
bone powder jn yitge and the carbomate content of the beme, It
is suggested that the high plasma phosphate concantrations in
children may be due in part to the low carbonate content of young
immature bone mineral,




A series of equilibration etudies with bene from
different sites in the same skeletons has yielded evidence
which is compatible with the view that bene mineral behaves
essentially as a caleium phosphate salt with divalent carbonate
ion substitution for trivalent phosphate ion at the surfaces of
the apatitic crystals, The evidence obtained is in conflict
with the two other primecipal theories, namely that bone salt is
a stoichiometric-carbonate-apatite, and alternatively that it is
a two~phase system of caleium phosphate and caleium carbonate,

There are two prineipal biological implications of these
studies, Firestly, calcium homeostasis can be explained in terms
of a physico~chemical equilibrium state between the mineral of the
skeleton and its ioms in extracellular fluids, Secondly, slight
variations in the pHl of the bone enviromment lead primarily teo
changes in plasma calcium concentration, total inorgamic phosphate
concentration being a funection of the bicarbonate concentratiom.

It is suggested that parathyreid hormone controls plasma
caleium concentration by an effect on cellular metabolism which
results in variations im the pH of the tissue fluid at the surface
of the bone erystals,
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INTRODUCTION



"Qqu'est-ce que ce milien utcﬂuﬂ
C'est la sang, mon pas a la verite
le sang tout entier, mais la partie
fluide du sang, le plesma sanguin,
ensemble de tous liquides inter-
stitiels, source et confluent de
tous les echanges elementaires®,

Claude Bernard,

"The activity of cells is mediated by
the ions in their enviromment., Many
functions are directly or indireetly
controlled by the electrolytes of the
mamualion tissue filuids, Calcium ion
in particunlar playe an important part
in u-tznl' the activities :: ery-
branes profound effects on
heart and z:moul suscle and on nervous
tissues, Calcium homeostasis is essen-
tial for the integrity of the living

organism”,

Harold w.



1.

The relationship between bone mineral and its ioms in solutiem
in tissue fluids is of considerable impertance in view of the role of
calcium in mammalian physioleogy. Among the many functions of ionie
calcium are the control of cell membrane permeability, neuro-muscular
excitability and certain enzyme activities,

Calcium homeostasis is biologically essential, and disturbances
leading to alterations in the concentration of ionic calcium in tissue
fluids may have profound effects on the functional integrity of the
individual, A fall in calcium ion concentration may result in tetamy,
and in severe instances, death; markedly elevated concentrations cause
cardiac and intestinal disturbances and possibly serious remnal damage,

The parathyreid gland plays a erucial part in the control of
plasma calcium concentration, Clinieal hyperparathyroidism, due te
cell hyperplasia or a parathyroid tumour on the ome hand, and admini-
stration of gland extract on the other are both associated with raised
plasma calcium concentrations, Clinical hypoparathyreidism, which may
occur as a result of acecidental parathyroid extirpation at thyroidectomy,
is diagnosed primarily by a fall in the plasma calcium concentration,
and if the fall is substantial, there may be a consequent increase in
neuromuscular excitability and tetany, The means by which the para-
thyroid hormone (124) brings about these changes is currently the subject
of considerable speculation (92) but however it operates, the bene
mineral is clearly involved.



e

It was thought at one time that the skeleton played a passive
role in calcium homeostasis by permitting bone mineral, essentially an
insoluble calcium salt of phosphoric acid (33), to dissolve up to a
‘ceiling' determined by a physico=chemical solubility product., Thus
a rise in plasma calcium concentration could be produced by a fall in
plasma phosphate concentration (1), and vice versa, The well-establish-
ed phesphaturic action of parathyroid hormone (2), which lowers the

plasma phosphate concentration, was thought to bhe the primary actiem,

This relatively simple concept was discarded on three principal
grounds, Pirstly, Barnicot (6) and Chang (22) showed convincingly that
the hormone exerted a direct effect on bomne, Secondly, a solution of
bone salt yielded ion preducts at equilibrium which varied with the
experimental conditions, and no true thermodynamic solubility product
could be demonstrated (77). PFinally, equilibration of whole beme in
serum or ascitic fluid at pll 7.4 showed that it took up calcium and phos—
phate until the calculated ion product in solution was below that normally
found in tissue fluid, i.e., it appeared that extracellular fluid was
normally ‘supersaturated® with respeet to the calcium phosphate of bene (80),

These observations will be discussed later, but for iLhe moment we
must note that most authorities concluded that a vital process had to be
invoked to explain the anomalous concentrations of calcium and phosphate
found in normal tissue fluids, The possible existence of a physico=-
chemical equilibrium state was repudiated,
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The intention of the present work was to re-examine the guestiom
of bone solubility using better techmiques than had been available im
the past, It was hoped that an empirical approach to the problem might
clarify the pessible role of the skeleton in homeostasis, and this hope
has to some extent been bourne out by events,

@ L] t ©

The surface area of bome salt exposed to extracellular fluid
is very great, and since no living membrane has ever been demonstrated
between the two, it is preobable that the phase boundry where salt and
solution meet must be subject to some of the laws of physical chemistry,

It has been shown that calcium ion transit across this boundary
is very rapid im both directions. In 1933, Hastings and Huggins (49)
performed a classic experiment, They bled a dog, decalcified the
blood and then returned it to the animal, They found that the bloed
calcium remained unchanged. In one case more than four times the
extracellular fluid content of calcium was removed from the dog's blood,
Bven when 50§ of the blood volume was replaced every tem minutes, it
was extremely difficult to lower the plasma calcium to the point where
tetany would occur, and the calcium concentration was restored promptly
when the procedure was stopped,

In similar experiments, Patt and Luckhardt (115) have infused
oxalate, Saffran and Denstedt (127) have infused citrate, and Copp
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et al (23) have infused ethylene-diamine-tetraacetic acid in animals
in order to reduce the plasma concentration of ionic calcium, They
have all found that the skeleton gives up calcium in order to preserve
homeostasis and that the normal calcium concentration is rapidly re-

stored at the conclusion of the infusion,

There is also evidence of rapid and coantinuous exchange between
the bone salt and its ions in the extracellular fluid (105, 106).
The incorporation of bome-seeking isotope inte the skeleton demonstrates
that this is a continuous iscionic and heteroionic thermodynamic ex~
change between bone mineral and tissue fluid, These processes are
quite independent of bone metabolism and can be demomstrated in dead

bone in vitre (14).

Attempts to measure the rate of new bone formation with isotopes
have been complicated by the rapid uptake of labelled calcimm or stron-
tium due to purely physical exchange processes (14, 111), The ex~-
changeable calcium pool in man 24 hours after an injection of tracer
is calculated to be 5 gms of calcium., Only about 30% of this calcium
is in the extracellular fluid, and therefore approximately 0.2% of
total skeletal calcium is in immediate equilibrium with the calcimm
of tissue fluids,

Any hopothetical calcium homeostatic mechanism must take these

facts inte account, Some form of physico-chemical solubility product
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might well exist between bone mineral and its ioms in tissue fluid,
even if an independent vital process has to be postulated for the

contrel of plasma calcium concentration,

Ihe nature of bome salt.
McLean and Urist declare in their important monograph (96)
that ...
"the concept of a solubility product is

meaningless without reference to a known
and homogeneous solid phase of constant

and comparatively simple ionic compo-
sition, The bone mineral does not
meet these requirements,”

This statement may well be true in the strictest physico-~chemical
sense, and it is therefore appropriate to consider at this point
the nature of bone salt., This has been studied in the past by

X~ray diffraction and other classical crystallographic techniques
as well as the more conventional methods of amalytical chemistry.

X-ray diffraction technique is a precise means of measuring
the lattice parameters of crystals, In the ideal case it is
possible not omnly te build up a gemeral picture of the crystal
structure, but also to identify the location of each major compenent,
To obtain such resclutiom it is necessary to have a highly purified
material, composed of large crystals, and with few faults, dislocations
or other lattice defects, In the case of bemne mineral we have very
small, imperfect crystals of highly variable composition, contaminated
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with ions and molecules adsorbed on the erystal surface or incor-
porated by hetercionic exchange, and which are laid down in an
organic matrix, Inevitably, the resolution of the method is im-
paired, and although it is possible to identify the lattice type
and exclude the possibility of carbonate ion exchange for hydroxyl
ion within the lattice, it is not possible to distinguish between
isomorphic exchange of carbonate ion for phosphate ion at the sur-
face or in the interior of the crystal., Because of this, scope
has been provided for several conflicting interpretations of bone

structure,

At this point, we should note that in order to avoid some
of the difficulties outlined above, crystallographers have attemp-
ted to isolate the mineral fraction of bone by extracting the organie
matrix chemically, a process fraught with risk to the more labile
components of the bome salt, Altermatively, they have turned teo
dental enamel, a material presumptively very similar im structure,
but containing a wuch smaller proportion of organic matrix, Im
many instances purely synthetic analogues have been studied and the
physical nature of bome inferred by analogy.

The application of X-ray diffraction technique to the study
of bone mimeral by De Jong in 1926 was one of the more significant
advances in the study of the structure of bone salt (31). De Jong
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wvas able to show that the mimeral was crystalline in nature, and
that its latiice was similar to that of the apatite mimerals,

The word apatite was given to a series of maturally occurring
calcium phosphate minerals by Vernmer in 1790, and it is a particularly
apt choice in this context in that it is derived from the Greek ‘to
deceive’, Certainly ihe structure of these compounds has aroused
bitter controversy, persisting until the preseat day,

There is general agreement that the bone salt crystals are
very small, rod-like and with a diameter of about 25A to 75A, aver-
aging about 50A. However, the lengths of individual erystals have
been variously reported from 50A up to about 4,000A, This last
figure is much greater than the band periedicity of the collagen
fibres (640A) which form the organic matrix of bome.

These discrepancies may be explained by the work of Molnar (100)
who has suggested that bone crystals are formed of chains of micre-
erystals, The individual units are said to be of almost colleoidal
dimensions with a length of about 50A.




The chemical nature of the crystals of bone salt has been
studied since the early 19th Century, The earlier findings bave
been recently reviewed (77) but in brief, they were found to be
quite inconsistent due to continued failure to appreciate the highly
variable composition of bone mineral., The lability of portions of
bone salt during removal or destruction of the orgamic matrix was
ignored, as was the intimate association of bone with substantial
amounts of tissue fluid and phosphate-rich marrow (38).

It was readily shown that bone mineral was a calcium phosphate
containing appreciable amounts of carbonate, magnesium and sodium as
well as traces of many other inorganic substances. It was subse-
quently shown that citric acid represented as much as 1% of bone by
weight (32).

Synthetic calcium phosphates obtained by precipitation are
typically characterised by determination of the Ca/P Molar ratie,
As Ca (m)2 is added to phesphorie acid, the precipitates obtained
become more and more basic and have higher Ca/P ratios as the pll rises,
In the past it was thought that a limited number of specific stoicho-
metric compounds could be obtained by this method, and Fig. 1 illus-
trates the phase diagram commonly believed to represent the properties
of this system, Pig. 1 is reproduced from Holt et al (60) and shows
the potentiometric titration curves for the addition of Ca (ﬂ)2 and
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NaOH to phosphoric acid. It can be seen that these authors have
specified the precipitated solid phases Calro,, !2;3(1'0‘)2 and
*(2) 3 Co.,(m,.)z.cu(on)z'. These *salts’ have theoretical Ca/P
Molar raties of 1,00, 1,50 and 1.67 respectively,

More recently this view has required modification, and it is
now suggested (87, 119) that a whole series of synthetic apatites
can be obtained with continuously increasing Ca/P Molar ratio of
from ‘octocalcium phosphate®, Ca/P = 1,33 to *caleium hydroxyapatite,
Ca/P = 1.67.

Chemical analysis of whole bene for the calculation of the
Ca/P ratio yielded results dependent primarily on the assumptions
made, For instance, before the discovery of citric acid in bome,
it was normal practice to assume that all the (:(t2 liberated from
bone by strong acid was from carbonates, and that the carbemate
fraction of bhone salt was mainly calcium carbonate, Thus the amount
of calcium equivalent to released 602 was subtracted from total
calcium to yield mot calcium content., Similarly it was usual te
assume that all the magnesium and sodium in bonme salt existed as
phosphate, e.g. llg,(ro,‘)z. Thus equivalent amounts of phosphate
were subtracted to yield net phosphate cemtents,

It is now clear that several ions can substitute within the
. apatite lattice by heterciomic exchange (106,107,125,136,154,108) and
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that whole molecules (e.g. citrate) may be adsorbed on to the sur-
face of the crystals (106,4,143), Sinee the crystals are minute,
the surface area relative to volume is very great and consequently

surface exchange phenomena might well affect the apperent compesition
of the mineral.

In the main, the mosi satisfactory experimental evidence om
boue composition comes from the X~ray diffractiom studies despite the
inherent difficulties in interpretation we have mentiomed, In 1930,
Naray-Szabo (102) characterised the naturally oceurring mimeral fluor-
apatite c.m(m‘)sr « In later years it was shown by Hodge (56),
Neuman (106) and others that this substance was isomorphous with the
*hydroxyapatite® detected in bone salt, In 1938, Thewlis (142) in an
extensive study, produced evidence to support the view that teeth were
also composed principally of hydroxyapatite, This opinion on bone
salt structure is dominant to-day and is widely accepted (96), How-
every, whele bone exhibits such an apparent lack of consistent stoichio-
metry that several other hypotheses heve been advanced with vigour,
Several deserve consideratiom as they are supported by considerable
circumstantial experimental evidence, although none of it can be said
to be decisive,

Theoretically, hydroxyapatite has a Ca/P Molar ratio of 1,67:
reported Ca/P ratios for whole bone have been as low as 1.5.
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Pallemagne (26) has therefore postulated the existence of a hydrated
tricalcium phosphate (T.C.P.H.) and has proposed the formula

3 c.,(ro.)z.az(m)z. This material is structurally unstable in the
absence of matrix and according to Dallemagne when iseolated in agueous
solution it tends to change into hydroxyapatite. Many authorities,
on the other hand, demy the separate identity of T.C.P.H. (21,53,85,
96,86).

Posner has modified Dallemagne's concept to include a whole
range of what he has called "pseudo-apatites’, ‘calcium-deficient
apatites® or 'defect apatites® with the general formmla:- ...
°‘m..:"z.(’°s)6(°')z (122,117,118,119), In this notation, Dallemagne's
T.C.P.H, is one special case where x = 1,

The view that calcium ion can exchange for hydronium iom in the
apatite lattice (56) is umacceptable to Posner, and in order to explain
the structure of his calcium~deficient apatites he has produced infra-
red spectrophotometric data in support of hydrogen bonding as the means
of maintaining electro-neutrality within the erystal (138), Winand
and Dallemagne dispute Pesmer's interpretation of the specirophotometric
data (162),

The most controversial problem of bone salt structure concerns
the location of the carbonate radicle.
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Bone carbonate is labile in nature, Bergstrom (10) has
shown a decrease in bone carbonmate after a A-hour intraperitoneal
dialysis against ammonium chloride, Sebel et al (133) have
demonstrated that the ro:/co; ratio in bone is a reflection of
the same ratio in plasma, As early as 1932, Irving and Chute (66)
found that substantial emounts of carbonate were lost from the bones
of rats undergoing acute acid loads, It has also been shown jp vitre
that weak acids remove the carbonate et a more rapid rate tham the
phosphate (24,27,29,71,82,105), All these findings suggest that
ecarbonate is 'more available' tham phosphate in bone,

On the other hand, there is no good physical evidence for the
separate existence of a second phase of calcium carbonate in bone
salt, Intimate mixtures of symthetic apatites and calcium carbonate
have bheen studied by Xeray diffraction and the carbonate component can
be readily detected at concentrations well below that of carbomate in
bone (144,145), Natural occurring minmerals containing admixed car-
bonate are rare, but when present the carbepmate phase is readily
detected by the polecising microscope, No such evidence has beem
obtained in the case of bome mimeral (89),

McConnell takes the view that bone is a carbonate apatite in

which the 003
mineral dahlite, which exists naturally, is such a substance, In

radicle is an integral part of the lattice. The
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this instance there has been intra-crystalline isomerphic exchange
of co; for roi. Francolite, another maturally occurring mineral,
is an example of a carbonate~fluorecapatite, lMcConnell's suggestion
is circumstantially reinforced by the demonstration that under
experimental conditions the ‘precipitation® of ‘*hydroxyapatite®

from caleium phosphate solutions can be more readily induced in the
presence of free carbonate (90). The carbonate is produced by the
action of the enzyme carbonic anhydrase on gaseous ct)2
of the precipitate at critical concentrations of calcium and phos-

s and formation

phorus can be suppressed by imhibiting the enzymatiec hydrolysis with
sulphanilamides, McConnell rests his case principally on the fact
that since there are matural carbomate-~fluorapatites, carbonate
hydroxyapatites, and sodium and potassium containing carbonate-apatites
(dehrnite, lewistonite), all of which liberate €0, on acidification
end all of which have carbomate radicles substituted within the apatite
lattice, there is at least a case for supposing that the same basiec
structure might occur in biological minerals, In further support,
McConnell cites the evidence of Francois that bone does not have a

12

pronounced ability to exchange its C° for clt (39).

On the other hand, Thewlis predicted on mathematical grounds
that the carbonate ion was too large to exchange for phosphate within
the lattice of hydroxyapatite without distortion (142), and his
calculations have recently been verified experimentally by Trautz (146).
Trauta W the crystal parameters of synthetic carbenate-
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hydroxyapatite, and claims that they are quite distinguishable from
those of hydroxyapatite itself,

Neuman and Neuman (106) have reviewed most of the pertinent
data and have attempted to recomcile the various hypoiheses,
They stated:- oo

*We shall assume .... that all (these)
investigators are essentially cerreet.
Possibly the differences in emphasis
and interpretation may be attributed
to differeaces in the method of prepar-
ation or origin of this ‘deceptive’
substance, “010‘“ .mm evae
can be expected to have few intermal
defects., Fusion of crystals would
minimise the importance of surface
reactions, On the other hand, freshly
formed precipitates have a great many
voids and imperfections .... Here de-
fects and surface substitutions domi-
nate the aberrant steoichiometry®,

At the time of writing this statement would appear to be a
reasonable compromise, and failing further advances in physical

investigative techniques, is as much as can be said about the
structurel nature of hone salt as presently understood,

Ibe solubility of bome mineral.
There are many references to the subject of bone solubility,
The conclusions reached have been generally unsatisfactory, The

existence of a thermodynamic solubility product for bone salt has
been hotly demnied, yet it is desirable to have some broad concept
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with which to approach the problem of normal and pathelogical cale
cification and their relationship to the plasma calcium and inorgamie
phosphate concentrations,

With few exceptions, it has been normal practice to study
inorganic 'calcium phosphate' salts, and infer the findings to
apatites in general and bone mimeral in particular, Levinskas (77),
states:~ ,..

"Except for the presence of carbomate,
the solid phase '(i.e. bome salt)® ...

may be regarded as a slightly impure,
basic caleium phosphate, For this

reason, the chemical properties of the
basic calcium phosphate system and the
bone mineral are considered to be
interchangeable...”
As we shall see later, bone mineral behaves quite differently
from synthetic calcium hydrexyapatite and bone carbonate has a ecrucial

effect on the ioniec equilibria established in an aqueous system,

The available data have to be interprested in the light of the
modern theories of solution chemistry, which have been admirably
sumnarised by Neuman and Neuman (106). These authors point out that
the postulation of a true thermodynamic selubility product for bome
mineral in plasma would require a definitive formula for the selid
phase, and a knowledge of the activity coefficients of the relevant
ions in plasma, As we have seen, the true nature of bone is obscure,
and it is also true that the relevant activity coefficients are uncertain,
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The law of mass action on which the theory of selution of
sparingly soluble salts is based requires that when an ion is present
in the structural formula of the solid phase in numbers greater than
one, then the Molar concentration of that ion is raised to the power
of that number in determining the ion product, The ion product is the
product of all the ion concentrations raised to the powers correspond-
ing to the numbers of the ionms in the formula, and if a true equilibrium
state exists, the product is a constant, Thus the ion product for the
solid phase calcium acid phosphate, CallP0, is [Ca**|[HPO] Jand for tri-
caleium phosphate, Cas(P0,),(?), the ion product is [Ca**] 3, [pez)2. *

To obtain the thermodymamic solubility product the'observed concentrations’
are corrected to 'effective concentrations' by imncorporating activity
coefficients before calculating the product, When the ion activities

are unknown, the solubility equilibrium can be expressed by the product

of the observed iomnic concentrations, each raised to the relevant power,
provided that in every case the ionic strength of the solutiomn is speci-
fied and constant, In this way non-specific ion interaction effects

on solubility are kept constant but not allowed for, Thus an ion product
measured at p = 0,15 (the approximate ionic strength of body fluids) is

of relevance only in solutions at that ionic strength,

# 1In all cases where square brackets are employed -~ they in-
dicate concentrations in meles per litre by convention,
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Many attempts have been made to calculate the selubility
product of tri-calcium phosphate (11,18,35,45,75,70,81,80,99,129,136)
but Holt, La Mer and Chown (57,58,59,60) were among the first te study
the problem with & view to considering the physiological implications,
Their results indicated the peradoxical situation that normal human
plasma tAc supersaturated with respect to tertiary calcium phosphate "te
the extent of more tham 2005", Much of the apparent supersaturation
(but not all) was in fact due to the protein-binding of calcium in
plasma (93,95,126).

At one time, it was suggested (7) that the first phosphate
salt formed by precipitation from tissue fluid was CallP0, and that
this salt subsequently undervent a re-organisation into the tri-calcium
phosphate fomm, v‘!'hnro were several supporters of this suggestion
(59,60,129,136,130,82), which is now considered untenable at physiological
pi,

Logan and Taylor (81) reported that the solubility product for
bone expressed as [(_:.*’]’[m{]z increased as the selid:seclutiomn ratio

diminished, They suggested that the "true value' at infinite dilution
expressed as a rlc. was about 23,1, The biological significance of

# 1In this thesis, the pK.value is the common leogarithm of
the reciprocal of the ion preduct, The pl. value
includes corrections for ionic activity, ?




19,

‘infinite solution' was unstated, It was later shown quite
convineingly that these results were produced by a failure te
equilidbrate due to the small amount of solid phase employed
(43,72).

At solid:solution ratios greater than 200 mg per litre,
Logen and Taylor (81) found that the pk, ion produet for bone was
of the order of 27.71. Holt et al (59) obtained a pE, of 27.75
with 900 mg bone per litre and Sendroy end Hastings (129) 26,36
with 10 gm per litre,

In 1950, Neuman (103) published date from which it has been
possible to ealculate th[co“j ’[N‘]z ion product in a solution
bathing bone powder, The value recaleculated from his one experie
ment (from undersaturation) was 26.11 (pl.).

The cutstanding feature of all the reported studies (see 77)
ie the great variety of techniques employed, and the wide range of
nl. and pt.’ values obtained,

In 1953, Levinskas published his studies on the solubility
of a "highly characterised synthetic hydroxyapatite®, His values
for its *thermodynamic solubility produet (ﬂ.’)" ranged from
28.11 to 37.54 in a series of 60 experiments designed to determine
the effect of common ions, the effect of pli, and the effect of solid:
solution ratio, His experiments covered a pH range from 5.67 to
8.59 in unbuffered NaCl and KC1 solutioms, He concluded that




"Even under rigorously controlled
conditions, the presumably con-
stant, well characterised selid
phase...does not follow the laws
of eolubility for sparingly soluble

"

compounds

Levinskas, however, does provide the data for 6 experiments
in buffered solutions at pH 7,27 te 7.33 (77). The range of pro-
duect (px.’) was only 30,52 to 30,65 although in three instances
equilibrium had been approached from supersaturation, The corres—
ponding mean value for the uncorrected ion product (pK) was 23.84
as recalculated from his original data, It would appear that, in
a buffered system at any rate, some kind of equilibrium had been
achieved and that the ion product at equilibrium was much greater
than that found when whole bone was employed,

in anomalous situation now existed, It was gemerally accep-
ted that plasma was supersaturated, in terms of calcium and phosphate,
with respect to bone powder, At the same time it appeared that bone
was less soluble than synthetic calcium phosphate. As an example,
it has been noted that cloudy saturated calcium phosphate solutions
clarifies when left standing over beme powder (110).

The whole question was re-opened in 1957 when Nordim (110)
prompted by Neuman's experiment with bome powder from undersaturation
(103), equilibrated powdered calf bome in buffers over the pll range
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6.6 = 7.8, He observed fairly comsistent ion products, In terms
of CaliP0, the ion product expressed as a pk varied from 6.2 to 6,7
and in terms of (:.»’(m‘)2 from 24,7 to 26,7,

In this paper, Nordin intreoduced em original idea to explainm
the discrepancy between the ion product maintained by bene in yitro,
and that found in mormal tissue fluids., It had previously been
asssumed, when calculating the plasma ion product, that the pH to be
used in determining the proportion of total imorganiec phosphate
present as the trivalent iom species (m;). was that of circulating
tissue fluid, Nordim rightly pointed out that the relevant pil was
that of the home surface, He estimated that if bone were at a pH
of 6,6 to 6,8, then its ion product would be ideantical to that found
in tissue fluids,

The present work has arisen out of this suggestiom., A series
of experiments were planned to confirm Nordin's findings using human
bone, From there the work progressed to cover other aspects eof the
problem, including the effect of bone carbonate and tissue fluid
carbonate on the equilibrium, The central theme has been the idea
that a physico-chemical equilibrium between bone mineral and its ions
in solution is a credible phenomenon, The experiments described were
performed as a logical series, each intended to clarify and amplify the
results of its predecessor, It has therefore been necessary to
discuss ecach portiom of the work in context, In the conclusion an
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overall review of the experimental findings is presented with an attempt

to place them into perspective.



EXPERIMENTAL
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1.1. Symbols and conventions employed.

A number of abbreviations and symbols are employed conventionally in

the text as feollows:~

L]

[ ca]

[ca**)

[ meoy ]

Square brackets are used to represent concentra-
tien, Ion concentrations are nmu! expressed
in millemoles per litre, i.e. M x 10/,

This symbol is used to indicate total calcium
concentration, i,e, if referring to calcium con-
tent of plasma it includes protein-bound, associa-
ted (e.g. citrated) and ionie calcium fractioms,

This symbel, strictly speaking, represents the free
or ienic calcium concentration, Unless specifi-
cally indicated however it will represent, in this
thesis, diffusible or dialysible calcium capable of
penetrating a cellophane membrane with an average
pore diameter of 24 Angstrom units.

This symbol is used to indicate the total inerganie
phosphate concentration and includes all iom species
of phosphoriec acid, bound and free,

This symbol represents the comcentration of the
divalent ion of phosphoric acid and is
calculated from P | , the pH and the second disso-
ciation constant of pheosphoric acid,



(o]

[co,)
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This symbol represeants the concentration of
the trivalent ion species of phosphoric acid
and is calculated from P , the pll and the
third dissociation constant of phosphorie
acid,

This symbol is used to represent the total
(:02 evolved from a solution wvhen it is acidi-

fied to pH (-5 with dilute sulphuric acid,

This symbol represents the conceantration of
bicarbonate ion and is calculated from (:02 ’

the pH and the first dissociation constaat
of carbonic aecid,

This symbol represents the concentration of
divalent carbonate ion and is calculated from
€O, o the pH and the second dissociotion con=

stant of carbomic acid,

Ion preducts are usually expressed as a pK for
convenience, That is, the commen logaritim
of the vTeciprocal of the product is employed

e.g. [ca**] 3[!0;]2 - 4.1 x 10727
can be written as a upzun logarithm
- g @.ﬂ])[l'o{] «26,39 = pK

This convention is used whez e product of iomie
concentrations in moles per litre, uncorrected
for ionic strength by incorporation of activity
co-efficients, is expressed as a negative
logarithm,

This convention is used to represent an estimate
of the thermodynamic solubility product and has
been calculated lr-thpl.by.—thod recommen—

ded by Nancallis, G., (personal communication) as
follows:-




In which A and B are constants, z is the valency, D the
molecular diameter and n the ionic strength.

When z = 1 - log f_ = + 5 In
z = = + 2 f}?
VA = = +405ﬁ1-
For CaB(P04)2 ’ ‘ |
L+ 3 2 2 3 2
K, = Ca °. [Polk; X (£," . £57)
3 2
i.e, Ksp = K, (f2 ofs )

Take logarithms of reciprocals

pPK = ch - 3 log £, — 2 log £

sp 2 3

Substitute for f, and f.), in (4) and (5)

pKSP = pK, +6/pn +f§ p = pE_ + 15f-p

Similarly for CaCO3

PE = K, +4/p

(1)

(3)
(%)
(5)

(6)
(7)

(9)
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A standard correction which is a little more sophisticated replaces

p in equations (8) and (9) with the expression:-

N.B.

A -

No formal proef will be presented of the shove expres—
sions, but their wvalidity in our systems will be tested
empirieally,

Throughout, the terms ‘equilibration from undersatura-
tion* and *equilibration from supersaturation® will
mean with respeet to calcium and inorganie phosphate
solely, unless otherwise specified, Undersaturation
usually, but not invariably, implies that mo calcium
or phosphate was present in the buffer prior te
addition of bome mineral,
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1.2, Application of dissociation constants.

The concentrations of the free ion species : . ro: . EO;
and co; have been obtained by caleulation from the total inmorganie
phosphate or total carbonate concentrations, and the pH of the samples,
Dissociation constants of the relevant acids sre taken from Part II,
(Inorganic Ligands), of Special Report No, 7 of the Chemical Society,
London, entitled *Stability Constants of Metal-ion Complexes' compiled

by J. Bjerrum, G, Schwarzembach and L.G. Sillem,

The follovwing constants have beon employed:-

Phosphorie acid 10: s = Pk - 2,0
-7

Carbonic acid &.57x10 e pK - 6.3

E 5.62x1013 - pK = 10,25

The proportions of the total comcentration appearing as a particular

species were derived as followsi-



Por phospheric acidi-

o o B )

1

[33 Po] | LH2 po;]
\_H}PO,J {n PO] . [nro,*] [Po;] (4)

From (3)

From (2) [

H PO

2774

L ] -1 . P°I.] (5)
} - [ -[mZJ (6)
K2

Substitute (5) in (6) |H PO-] [L_*} . (H 4} tE:i

= LH'.:, 2&5( Eg,J L (7)
From (1) [%POJ [a 4 [agro,‘_) (8)
Substitute (7) in (8) PO I- & H "'_, . :ﬂ 42 "PO:.J\I

e R

= [H*P PO,‘J (9)

B

Substitute (5) (7) (9) in (4)

P o= [893, [ro;] + (]2 lpoU + [i[pofj\s[_pou(lo)
e 3

and LPOZJ - [P] :

KK

K} Ko K3

(11)
[6]% + x, [8]2 4 kx, [ 1Y Ky KoKy

Substitute (11) in (5)

[

-] .

[_Hj K, K, (12)

[. u‘fP s [Hﬂz + KK Lu*} KKK

@ 1t - [17. [wo| ) x <[x].[ro}]




For carbonic acid:-

1) g = [H*] [H co‘:] (2) x, = [ﬂ*] [cc"z]
, C0, [HCOz]

and [ J [H 003] LHCO ] [ co; ]

Substitute (1) (2) in (3)

[e0g) - [xflcog] + [s] [eo5] + [eo]
Ky %2

Substitute (2) in (4)

[coﬂ -[cog] . [HﬂQ *[Hﬂ ) + K Ko

KK,

O T M R, 1.

GEREEET

Similarly
Substituting (2) in (5)

- [H *] !

(3)

(%)

(5)

(6)
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1.3. Buffers employed:specific ion effects.

The equilibration of bone powder in a buffer system similar to
that as deseribed later, results in a transfer of calcium and phosphate
ions through the dialysis membrane, At equilibrium the concentrations
of these ions are measured and the ion preduct caleulated, This pro-
duct is only valid, however, if, among other things, no complex has been
formed between any of the ions of the solid phase in solution, and the
components of the buffer, Calcium is known to form complexes readily,

The bduffers employed were 0,15 M tris-(hydroxy methyl)=amino-
methane adjusted to the required pH with 0,15 M HC1 for the pH range
7.0 = 7.8 or alternatively 0,15 M cacodylic acid adjusted by the additiom
of 0.15 M potassium cacodylate for the pH range 6.2 - 7,0, The potassimm
salt was used rather than the sodium salt as it is known that potassium
is not hetereoionically exchangeable with bone salt calcium, its ionie
diameter being greater than cam be accommodated within the lattice,
vhereas sodium undergoes exchange isionically and pessibly heteroiomically,
In both cases, the resulting ion strength is 0,15 Po although the com=
paratively small concentrations of calcium and phosphate were disregarded
in this calculatien,

rli'. absence of specific ion association was proven by electro-
metric t.ur;u.u of the buffers with NaOH and (:.(tm)2 in successionm,
Samples 4f tris or cacodylate (5 ml 0,15 M) were titrated with
0,0253N NaOll and 0,025N c.(u)z respectively, The results are shown
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in Fig. 2 and Table 1. It can be seen that no appreciable specific
ion effect can be demonstrated with these buffers,

In later experiments a synthetic ultrafilirate of plasma was
employed, No attempt was made to determine posasible ion associations
in such a complex solution,

1.4, Jnalytical metheds.
Lalciun

A compleximetric titration with ethylene-dismine-tetraacetic
acid (EDTA) was employed, using ammonium purpurate as indicator,
There are many variants of this method, but the one employed was
specially developed in the laberatery for bome equilibrationm studies,
It is simple, very reliable and will be described in detail,

In the presence of free calcium ions, ammonium purpurate forms
a weakly associated complex with a distinctive optical absorption,
Titration with EDTA, a potent chelator of calcium, results in the
binding of calcium, and dissociation of the complex, Thus a change
in optical density (0.D.) of the dye solution can be obtained as an
end-point, Protein-bound calcium, citrated calcium and dye-bound
calcium are complexed in turn, and the 0.D. change on completion is
highly characteristie,

The details of the method are as followsi-




POTENTIOMETRIC TITRATION CURVES
FOR 5 ml O:ISM CACODYLIC ACID

'''' 0-0253N NaOH

—— 00257N CaloH)p

90- POTENTIOMETRIC TITRATION CURVES
FOR 5ml OISM TRIS

85

80 -

sed 0:0253N  NaoH
—— 00257N cCalOH)7

70

6,5-

| 1 | T T 1
S 10 15 20 25 30 35 40

ALKALI ADDED ml

Potentiometric titration curves for caco-
dylate and tris buffers at 18°C,
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Steck seolutions.
2 N, NaOH
0,65 Ammonium purpurate (keep in refrigerater)
0.36% Ethylene diamine tetraacetiec acid,
¥orking solutions.
0,1 N NaoH (5 ml stock diluted to 100 ml)

0,0027% Asmonium purpurate (0.75 ml stock diluted to 100 ml)
0,036% EDTA (10 ml stock diluted to 100 ml).

Erocedure.

A 1 ml portiom of the sample or standard solutiomn is placed in
a 20 mm, cuvette of 16 ml capacity, 6 ml of 0,IN NaOH and 3 ml 0,0027%
anmonium purpurate are added from automatic burettes, The cuvette
is placed in an EEL photoelectric absorptiometer with a 606 optical
filter (peak absorpticm 5800A) and 0,036§ EDTA titrated inmto it from a
2 ml capacity, autowrefill burette gruduated to 0,02 ml, The end-
point is reached vwhen addition of a drop of EDTA no longer causes an
increase in optical density, but instead a slight fall is observed,
This fall indicates that maximum chelation has occurred and further
addition of the colourless EDTA solution is now causing a reductiem in
the concentration of the dye, A calibration curve is drawn from
titrations of known standard solutions and the unknowns are read off
the graph,

As this is an ‘end-point' colorimetric method, no great precisiom
is required in making up the working solutioms employed, Similarly,
no precautions are required to control bleaching of the working solution
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.‘mm.

The standard error of duplicate estimations in our hands, over
the range 0 to 12 mg calcium per 100 ml and not more than 4 mg inorganmiec
phosphorus per 100 ml, was 0.016 mg/100 ml.,

JAnorganic phosphorus.
A modificatien of the method of Pogg and Wilkinsen (37), which
was also developed in the laboratory for bome equilibration experiments,

was employed in the earlier stages of the work., This was subsequently
replaced by an auto-amnalytical technique,

The former method is a conventional phosphomelybdic colero-
metric procedure which used solid ascorbic acid as reducer, Its vire-
tue compared to the clasuic Piske and Subbarow (36) metlhod is the
stability at room temperature of the dye product, the accuracy obtained
with small volumes of reagents and sample, and also the fact that vhen
unexpectedly high phosphate concentrations are encountered, the dye
sclution can be diluted quantitatively until an optimum 0,D, is obtained,
The details of the method are as followei-

Steck solution.

10 gm crystalline ammonium molybdate are dissolved
in 100 ml distilled water,

150 ml sulphuric acid (S.G. 1.84) are added to 150
ml distilled water, After cooling the
molybdate solution is slowly added to the
sulphariec acid,



Erocedure.
A protein-free sample has first to be obtained by precipitation
with 20§ trichlor-acetic acid if necessary,

The sample (containing as little as 5 pg P) is made up to about
10 ml with water and 0,02 ml agueous phenol red solution (10 mg/100 ml)
are added, The pll is adjusted to neutrality with HCl or KOH, 1 ml
of molybdic-sulphuric stock solution is added and alse approximately
25 mg of ascorbic acid powder, The mixture is boiled for 5 minutes
on a sand-bath and made up to 12,5 ml in a graduated tube after cooling,
A portion is them placed in a cuvette for determinatiomn of 0.,D, in a
photoelectric absorptiometer with a 608 filter with a peak absorption
of 6800 A,

In our hands, the standard error of duplicate estimations over
the range 0 - 5 mg/100 ml inorganie phosphate with up to 20 mg/100 ml
caleium is = 0,025 mg/100 ml inorganie phosphate,

At a later stage an auto-anmalyser was used for inerganic phosphate
estimation, A modification of the Fiske and Subbarow procedure (36),
using a 1 amino-2-naphthol=b=sulphuric acid reducer is employed., The
standard method is published by Technicon Instruments Corporatiom,
Chauncey, New York, This technique when carefully controlled was found
to be quite satisfactory,
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Carbon dioxide.

With the exception of some early amalyses performed by the
classical Van Slyke method (152, 153), all total carbon dioxide esti-
mations were performed by the auto-analyser, Standard technique as
published by the Technicon Instruments Corporation was employed, and
found to be very reliable at concentrations greater tham 5 millimequiva-
lents/litre. At lower concentratioms, the Van Slyke method was used,

1.5. ZEreparation of bome powder.

The material used in the bone equilibration experiments was poste
mortem bone from cases with no known skeletal abnormality nor any known
metabolic disorder, In the main, the material was from adult subjects
under the age of 50 dying from acute illness or violent trauma,

A length of femoral shaft was removed and freed from marrow
after which it was left steeping overnight im acetone, After drying
at room temperature, the material was ground manually to a fine powder
and passed through a British standard graded sieve, 22 mesh, The powder
had a particle diameter of not more tham 700 microms, The powder was
again suspended in acetone for one to two hours, washed in alcohel,
rinsed in ether and dried at room temperature., In later experiments,
the bone powder was finely ground in a mechanical micrepulveriser (Prolabe)
and the resulting powder passed through a British standard graded sieve
mesh yielding a particle size of not more than 5 microms, This fine



37.

powder was then cemtrifuged im carbom tetrachloride in order to separate
by flotation any erganiec material present in the powder,



EQUILIBRATION STUDIES WITH ADULT HUMAN
BONE IN TRIS AND CACODYLATE BUFFERS,,.

2:1 Typical behaviour of bome powder in bhuffer at
pl 7.0,

2:2 Study of calcium phosphate ion products in bicarbonate-
free hlflm.

233 The relationship of solid:solution ratio to iom produect.
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2:1 Iypical behaviour of bonme powder in buffer at pH 7,0.

This first experiment was preliminary and designed to demon-
strate the typical behaviour of bone powder placed in a buffer system,

Experimental.

Human bone powder (1 gm) was placed with 10 ml 0,15 M tris
buffer (pHl 7.0) inside a dialysis bag. This bag was made by knotting
the ends of a length of reconstituted cellulose tubing 2 em in diameter,
The average pore size of the tubing was 24A, Screw-capped polythene
bottles of 100 ml capacity were used to contain the dialysis system;

30 ml of buffer being placed with the dialysis bag in the bottle,

The system, shown diagrasmmatiecally in Pig. 3, was then placed im a
specially constructed rotary device, Pig. &4, which inverted the contents
of the hottles 20 times per minute and which has proved a successful
and convenient method of ensuring continuous agitatiom,

The bottles were opemed periodically to remove samples of the
solution for analysis at which times the buffer pll was determined
electrometrically., Chloroform was added to the buffers (6 ml per litre)
as a bacterial imhibitor (77). Four experiments were performed in
two of which calcium (1.5mM) and inorganic phosphate (0.16mM) were added
to the buffer prior to equilibration,

Results.

The results are shown in Table 2 and Pigs, 5 te 8,
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— 100 mi
polythene bottle

dialysis bag g\
| gm bone powder +

approx. 30 ml approx. |O ml buffer
buffer

Figure 3. Diagram of the equilibration system used
at 20°C, with tris and cacodylate buffers,
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~Eigure 4. Rotating shaker constructed to ensure
adequate agitation of equilibration
bottles,
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It can be seen in Fig, 5 that in the case of the experiments
where no Ca or P was added initially, the pHl of the solution in the
bottle rose from 7.0 and stabilised at about 7.3 to 7.4 in about
24 to 48 hours.

With calcium and phosphate present initially, there was also a
rise in pH, but in this case it reached a value of about 7,15 in
24 hours and thea rose more slowly, The pll did not reach an equili-
bration value before the termination of the experiment at 72 hours,

It can be seen that in all four cases the calcium concentration
reached equilibrium by 24 hours, but the experiments with no calcium
or phosphate added initially had a lower equilibrium calecium concen-
tration at a higher pi, In the case of inorganiec phosphate, all
experiments had the same equilidrium concentration of about 0,2mM
within 24 hours of the commencement of equilibratiem,

In Fig, 6 we see the concentrations of the iom species
HPO, and PO, in the buffers, at different times during equilibratienm.
These data were calculated from |P|and pl as shown in 1:2. Due to
the constant value of [PJ but the differing pil, the concentrations of
the two species in the two buffers are guite different, The experi-
ments with no Ca or P added initially had HPO, and PO, concentrations

3

of sbout 2,00x10™° and 16Mx1070 respectively, and the experiments
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=10

with added Ca and P, i.5Mx10™" and 8Mx10™:° respectively.

o o3 =2
The ion products pK_|Ca®*|| 5P} and p&_|ca®*]3] po;|2 are
shown plotted against duration of equilibration in Pig. 7. It cam
be seen that in both cases a constant value of about 6.5 and 26,2
respectively had been achieved by 24 hours,

In Fig. 8 the same ion products are plotted against pH and we
can see that there is a suggestion that the pK_ (ca*] (AP0} ) is related
to pil whereas the product pk (Ca™ > [ P0;]? 1s relatively independent
of pH,

Discussion.

There are two principal points to be noted in the results of
this experiment,

Firstly, when bone powder is placed in buffer at pH 7.0 the pH
of the buffer tends to rise with time, It has been suggested (106),
that since bone is immersed in tissue fluids normally assumed to have
a pH of 7.4, then the phosphate salt might assume the role of a buffer
and tend to resist change in pH by taking up or releasing ions by an
exchange process, Altermatively, it has been frequently demonstrated
(24,27,29,71,82) that when bone is eluted with acid it is the carbonmate
portion of the bone that is first mobilized, The experimental results
obtained here could indicate that carbonate is being dissolved, and it
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may be significant that the experiments with lower initial calcimm
concentrations yield the highest pll values at equilibrium,

Secondly, we should note that equilibrium was established in
this system by 24 hours, The criterion om which the achievement of
equilibrium is assessed would be a constant pl‘, independent of pH,
for the particular selid phase dissolving in the buffer., Ve cannot
at this stage define the mature of the solid phase, but it will later
be shown that pK_(ca*¥ > [0;]? s the ion product relevent to our
problem, Even so it is obvious that mneither of the calculated pro-
ducts varies significantly after 24 hours equilibration, end on this
evidence we will accept 24-hour values as adequate 'equilibrium® values
for this system.

3 gu samples of human bone powder were equilibrated at room

temperature, in the dialysis system as previously described, 10 ml
of buffer was placed inside the bag and a further 30 ml was sealed
with the bag in a 100 ml screw-capped polythene bottle as befere.
Tris(hydroxymethyl Jaminome thane-HiC1 buffer was used over the pH range
7.0 to 7.8 and cacodylic acid-potassium cacodylate over the range
6.2 to 7.0. All the buffer solutions were 0,15 M, but the effect
of added calcium and phosphate salts on Molarity was disregarded as
they were considered negligible,
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Most equilibrations were run for Ik hours after which samples
were removed for caleium and phosphate estimation, An impertant
feature of these experiments in contrast to those reperted inm 231
was that the pH of the buffer was determined frequently during pro-
gress of equilibration, and the preselected pHl was rigorously maintain-
ed by addition of the appropriate buffer component,

Besults.

The results of 40, 24-hour equilibration experiments over the
plHl range 6,58 to 7.91, and of 10, 2h-hour experiments over the pll range
6.21 to 6.50, along with 3 further 72-hour equilibrations in the latter
pH range, are presented graphically im PFigs, 9 to 14 and in Table J,

Fig. 9 shows that the absolute concentration of calcium
maintained by the bome im dnorganie solutioms is related to pll and
varies from sbout 8x10™M at pH 6.2 to about 0,5x107M at pH 7.8,

The final concentration wus independent of the initial calcium con-
centration in the system, equilibrations being conducted from above and
below the final levels throughout the pH range,

Fig. 10 shows the comcentration of teotal inorganic phesphate
and also the abselute concentrations of the ion species HPO, and mi
over the pH range studied, It can be seen that above pH 6,58 concen-
trations of total inmerganic phosphate and divalent phosphate are
relatively independent of pH and fall within the ranges .....cccce.
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0.1 to 0.4 and 0.05 to 0.25x10™ M, respectively. On the other hand,
the concentration of trivalent phosphate varies directly with the pHl
from about 10720 at pH 6.6 to about 107X at pH 7.8.

A
Fig. 11 shows the relationship between pil and the product of

the concentrations of ionic calcium and divalent phosphate, This
product is plotted as a negative logarithm, conventially expressed as
the pk, It can be seen that the pK of the iom wfc.“][mzj
rises from about 6,3 at pH 6,6 to about 7.0 at pH 7.8, This suggests
that the undissociated salt with which these ions are in equilibrium is

m m‘o

In Pig. 11° the fon product (Ca**]? [P0;]° 1s plotted against
pii, From pil 6.58 to 6,91 the pK of this product is reasonably constant
at about 26,4,

Fig. 12 shows the crude product(Ca**]> [P]2 plotted against pl.

The value of the corresponding product calculated from the concentrations
of ionic calcium and total inorgamic phosphorus in normal tissue fluid
is also shown, and is equivalent to the product obtained with bone powder
at pH 6.8,

Fig. 135 shows the data plotted to demonstrate the reciprocal
relationship botnu[é.“l’ and{n‘.f 2 he line indicates the arith-
metic mean product of all the values illustrated,
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The data obtained in experiments below pHl 6.58 are somewhat
enomalous, as are shown in Pig. 11°. This may be due to the re-
latively large changes in the concentratiom of calcium ions that are
produced by small pll fluctuations, As a result of this, the system
is less stable in the low pHl renge. Since the pH values are lower
than any presumed physioclogical range, these results, while presented,
will not be comsidered in interpreting the data,

Although the product[Ca**]> [P] 2 obtained at pil 6.8 was equi-
valent to that of tissue fluids, it can be seen from Figs, 9 and 10
that the Molar ratio of calecium to phosphate at this pll was about
20 to 1, and very much higher than the 1,5 to 1 Molar ratio normally
found in plasma, An experiment was therefore designed to establish
vhether a Ca:P ratio nearer to that in tissue fluid could be repro-
duced in yitrg, by sustaining the phosphate concentration of the system,
This experiment is illustrated im Pig., 14, After 24 hours equili-
bration at pH 7.00, inorganic phosphate was added to raise the phosphate
concentration of the buffer to about 6,5 mg/100 ml, followed by hourly
additions to maintain this concentrationm, Under these circumstances
there was an appreciable fall in[Ca"*/which continued for 24 hours,

Discussion.

The data appeared to confimm the existence of a calcium
phosphate product in buffer solutions equilibrated with human dead bone,
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This product is dependent on pif vhen expressed in terms of [Ca’[HPO |
suggesting that the relevant phosphate iom species governing the
equilibrium between bone and the bathing fluid is trivaleat rather
than divalent phosphate (Pig., 11), This can also be seem by comparing
Figs. 9 and 10 which show that there is a reciprocal relationship
between the concentrations of [Ca’]and [P0;Jover the whole pit range,
vhoreas no such relationship exists between|Ca**Jand [ ) or(HPO}] A
product involving tribasic phosphate fits the data better tham one
involving divalent phosphate whether equilibrium is approached frem
high or low concentrations of either or both iomns, The suggestion
(7+59,60,129,136,110,130,82) that the salt formed on precipitation of
caleium phosphate is calecium acid phosphate, is therefore not substan~
tiated with this technique,

The effect of pil on the dissociation of phosphoric acid and hence
on the concentration of the tribasic ion might explain the relatiomship
between the concentrations of calcium ion and hydrogen ion im inorgamie

systems as previously noted by Hodge (56).

The mean ion product observed,(¢a**]” [ro;)? = 4.1x107%
(“e = 26,39) is lower than that obtained in tissue fluid at pll 7.4
but corresponds quite closely to the theoretical product in normal
tissue fluid at a pil of 6.8, The calculation is as follows:-




Normal plasma ionic calcium|Ca®’] - 1,5x1070 mole/litre
Normal plasma inorganie phosphate [P] = 1.12x10°> *»  ®
Praction of [P] as [P0;] ot pH 6.8 = 9.8x1077
Concentration of [PO = 1.10x10™
Theretore [ca**] dpo;|2 - A.1x10~%7

This calculation confirms Nordin's observatioms (110), and if
the pil in bone is less than that in tissue fluid, it implies that the
pil in bome will be about 6,8 (Pig. 12) or approximately equivalent teo
intracellular pil (20,155).

However, although the *solubility® of the beme preparatiom
would account for the calcium phosphate produet in tissue fluid if the
pHl governing the equilibrium were 6,8, the ratio of caleium to phosphate
in these experiments is always very much higher than that in tissue
fluid, The ratio of calcium to phosphate in the media in equilibrations
below 7.4 is far higher than the Ca:P ratio of bone itself, whatever the
ratio in the solutions may have been initially, Im fact, in experiments
which started in solutions containing no calcium or phosphorus, the
amount coming out of bone did mot cerrespond to the ratio of these
elements in bone itself, the Ca:P ratio below pH 7.4 always being much
higher than 2:1 by weight, FPurthermore, in the experiments starting
with moderate amounts of calcium and phosphate in the solutions, the
calcium tended to rise and the phosphate to fall until equilibrium was
established, A possible explanation of these findings is that a basiec
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salt of calcium and phosphate with a high Ca:P ratio is disselving, and
that a less basic omne with a lower ratio is forming,

Although a calcium phosphate product has been demonstrated in
relation to bone, the experiments discussed so far do not indicate that
this product is other than fortuitous, Neuman (103) has suggested the
possibility that the relationship between calcium and hydrogen ion comn=
centrations in solution equilibrated with hydroxyapatite, could be
explained by exchange of calcium for hydronium ion., Clearly if this
were the case, variations in the pil of the solutions would influence the
concentrations of Ca’ and PO, in a reeiprocal mamner ond might result
in a fortuitous product, None of the experiments presented in Figs, 9
to 13 necessarily imply that either the calcium or phosphate ion influence
directly the concentration of the other,.

The experiment shown in Fig, 14 may help to resolve the problem,
By maintaining a high concentration of phosphate in the fluid artificially
the calcium concentration was reduced without changing the pH, and this
possibly indicates the existence of a true reciprocal relationship between
these two ions, It is possible that the comcemtration of phosphate in
tissue fluid is normally maintained by extraskeletal mechanisms, such as
absorption of phesphate from gut or as a result of protein catabelism,

These vital processes lower the Ca:P ratio to the physiological level of
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231 by weight, Thus may be explained the Ca:P ratio in tissue fluid
which is very much lower than that observed in our imerganic system
at equilibrium, even when the iomn product is the same,

It has been shown that the iom preduct(Ca’*]>[0;]% best
expresses the behaviour of bone mineral in buffer, and it is convenient
to express the dynamic equilibrium in this form on gmpirical grounds
without necessarily implying that the solid phase is tri-calcium
phesphate,

233 Ihe relationship of seolid:seolution ratio to ion preduct.

Logan and Tayler (81) have shown that im solution in equilibrium
with *bene salt!, the ion product [Ca**J>(P0;]% was o function of the
solid:solution ratio, and increased as the ratio diminished, They
explained their findings by postulating an ion adsorption effect which
increased in magnitude as the relative surface area increased, In-
creased adsorption was said to result in a fall in ion product, This
observation is widely quoted in current texts ( 96), despite coatrary
experimental findings elsewhere (45, 46, 72).

It was therefore decided to investigate this feature of bone
equilibria although it was realised that in physiclogical terms only
the higher solid:solution raties could be of significance,




Experimental.

A series of 30 equilibration experiments were set up as in 2:2,
In this case the buffer employed was 0,15M tris at pH 7.4 in all cases,

Five groups of experiments had various amounts of bone powder
together with 10 ml of buffer placed inside the dialysis bags, and 30 ml
of buffer placed outside, The amount of bone powder employed was such
that the solid:solution ratios in the various groups were 25, 12,5,
6.25, 2,5 and 0.25 gm bone powder per litre of buffer, In each group
four experiments were run from undersaturation (me Ca or P in buffer
initially) and two from supersaturation (3mM Ca, 1,3mM P) with respect
to calcium and inorgamic phosphate, The equilibrations were conducted
for 96 hours,

Results,

The results of the 30 experiments are shown in Table 4 and
Figs. 15 to 18 where the values of [Ca™*], [P) , [ Po}Jand pK [ca**]>[po;]2
are shown respectively after 1, 2, 3 and 4 days equilibration in the
five groups of experiments with varying solid:solution ratioes,

In Pig. 15 it can be seen that the calcium concentration either
rose from zero or fell from 3mM to a value dependent on the solid:solution
ratio, In experiments from undersaturation it can be seen that although

in each case the range of values observed within each group was very
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similar for 48, 72 and 96 hours, the equilibrium concentration of
the various groups fell consistently from just over lmM at 25 g/litre
to 0,5 at 0.25 g/litre,

In experiments from supersaturation, apart from the experiments
at 25 g/litre and 0,25 g/litre, the calcium concemtration appears to
fall steadily for & days tending to an equilibrium value of about
1.6mM, The anomalous result is at 0,25 g/litre where there is a
constant [Ca**Jof 2,5uM from 48 to 96 hours suggesting an equilibrium
state or an inability of the solid to 'take up' any further calcium,

Pig. 16 shows analogous data for the concentrations of imorgamic
phosphate, The experiments from undersaturation all appear to demon=
strate an equilibrium phosphate concentration of about 0.2 to 0,%aM by
24 hours, The experiments from supersaturation, however, show equili-
brium values only down to ratios of 12,5 g/litre within 4 days, Below
this ratio an appareat ‘equilibrium’ concentration is reached at higher
concentrations extending to about 1,0mM at 0,25 g/litre,

Fig. 17 shows the trivalent phosphate concentratioms., Exactly
similar conclusions can be drawn from this data as were drawn from
those of total phosphate (Fig., 16), The equilibrium ro; concentration
from undersaturstion is sbout 15Mx10™20 at pH 7.4,

Fig. 18 shows the calculated values of the plo[c.“P[NiJz
obtained from the data im Pige. 15 and 17, The experiments from
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undersaturation and supersaturation both demonstrate an unwillingness
to come to the equilibrium value at solid solution ratios below about
12,5 g/litre,

In experiments from undersaturation it appeared that an
equilibrium product could be achieved within 4 days down to a
solid:solution ratio of about 6.25 g/litre, but below that ratio,
although the ion product increased with time, it had neither reached
the equilibrium value mor become comstant by the fourth day, and the
lower the solidisolution ratio, the lower the maximum product (or
highest pK) observed,

Experiments from supersaturation appeared to show the develop-
ment of a constant product by about 48 hours, but the product observed
varied frem a pK_ of 26,0 at 25 g/litre to about 24,0 at 0,25 g/litre,

The ion products (pK) observed by the fourth day with a
solid:solution ratio of 25 g/litre were well within the range
26,1 to 26,9 observed in the previous series of experiments (2:2),

Discussien.

Logan and Taylor (81) stated ...

*The ion produet[Ca**]’[P0;]? inereases
as the amount of bone or tricalcium
phosphate, equilibrated with seclutions
of their iomns, decreases below 150 mg
per litre®,




The experimental evidence for this unlikely statement consists
of three series of equilibrations (17 experiments) with calcium phos—
phate precipitates, and 5 experiments with bone powder, Three different
techniques were employed in order to test the postulated adserptiom of
caleium and phosphate ions onto the precipitate at iom products below
the ‘solubility product' of ‘bone salt’, In all their experiments,
however, the solid phase had either been recently formed by precipitationm,
or the solid phase had been placed in a solution supersaturated in terms
of the ion product subsequently to be demonstrated, Klement (72) and
Greenvald (45,46) have shown that the high iom products (pK « 23.1)
observed by Logan and Taylor with small amounts of solid phase, were
probably due to the inability of the very small amounts of solid present
to reduce the 'supersaturated' solution to equilibrium levels, We have
already seen titration data with precipitate analysis (Pig. 1) in which
it can be shown that it is relatively easy to produce stable *supersatura-
ted' solutions of calcium and phosphate, This state is readily obtained
by inereasing the pl of a mixture of c:u(ul)2 and sodium phosphate,

Klement and Greenwald's findings are substantiated by the results
of the present experiments, Although the pl' does fall u. the
solid:solution ratio falls in experiments from supersaturatiom, the
keverse is true in experiments from undersaturatiom indicating the
inability of small emounts of bone powder to take up or give up calcium

and phosphate,
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It is interesting to note in these experiments that the
phosphate appears to be much more 'mobile' than the calciumm, Im
Pig. 16 it can be seen that the equilibrium phosphate concentrations
were achieved from undersaturation within 24 hours in all but the
lowest solid:solution ratio experiments, and in the supersaturation
experiments equilibrium concentrations were achieved within 3 days
at 12,5 g solid/litre solution, This is in marked contrast to the
limited mobility of the calcium concentrationm,

As the pH is relatively constant througheut this series the
trivalent phosphate concentrations show characteristics similer to
those of the teotal phosphate concentrations,

As in the previous series (2:2) it is apparent that the in-
organic phosphate concentration in the buffers in contact with bome
powder is consistent at about 0,2mlM,
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It has been demonstrated that bone behaves in a very
reproducible manner when placed in buffer solutioms., Apparently
it will disselve either with liberatiom of base, or with the
conversion of a basic radicle to a more acid ome and consequent
removal of H' from solution, The process is readily controlled
by addition of appropriate buffer components,

Bone inm solution yields a relatively comstant ion product
[ca**]%[10;]* over the pil range 6.58 te 7.80 both from undersatura~
tion and supersaturation and the mean value of this product is
31721027 (3K = 26,39), The possibility of the solid phase
Ca m‘ being involved in equilibria at these plis is repudiated,

The ion product obtained is believed to be a genuine equili-
brium of *biological' significance, as it appears that the conditions
employed (viz. more tham 25 g solid/litre solution) are likely to be
those of physiological bone mineral in vive.

The suggestion that bone salt at high seolid:solution ratios
can absord ions in such a way as to reduce the observed equilibrium
ion product is not substantiated,

The results may indicate the existence of a physico-
chemical property of skeletal mineral which controls the concen-
trations of tissue fluid calcium and phosphate, possibly by a
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mechanism invelving pH,

At this stage of the work it is of note that the phosphate
concentrations appear to behave in rather a different manner from
the calcium concentrations,




BQUILIBRATION STUDIES WITH HUMAN ADULT
BONE IN SYNTHETIC ULTRAPILTRATE OF PLASMA ...

331 Shorteterm experiments.......{(4 = 6 hours)

332 Long-term om........(ﬁh” w.)
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It has been shown that when powdered human bone was allowed
to come into equilibrium with tris and cacodylate buffer solutions
containing no bicarbomate, it repreduced a relatively constant ion
product [c.“_')’[ro;]’ over a pHl range of 6.6 to 7.8, The comstancy
of this empirical product was an experimental observation suggestive
of a solubility preduct for bone minoral, although the precise nature
of the solid phase was not kmown, The arithmetic mean value of the
ion product was 4.1x10">/M and would correspond to the product of the
ion concentrations observed in normel tissue fluids if the pH at the
interface was 6.8,

Although the ion produet[Ca**]’(P0;]1% at equilibrium at pif 6.8
was equivalent to that in tissue fluid at pH 7.4, the Ca:P Melar ratio
was much higher than that of extracellular fluid (1.5 to 1) approaching
a value of 16 to 1, These systems were therefore less similar to the
ip vivo situation than comsideration of the 'preoduct' alone might
suggest, However, the buffers employed were not 'biclogical® buffers
and further experiments were therefore performed with a medified
Erebs Ringer bicarbomate solution of electrolyte compesition similar
to that of normal tissue fluid,

A further reason for studying the properties of this medium
was the fact that the 'solubility product' of calcium phosphate was
known to be markedly affected by the presence of other electrolytes




in the solvent,

Fig. 19 is reproduced from Holt et al (59) and shows the
variation in pK ion product for (?) CQS(N‘)a in solutions con-
taining a number of salts at various concentrations,

The temperature of equilibration in these experiments was
37°C in an attempt to simulate in yivo conditioms,

Experimental.

Two series of experiments were performed .......ccccvcevee

In the first series the limitations of the equipment imposed
a time-limit of about six hours on the equilibration, The second
type of experiment was therefore planned to run for 24 hours un-
attended, and the equipment was designed and built accordingly,
Unfortunately, technical difficulties resulted in a rather cumbrous
set=up of limited stability., The results obtained, however, were
of great interest in view of their implications, and in their turn
led to a simplification in experimental design.
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3.1 Short-term experiments (4 - 6 hours).

Three-gram samples of bone powder in about 3 ml of buffer
fluid (see below) were placed in sealed lengths of seamless re~
generated cellulose tubing with ...

Nat ‘“‘""’“‘H .'f dmllo-oqdv.: pomr litre

K: 5.0 " " w "
cl. lm.7 » L] " »
m3 16‘7 “ . " "
Glucose 160,0 mg/100 ml,

an average pore diameter of 24 Angstrom umits, and attached to the
vertical limbs of the gassing assembly (Figs. 20 and 21), The
dialysis vubes were immersed im about 10 ml of the same buffer in
glass equilibration vessels in a water bath at 37'0. The gassing
assembly was attached to a "Wibromix' unit which vibrated the

samples at approximately ome hundred cycles per second,

The pH was adjusted by controlled mixing of €0, and air,
Bach gas was fed through a rotameter to a humidifier at 37°C.
containing buifer solution of similar chomical composition to that
used in the equilibration vessels, After wixing, the gas was
passed inte the dialysis tubes via the gassing assembly and alse
through fine~bore peolytheme tubes to the fluid in the egquilibration
vessels, The pll was recorded electrometrically with a probe
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consisting of one spearpoint glass electrode, and one standard
calomel(EC1) electrode, The equilibration vessels were mot sealed
and the probe was dipped into the vessels in succession, The pH
range of 6,7 to 7.4 was obtained by varying the partial pressure of

o

2 from 50% to 5.4% of ambient pressure,

The A2 short—term experiments performed were from undersatura-
tion, and had no calcium or phosphate present initially im the buffer,

Samples of the equilibration fluid were withdrawn from the
cells at four and six hours after commencement of the experiment and
the concentrations of calcium and inorganic phosphate determined,

In some cases Lthe total carbomate concentration was also determined,

3:2 Long-teim experiments (24-30 hours)

Samples of bone powder (0.5 gms) were placed in knotted
lengths of dialysis tubing with about 1 ml of synthetie ultrafiltrate
solution, The dialysis bags were placed with 20 ml of the buffer
in a specially conmstructed cell (Pig. 22) and allowed to equilibrate
for 24 to 30 hours in an incubator at 37°C,

The pH was continmuwously recorded electrometrically, and
maintained at a constant level by adjusting the partial pressure of
coz in the air supply to the cell, Using physiclogical concen~
trations of bicarbonate in the buffer, it was found possible to
maintain a constant pH in the range 6,7 to 7.6,
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The fluid in the cells was subjected to continuous vibration
by a *"Vibromix' attached to a stainless steel wafer, and it was
possible to remove samples of buffer for analysis without unsealing
the cell and reducing markedly the €O, tension,

Results.
Short~term experiments (3:1)

The results of 42 experiments are shown in Pigs, 23 te 26
and Table J,

FPig. 23 shova that the concentration of caleiwm at 4 and 6
houre is related to pii, It averages from about 1,4mM at pH 6.8 te
about 0,6ml at pil 7.5, These values are rather less than those
found in bicarbonate-free buffers (about 4,0uM and 1.4mM respectively),

Fig. 24 shows that the comcentration of inorganic phosphate
at 4 and 6 hours ranges from about 0.3 teo 0,7 I:IO'G and is influenced
little, if at 2ll, by pH., It is clear that over the pH range 6.6
to 7.4, the presence of hicarbomate raises the phosphate concentra-
tione epprecichbly over the range observed in bicarbonate-free selutions
vhich is indicated by the broken lines on the figure,

Pig. 25 shows that the pK of the ion produet[Ca**]>[po;1% is
fairly constant over the pH range 6.7 to 7.4, but after 4 and 6 hours
equilibration the concentration observed is genmerally lower than that

L
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obtained in bicarbonate~free buffers at 24 hours as shown by
the broken lines on the figure, The observed product (pK)
ranges from 28,0 to 26,6,

Pig. 26 shows the relationship between the phosphate and
bicarbonate concentrations im those bicarbonate experiments at
pl 6,75 - 6,80, It can be seen that the concentratiom of in-
organic phosphate varies direetly with that of bicarbomate, The
figure also shows the range of phosphate concentration observed
in 56 previous experiments with bicarbonate-free buffer over the
pH range 6.58 to 7.91 (2:2),

24=30 hour experiments (3:2)

Figs. 27 to 29 show the results of sixteen 24 to 30 hour
equilibration experiments in the pH range 6.7 to 7.6 (22 observa-
tions),

Fig. 27 shows that the calcium concentration at equilibrium
ranged from about 1,5x10™> M at pii 7.6 to sbout 3x10™> M at pll 6.7.
At the lower plis, these values are smaller than those previously
obtained, The lines on the figure indicate the mean and range
of calcium concentration previocusly observed with tris and caco-
dylate buffers,
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Fig. 28 shows that the equilibrium concentrations of total

inorganic phosphate were consistently higher than those previously
obtained with bicarbenate-free solutioms,

Fig. 29 shows the values of pK for the ion produt[h“]’[ﬂi]g
in the various systems studied so far, In the bicarbonate experiments,
the 6-hour product was rather lower than that obtained with bicarbon=
ate-free solutions: this was probably due to incomplete equilibration
since the 24-30 hour ion preoducts did not @iffer significantly from
those previously obtained, although the range was rather greater,

Discussion.

This series of experiments demonstrates fairly conclusively
that when human bone powder is allowed to come into equilibrium with
buffered bicarbonate solutions, the concentration of inergemic phos-
phate in the buffer is a function of the amount of bicarbomate present,
At pH 6.8, the total inorganic phosphate comemmtration in a solutiom
containing about 25mM bicarbenate was about twice as high as that
found in bicarbonate-free solution, The phosphate concentrations
found at 4, 6 and 24 hours at pH 6,6 to 7.6 were all higher than those
obtained with bicarbonate-free buffers despite the probability that

equilibrium was not achieved in the series of short~term experiments,
The values obtained at these different times, however, did not differ
significantly, and so the analysis of the phosphate~bicarbonate
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relationship is based en all the data available,

The calcium concentrations observed were lower than those
observed in bicarbomate-free solutions at the same pH, The values
observed at 24 hours were higher than those obtained at 4 and 6 hours,
again suggesting that the latter therefore did not represent equili-
brium conditions, At 24 hours, the meon ion produet[Ca**1’[ro;1%
did not differ significantly from that previously reperted for bicar-
bonate~free solutions, although the range was much greater, The
greater variability was due to the difficulties inherent in a system
employing 602 at high partial pressures for the maintenance of a
constant pll, In this system there was a general tendency for the
pl to rise as the equilibration progressed, possibly due to elutien
of carbonate.

These results can be interpreted in at least two ways, The
first and simplest explanation would be a hetercionic exchange of
carbonate or bicarbonate for phosphate, Such a phenomenon has been
reported by Neuman to occur in hydroxyapatite (105,107), and since
it is now gemerally accepted that the larger iomic radius of carbonate
prevents it frem occupying the phosphate locus within the lattice
without distortiom (142,146,147), this exchangeable phosphate would
represent material adsorbed at the crystal surface,




An alternative explanation could be based upon the hypothesis
of bome salt composition origimally propounded by Dallemagne (25,26,28),
who claime that bone mineral is a two-phase system of calcium carbonate
and tri-calcium phosphate hydrate, If this were the case, bone mineral
would behave as a mixture of two sparingly soluble salts with calcium
as the common ion, In such a system;, the elevation of the carbomate
ion concentration in the liquid phase would reciprecally depress the
caleium ion concentration, In turn this would allow the phosphate iom
concentration to rise, Such a system would not only explain the present
data, but might serve to explain the ‘unphysiclogical' calcium:phosphate
ratios at equilibrium which we have previcusly found in bicarbonate-free
uln_uou in equilibrium with bone powder,

It was previously suggested that the high calcium:phosphate ratie
obtained at pH 6,8, which might be the effective pil at the erystal
surface, could be explained by the continuous solution of a basic salt
of calcium phosphate with simultaneous precipitation of an acidie form
with uptake of hydrogen ion and release of calcium ion,

The concept that bene mineral comprises two distinet phases -
a phosphate and a carbonate - suggests the possibility that in certain
circumstances the dissolution of calcium carbonate might occur simule
taneously with the precipitation of calcium phosphate with resulting
high Ca:P ratio, In support of this hypothesis, it has been claimed
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that the preferential mobilization of calcium carbonate has bo‘g-
demonstrated by elution experiments with dilute hydrocholerie Sesd
(24,27,29,71,82,105), High caleimmsphosphate ratios might thus.
represent primarily the dissolution of the carbonate fractiem of '
bone with release of carbon dioxide by the acid which is usmally
added in order to maintain a constant pH, The calcium concen~
tration would thus continue to rise until it reached a '«u;n.'
determined by u--[cn”l’[!'tai]2 ion product and the pmuxui..
concentraiion of inorgamie phosphate, The mechanism which M
to 'fix* the concentration of the latter is unexplained,

This series of experiments which was initiated with the
intention of confirming the comstant ion product for bone salt . 4
in synthetic biological media has brought teo light a most
important physico-chemical relationship between phosphate and
carbonate ions, This relationship was considered to require
further detailed study,




EQUILIBRATION STUDIES WITH ADULT HUMAN BONE IN BICARBONATE MEDIA

4:1., Equilibrations im tris:bicarbenate buffers at
increasing ionic streangthas,

432, The effect of ionic strength on bone equilibria in
general,

53:3. 24-hour equilibratioms in tris:bicarbonate buffers
at constant ionic strength,

43k, 72-hour equilibratioms in trisibicarbonate buffers
at constant ionic strength (p = 0,.15) both from
undersaturation and supersaturation with respect
to calcium and inorgamic phosphate,

4:5. Equilibratioms at very high solid:solution ratios,




In view of the findings reported in the previous section

it was decided to confirm the interpretation by isolat-

ing the effect of carbonate ion comcentration on the

equilibrium phosphate concentration, The original simple

experimental design was employed with the additiom of

potassium bicarbonate to the tris buffers,

Five series of mw are ””M Sesessesscssesse
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431 BEquilibrations in tris:bicarbonate buffers at increasing
~donic strengths.

Lxperimental.

The 16 equilibrations reported were performed as before

(2:2) with the exception of changes to the buffer formulae.

Tris buffer, 0.15 M was brought to pH 7.00 and them 10, 20, 30
ond 40uM KHCOy was added to litre aliquots. All equilibrations
were from undersaturation and[Ca®™*], [P] , [€0,) and pit were
determined at 24 hours,

Results.

The results are shown in Table 7 and Pigs. 30 te 32,

Fig. 30 shows the calcimm, total inorganic phosphate and
total carbonate concentrations at 24 hours, Over the pil range
7.35 to 7.60[Ca*"]falls frem about 1.0 to 0,45mM, [P] rises from
about 0,35 to 0.7uM and [ CO,] rises from about 9.0 to 40mM respec-
tively,

Pig. 31 shows the pk_[Ca**]>(P0;)? ranging from about 26.4
to 26,1, The ion strength varies frem 0,16 at pH 7.35 to 0.19 at
7.60, An estimate of the thermodynamic selubility product
pl.’ c.’(ro,.)z. employing the correction previously detailed (1.1),
is shown and all the calculated values lie between 30.3 and 30,0 -

a reasonably nmarrow range,




1O &

0 8-
[Ca”] 1 L

0.6 '

Mx103 05
0.4

0.7 - &
0.5 o

MxI10-3 .44

0.3 1

9.

40 ~ +tt+

30+
+
-+ +

co2]

Mx|0-3
15

20 A
+++
+

10
At &

7.35 7-40 7-45 7.50 755 7-60
/2 LR June 'S/ pH

Figare 30. [ca**], [P] and [co,] plotted against pil in
2h=hour equilibration studies with human bone
powder in tris buffer with added bicarbemate,
The iomnic stremgth of the buffer ranged from

0.16p to 0.19n,




INCREASING IONIC STRENGTH

1o feaPros’]e

97.

PK PK¢ cas(Poy),
2609, . 0.16-0.19 o
26 .| - ® £
® ®
[ J
L4 °
262+ [
26.3 e ]
®
[ ]
26.4 o
26-5 0.16 017 o018 019
26 6
A
pK ie. pK ¢|5<, -02
30.0 - SPCO3(PO4)2 ¢ I m _2_
where wu =ionic strength Y
016-019 +H +
30111 + i3 +
 x + +
-’-
30.2 *
30.34 +
30.4 T T T T T 1
730 735 740 745 750 755 760
12 LR June '6/ PH
=12
Blawe 3l. The 1 [ca**17[po;]° plotted against pi
in ¥ ‘!p.rh.ltl in tris-hicarbonate

butfer,

An estimate of the th

solubility produet (after Nancollis , 1:1)
is also shown plotted against pH,




98.

Pig. 32 shows the correspending data for the pK and pK
of the ien pua-t[c-“ljco;l. Both appear to be correlated with
pil, the former ranging from 8,0 te 7.4 and the latter from 9.0
to 8.4 over pH range 7.35 te 7.60,

Discussion.

As seen in the synthetic plasma ultrafiltrate experiments,
the phosphate concentration at equilibrium increased as the carben-
ate concentration increased,

the pX [Ca**1>(0;]? values all lie within the accepted
range but there i- a suggestion of a correlation with pH, Un-
fortunately, in this series of experiments, the iomic strength of
the buffer increased with added bicarbonate, An approximate
estimate of the "“P was obtained by correcting for non-specifiec
ion effects by the expressiom previously described (1:1),

It can be seen that the range for the thermodynamic solu-
bility product is slightly diminished by this correction, the best
estimate probably being about 30,1,

The ion product[Ca**JC05lean be seen to be highly correlated
with pH and the correction for non-specific ion effects appears
to make little difference,
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INCREASING IONIC STRENGTH
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In view of one apparent failure of the ionie streangth
correction to eliminate the pH dependence of the products, it
was decided to test the ionic strength correction empirically and
then to repeat the equilibrations with varying carbonate as deseribed

above at gonstant ionic stremgth,

432, The effect of ionic strength on bone equilibrie in general.

Neuman has maintained that one cannot calculate a thermo-
dynamic solubility product for a substance (bone mineral) the
activity of whose ions in biological media is unkmown (106), 1Ia
1:1 a correction for non-specific activity effects suggested by
G.H, Nancollis (personal commumication) has been reproduced, and
this correction has been tested in the equilibration system,

Lxperimental.

A series of 24 experiments in six groups was prepared as in
232, On this occasion the buffer employed was 0,01M, 0,05M, 0,10M,
0,20M, 0,30M and 0.45M tris, initially at pH 7.2, Of the &4 experi-
ments at eech ion strength, twe were from undersaturation and two had
8 mg calcium and 0.8 mg inorganie phosphate per 100 ml (2uM Ca3:0,26mM P)
added to the buffers, The experiments were terminated at 24 hours
and[Ca**], (P] and pil determined.




101,

Besults.

The results are shown in Table 8 and Figs. 33 to 36,
Since[Ca"Jis known to vary with pH, only those values within the
pHl range 7.3 to 7.4 are plotted in Fig. 33. It cam be seen that
although there appears to be some differemce between experiments
from undersaturation and those from superssturation, within each
group [Ca**Jinereases quite markedly as ionie strength of the buffer
increases, despite a constant pH,

Fig. 34 shows the corresponding data for [P]. Sinee mormally
there is no correlation between [P] and pH, all [P] values are
plotted, In this case there is a decided correlation between [P]
and the ionic strength of the buffer,

Pig. 35 shows the relationship between pK_[Ca**]> [po;]
and ionic stremgth, ‘llnhnprodutmumo!mapl.dw
27.5 at p = 0,01 to about 26,5 at m = 0,15, At high ionic strengths
the increase is loumhduachi\ng.ptc of about 26,0 at n = 0,45,

Fig. 36 shows the iom products corrected for non-specifiec
ion effects by the procedure outlined in sectiom 1:1, It can be
seen that the P‘.P value increases from about 28,7 at p = 0,01 to
about 30,5 at p = 0,20, At ionic strengths greater than 0.2 the
corrected ion product appears to be about 30,6,
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Discussion.

It is apparent from the data, that although ienic stremgth
undoubtedly has an effect on the equilibrium concentrations of
calcium and inorganie phosphate, the ion products observed between
r w 0,10 and 0,30 are scarcely significantly different, This is
undoubtedly due to the fairly wide scatter of ﬂ" values obtained
with this experimental technique,

The correction for nomn-specific ion effects would appear te
be applicable to all solutions of ionic strength in excess of 0,20,
From the data presented here it would seem that atP-O.ISth
correction is pot valid for our system, and on empirical grounds eme
can say that all experiments must be conducted at constant iomnie
strength in order to eliminate non-specific ion effects,

4:3, Equilibrations in tris:tbicarbonate buffers at constant
~Aonic strengths,

Twenty experiments were performed exactly as reported im 4:l
with the exception that the buffers employed were 0.15, 0.14, 0,13,

0.12 and 0,11M tris with 0, 10.20.30ndwﬂaddndm3nlpoo-

tively, The buffers therefore were all 0,15 M with inereesing
concentrations of bicarbomate,
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Results,

The results are shown in Table 7 and Pigs, 37 to 39 and
can be seen to be very similar to those observed im 4:1, Over
the pll range 7.32 to 7.38(Ca**]falls from about 1.0 to O.ksM, (P)
rises from about 0,3 to 0.8uM and[CO,|rises from about 7 to 35mM
respectively,

Pig. ”M-ﬂ.aﬂﬂ"vﬂmbrthlnm
[c.“J’[ro;]z ranging from 26,5 to 26,1 and 30,3 to 29,8 respectively,

Fig. 39 shows pK_ E:."J[co;]m from 8,0 at pH 7.35 te
about 7.50 at pH 7.4 and the corresponding estimate of ﬂ.’

(ca**c03 ranging from 9.0 at pif 7.35 to 8.5 at P 7.55.

Discussion:

It is clear from these results that the calcium phosphate
ion product is very reproducible in the presence of bicarbonate, and
does not appear to be pH dependent,

The same cannot be said of the calcium carbenate ion product,
Not only does ltopl.vnry'uhplhtatcmmt ion strengths the
results tend to have a sigmoid distribution when plotted against pH,
One possible explanatiom could be that whereas 24 hours was adequate
for phosphate equilibration, this might not be true of carbomate,
A further series of experiments was therefore designed to test this

possibility,
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bh:4 72-hour equilibratiomns in tris-bicarbenate buffers at constant
ionie strength (p = 0.15) both from turation
JA7

P LA
- . i

ULLE L 80 1D LG A At - 2 AUX L 0. . A

Experimental.

Samples of bone powder (1 gm) were placed in dialysis bags
with 10 nl of tris buffer containing different concentrations (10 to

40piM) of potassium bicarbonate, The Molarity of the tris was adjusted
prior to the additiom of the bicarbonate so that the final iemie
strength of the buffer was 0.15p. In half of the experiments, imM Ca
and 1,9 P was added to the buffers to allow equilibratiom to occur
from supersaturation, The sealed bags were placed in polythene bottles
with a further 30 ml of buffer seolution and the system allowed to
equilibrate for 72 hours, The pH of the original tris buffer was about
7.2 but each system was left te find its own equilibration pll value
after addition of the bicarbonate, and the final pH values varied from
7.2 to 7.8,

Twenty experiments are reported. Five pairs of experiments
were conducted from undersaturation with respect to calcium and phos-
phate, i.e, the initial buffer was tris + 10, 20, 30 or 40mM bicarbonate,
with no celcium or phosphate presenmt., A second series of 10 experiments
used identical buffers with the addition of calcium (4mM) and imorgamic
phosphate (1.%9umM) i.e, experiments from supersaturatiom with respect to
caleium and inorganie phosphate,
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Besults,

The results are shown in Tabld 9 and Pigs. 40 - 4S5,

Fig. 40 shows that the calcium concentration varied with
pil, At 72 hours, it ranged from 2,08aM at pH 7.28 to about 0,.235mM
at pH 7.82,

Fig. 41 shows that the total inorgamic phosphate concen-
trations «lso varied with p, At 72 hours, it ranged from about
0.16uM at pH 7,28 to about 0,81lmM at pH 7.82,

Fig. 42 shows the relationship between the ion product
yx.[c.“P[ro;]’ and the pH at 24, 48 and 72 hours in 20 experiments,
At 24 hours it ranged from 27,68 to 25.11, but at 72 heurs the range
had narrowed to 26,73 to 25,96 and was independent of pH, The
arithmetic mean value for this iom preduct at 72 hours expressed
as a pk was 26,30,

Pig. 43 shows the relationship between um[eozlna pH,
The initial yange ox[cozjm 0 to 40uM and the initial pH 7.2,
It can be seen that the(CO,]at 72 hours ranged from 1,5aM to 30uM
and that apart from the four experiments at the lowest pH, there
was rather less CO, in the buffers than had been added to the
systems originally,
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Pig. 44 shows the ion product pK_ [c.‘ﬂ[co;] plotted against
pii, At 72 hours, it ranged frem 8.A8 at pH 7.28 to 7.46 at pH 7.80.
It does not appear to be a constant, nor to have a linear relatiom-
ship with pli, The distributien is similar te that of the tetal
(co,)at 72 hours (Fig. 43).

Discussion.

It is clear frem the results shown im Fig. 42 that bone powder
yields the same iom produst pk_[Ca**]>(r0,]% in butfers whether or
not bhaﬂnuto is present, In these twenty experiments, am iomn
product has been observed which is independent of pH and is relatively
constant whether the systems are initially undersaturated or super-
saturated with respect te calcium and phosphate, Compared teo the
previous definitive equilibrations (2:2) it took rather longer for
this product to be established (72 rather than 24 hours), but the mean
value of 26,30 is mot significantly differemnt frem that of 26,39

found previously. This suggests that we are observing a very repro-
ducible phenomenen,

Although the pk_(Ca**1>[P0;]% values were identical to those
found previously, the absolute values for calcium concentratiom and
particularly inorgamic phosphate concentration were quite differemt,
In previous experiments in bicarbemate-free buffers the tetal [P
was about 0,2smM over the pH ramge 6.6 to 7.8, In the presence of
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bicarbonate, [P] ranges from sbout 0.2mM at pH 7.3 with a [002]01
about 2ul, to 0.8uM at pHl 7.85 where[C0, Jis about 20mM, and the total
phosphate concentration appears to be related either to pH or te
carbonate concentration, The correlation between [ P] .u[eoz].t

72 hours can be seen in Fig. 45 to be very high and [ P) has already
been shown to be independent of pH in bicarbenate buffers (3:1 & 3:2).

Although the range of yl.[CQ“Ico;]ut 72 hours is somewhat
narrower than at 24 hours, there is little to suggest that a physical
constant is being established, The distribution of the calculated
values suggests a dependence more on the total 002 concentration than

on anything else,

Nordin (110) has suggested that the differemces between ion
products in published experiments from undersaturation and frem super-
saturation might be due to the relatively small amount of solid phase
present in the system employed, Consequently, there might well be a
limit to the amount of imorganic material which can be takem up or
given up. This possibility might be valid in the case of the
[c.’ﬂ[co;]xu product in the current experiments since the amount of
caleimm carbonate in the bome powder employed would only be of the
order of 40 mg, This possibility was tested in a further series of
5 experiments in which the selid:solution ratio was raised by a facter
of 10, |
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435 Equilibrations in tris-bicarbomate buffers at very high
—S0lid:solution raties,

Experimental.

Five experiments were set up with 20 gm bone powder and
10 ml buffer inside the dialysis bag and 30 ml buffer soutside,
The solidisolution ratio was therefore about 500 gm/litre,

The buffer employed was 0.15 M to 0,11 M tris at pH 7.0
with 0, 10miM, 20mM, 30mM and 40mM mo, added respectively. The
final ion strength was 0,15 B. Semples for analysis were removed

.ta.“‘ﬂnm.

Results,

The results can be seen in Table 10 and Fig. 46,

The pK_[Ca**][C05 ] at 72 hours ranged frem 8.12 at pil 7.55
to 7.82 at pHl 7.71. This ion product was not a censtant, and the
range of values observed was no different from that shown in the

previous experiments (A:3).
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Bone pouwder was equilibrated with buffers comtaining bicar-
bonate both from undersaturation and supersaturation with respect
to calcium and phosphate, The arithmetic mean product expressed as
pl.[Cl“]’[POi 2 was 26,30 compared to 26,39 in bicarbonate-free
buffers, an insignificant difference,

It was clearly shown that the equilibrium phosphate concen-
tration is dependent on the concentration of bicarbonmate in the
buffer and is directly related to it,

It has not been possible to demonstrate .{c."ﬂ[co;]m pro-
duct even at solidisolution ratio as high as 500 gm bone/litre of
solution, The absence of such a 'constant® is compatible with the
view that there is po separate calcium carbonate phase in bene mineral
salt,

The bioio;ical implications of these observations are
interesting, The view has been expressed that the constancy of
the ion product in solutioms bathing bone was biologically wvalid,
and the higher absolute phosphate concentrations in tissue fluid
wvere explained by postulating that phosphate from extra-skeletal
sources, e¢.g. diet, was continually being mobilised into the tissue
fluids to raise the phosphate concentration, and lower that of
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caleimm, In the present experiments the comcentration of total
inorganic phospbate was about 0,7uM when the [CO,|was about 25mil
(Pig. 43). Thus at biological concentrations of bicarbonate the
equilibrium phosphate cencentration was about 0,7uM as compared to
about 1.0ml in normal human tissue fluids,

¥alser { 157, 158 ) has suggested recently that normal plasma
inorganic phosphate is only about 50-60% free or umassociated, and
if this is so, then the addition of bicarbonate to the jn witre
system yields ionic phosphate concentrations virtually identiecal
with those found in extravascular, extracellular tissue fluid,

These results reinforce the previous conclusion that the
ion products obtained ip yitre are compatible with those found in
normal humen tissue fluids, provided ome assumes that the enviromment
of the bome salt crystal is at a lower pll than extracellular flaid,



EQUILIBRATION STUDIES WITH ADULT HUMAN BONE IN NORMAL SERUM

5:1 The ion produst [ca**]’ [F0;]? in nermal adult humen
serum.

5:2 Equilibration studies with human bome pewder in serum.

Discussion,
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5:3. The iem product [c.“ 3 [ro;]a in normal adult humen
serum.

In section 2:2 of this thesis, we accounted for the ‘high
plasma ion product found in vive' by pestulating that the pH of
bene extracellular fluid was at the intracellular pH of about 6.8
rather than at the extracellular pH of 7.4, In order to examine
the implications of this hypothesis, it is necessary te consider the
various forms of calcium and phosphate normally present in body fluids,
and in particular in plasma or serum,

Serum calciwm,

Nermal adult human serum contains about 10 mg calcium/100 ml
(i.e. 2.5 mM), The distribution of the various forms of calcium has
been eummarised by Neuman (126), He used an ultracentifugatien
technique and employed known formation constants in order to determine
the distribution of calcium as shown in Fig, 47. The fractiem in
which we are interested, the ionised calcium amocunts to 1.%M or
5.3 mg/100 ml. This figure agrees with that of McLean and Hastings
(93), who used the classical frog-heart methed (94), and alse that
of Yendt et al (163) who used in vitre mineralisatien of rachitie
rat cartilage as a bio-assay technique, More recently, Walser
(157,158), found on ultrafiltration, that 1,2mM free calcium was
present in a serum containing 2.5aM tetal calcium, This order of
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TOTAL
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1ONIZED COM-
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.47 x |10

The state of calcium in normal serum as calculated from ultrafiltra-
tion data and formation constants. In ignoring possible ion competition—with
Mg*t, for example—the amount of calcium estimated to be complexed may be in
error (too high). This error could hardly affect the estimated ionized calcium by
more than 2 or 3 per cent, however. mM designates mM/1.

m The distribution of the various forms of
calcium in normal human plasma or serum,

Reproduced from Neuman (106).
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free calcium concentration is genmerally accepted as representative

of normal sera and is met in dispute,
Serum iporganic phosphate.

Many papers have been writtem te show that serum phosphate

is wholly ultrafiltrable (9,61,62,112,116,132,131,161,156), but mere
receat attempts to explaim discrepanciea in the specific activity
of P2 in bleod and urine have resulted in the suggestion that there
is a non~filtrable phosphate complex in serum (40,42,43,44,113,114,137).
The latter findings were not confirmed in several other laborateries
(55467,78), and Neuman (106) bas stated ...

"that the ultrafiltrable phosphorus is almost

exclusively inorgamie phosphate and that all

the imerganic phospherus in nermal serum is

ultrafiltrable®,
The most recent work is that of Walser (157, 158), who has suggested
that ia mormal individuals about 12§ of serum inerganie phosphate
is protein bound, Further, he has pestulated that 29% of serum
mmu.u-uuum;u“umro‘uwo,‘. The free
ionic phosphate according to Yalser is thus about 505 eof tetal serum
inorganic phesphate,

Aen preduct in serum.

In view of the confliect between the statements of Neuman and
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Walser, we will calculate the ien product [Ca**]’[r07]* assuming
first of all that 100§ and them that 53% (158) of total imorgamie
phosphate is unassociated or free, and, that the normal plasma
inorganic phosphate concentration is lmli, The ionic calcium con-
centration in plasma will be assumed te be 1,3mi,

Assuming 100% free phosphate.
c.“J - 1.3810:2
and [P] = 1.0x10
At pH 7.4 the fraction of P as POi i 7.2:10"!
s [Po; | - 7.2x10%x
then Ca**][ro;]? > 1.14x10" 29y
wd g [0 - 20,9
Assuming 30% free phosphate.
[P.} = 0, mo”u
and PO, “ 3.8x10" %
sofca®]’, [rog? = 3. 211026y
and pk_[ca**]¥po.)? - 25,49

Beth ien preducts are greater than that obtained empirically
in equilibrium with bene powder which we have found to be 4.1x10-'
corresponding to a PK, of 26,4,
is due, primarily, to a reduced pH at the mineral surface resulting

If we assume that the difference

in a reduced proportionm of trivalemt phosphate ions, then:-



Observed [Ca**] 3 [Pof]’ - A.1x10727
Since [Ca™] - 1.3x1070
Then (P ]| & 1.37x107

Assuming 100% free phosphate.

[»] - 1.0x107>
Fraction of P as Poi - 1.37110'6
Which correspends to pH 6.90,

Asswming 53% free phesphate.

(] - 0.53x107
Fraction of P as ro‘ - 2.59:10"

¥hich corresponds te pH 7.07.

Thus if Walser's statement is valid a pH of about 7.1 at
the tissue fluid:bone mineral interface would explain the iom pre-
duct found in normal serum, If Neuman is right, the pH would have
to be as low as 6.9, Both findings are dependent on the comcen-
trations of nermal serum Ca'' and P assumed for the purposes of
calculation., The calculations also ignore theoretical objections
such as the redistribution of the iomic species along the beone tissue
fluid to circulating body fluid pH gradiemt.
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5:2. Equilibration studies with bome powder im serum.

Two groups of experiments are reperted. In the first, 8
experiments were set up with 0,5 g bone powder and 2 ml of nermal
buman serum inside a dialysis bag, and a further 18 ml serum outside
the bag, The pH of the serum was previously adjusted by bubbling
through it a mixture of €O, and Ny» the pCO, being directly contrelled
by rotameters, Four pairs of experiments were run at pil 6.8, 7.0,

7.2 and 7.4,

The second group of & experiments was similar except that 1 gm
bone powder was placed in the dialysis bag with 10 ml serum, and a
further 30 ml serum placed outside the bag, In this case the pH
was titrated to 6.8, 7.0, 7.2 and 7.4 respectively with a 105 selutien

of lactic acid,

Chloroform, 6 ml/litre, was added as bacterial inhibiter in all
experiments and samples removed for analysis at 24, 48 and 72 hours,
The results of the two series were virtually identical and have been

pooled for presentatiom,

Results,

The results are shown in Tables 11 and 12, and Figs, 48 teo 51,

Fig. 48 shows the calcium concentration at equilidbrium plotted

against pi, It ranges from 1,69mM at pH 7.20 te 1,22umM at pH 7.72,
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The propertion of calcium bound to protein has been c¢alculated using
the data published by Loken et al (47) and the 'free' calcium
(see Table) plotted against pi, In these experiments the 'free’

or ionie calcium ranges from 1.08amM at pH 7.20 te 0,65miM at pH 7.72,

Fig. 49 shows the calculated trivalent phosphate concentratiom
plotted against pi. It ranges frem 2.77x10° M at pH 7.20 te
1.17:10"‘! at p 7.72, Also shown are the concentrations of nen-
associated trivalent phosphate calculated by assuming ¥Walser's obser-
vation that enly 53% of ultrafiltrable phosphate is free and un-
associated (157, 138). In this case, [PO; jranges trom 1.47x107K
at pH 7.20 te 6,20x107°M at pH 7.72.

Fig. 50 shows the pK of the iem pndut[c.“]’[roi 2 plotted
against plH, firstly where (Ca’’]is the nen-protein-bound celecium and
[P Jthe total caleulated trivalent phosphate concentration, and
secondly, where (-_c.“] is also the non-pretein~bound calcium, but where
[roﬂu the calculated !m[l'oi]m-h. thet only 53% of ultrafiltrable
phosphate is free and non-associated, In the first case the values
range from 26,02 at pH 7.20 to 25.39 at pH 7.72 and in the second
from 26.59 at pH 7.20 to 25.95 at pH 7.72, The mean ion preducts
bave pK values of 25,61 and 26,17 respectively.
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BONE POWDER IN NORMAL SERUM
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FPigure 49. The trivalent phesphate ion concentratioms
plotted against pH in equilibration studies
in normal serum,
Also shown are the concemntrations of *free’
trivalent phosphate after applying Walser's
correction for association of plasma inorganie
phosphate with other normal serum constituents,
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BONE POWDER IN NORMAL SERUM
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Discussioen.

To caleulate an ion product in normal serum it is necessary
to determine the concentrations of fres ioms present, All
previous ien products have been determined bearing in mind that
they are, in a sense, empirical, and reflect oanly the behaviour of
bone salt under the specified oxforhuul conditiens, Normal
human serum was employed at roc. temperature in the same empirical
manner, The ion stremgth will be about 0,15, but in this case
specific complexes will form and so reduce the proportiom of the
tetal calcium and phosphate in the free, ionised form, The total
concentration of calecium and phosphate observed im selution will
therefore be great:r ithan expected from previous experience in syn-
thetiec media, In fact, the total calcium concentrations were rather
less than those observed ia bicarbonate~free tris and cacedylate,

but the total phosphate (Teble 12) was correspondingly higher.

In a recent paper (47) it was shown that the propertionm of
serum calcium which is ultrafiltrable is reasonably predictable, as
seen in Fig. 51, and se the propertien of calcium bound te preteina
has been interpolated for roem temperature (20°C) and used in cal-
culating the free calcium cmoatngtlm in these experiments,

Walser (157,158) maintains ‘that about half the total ultra-
filtrable phosphate exists as complex ions, e.g, MP()‘, which do met



133.

100 -

%
FREE C2

| 1 1 1 | | | 1 | —I J
5.0 55 60 65 7.0 75 80 85 90 95 100
pH
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Figure 51, The proportion of serum calecium ultrafil-
trable plotted against pH,

Reproduced from Loken et al (47).
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enter into the ion equilibrium we have been studying., This con-
viction is not shared by Newman, I have therefore calculated the
free trivalent phosphate concentration with and without 'the Walser

correction’ and used bdoth values to calculate pK iom products,

It can be seen that there appears to be a relationship between
both[ca**]7[p0; 1 products and pii. The significance of this obser-
vation is quite unknown, but it might suggest that im calculating the
ien preduct in serum, the phosphate concentration has been 'eover-
weighted® relative to the calcium. As Neuman has said, a(Call® [r]‘
product is thermodynamically meaningless, but a re-weighting of the
concentration indices in this direction might make for an ion preduct

more independemnt of pH,

An important observation is demonstrated im Fig, 52, Here
are shown diagrammatically the means and ranges of the pKks of the
ion products in several series of experiments te date, It is readily
apparent that the use of the 'Walser correction' leads to a pK ien
producet range in serum which is mot significantly different from those

found in bicarbonate-free buffer (2:2) and tris - KICO, buffer (4:3),

3

There are two impertant implications, Firstly, the ¥alser
calculation is justified by an indireet, but ratiomal, experimental
ebservation. Secondly, bone salt behaves similarly in serum and in
synthetic buffers and yields the same ion product provided the
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secessary corrections are made for complex formatiem,

Agcepting the Yalser cerrectien as prevean, it follows frem
the relevant calculation in 5:1, that the bone salt can reproduce
the concentrations of free calcium and free inerganiec phosphate found
in normal serum by a purely physical process provided the pil at the
Anterfsce is abeut 2.1, This pil is almost midvay between imtra-
cellular pH of 6.8 and the extracellular pH of 7.4 and is quite
acceptable physiclegically.,



EQUILIBRATION STUDIES WITH CHILD AND RAT BONE POWDER.......

6:1 Studies with child bene

6:2 Studies with rat bone

General discussion,
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We have seen that the equilibrium between human bone mineral
and its ioms in solution in tissue fluids can be expressed in terms of
the ien product[ca*]>[P0]%, and that ene of the factors governing
the relationship between|[Ca**]and [P0;]is the carbonate concentration
in the fluids of the system, If the ion preoduct has physiolegical
significance, then a number of pertineat observatioms require explana-
tien,

Studies with calf beme (110) resulted in a similar mean ion
product to that observed in the present work, Ome implicatiom of this
fact is that all bene, irrespective ef species, is composed of similar
mineral salts, [However, if we propose that the skeletom is in equili-
brium with serum concentrations of calcium and pheosphate, and this
equilibrium is in part a reflection of a purely physico-chemical re-
latiouship between the ioms in the skeleton and these in solutiom, then
we must account for the wide range of serum inorgamnic phosphate con-
centrations found in different animal species, Similarly, we must
examine the relationship in the case of the human infant, where a normal
adult serum calcium concentration is allied to a significantly greater
inorganie phosphate concentration, High serum phosphate concentrations
are a feature of all young memmals, Clearly, the equilibrium preduct
we have postulated will be exceeded in these instances unless the bome

environment is at a lower pH than in adult man, Altermatively, a
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greater proportion of the calcium and/or phosphate may be associated
or bound, either teo protein or to some other normal constituent of

body fluids or plasma,

With these problems in mind, it was decided to investigate
briefly the equilibrium ion preducts of child bone and rat bone,
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6:1 Eguilibration studies with child bome.

The material employed was obtained from a few cases of acute
fatal illness where no lengstanding metabolic abnormality was suspec-
ted., The small samples of femoral shaft obtained were pooled, and
ground to a powder as previously described,

Twenty-four hour equilibrations (A40-hour inm A& experiments)
were performed from undersaturatiom in tris and cacedylate buffers
over the pH range 6.6 to 7.A.

Besults.

Twenty-five observations are reperted om 21 experiments,
and shown in Table 13 and Fig. 53.

It can be seen that the calcium concentration varies with

pH ranging from about 4mM at pH 6.6 to abeut laM at pH 7.4,

The inorganic phesphate conwentration varies considerably
between 0,25mM and 0,.70mM but above pH 6.8 the values lie between
0.,3mM and O,4mM,

The values for pK_ [c..“_’l’[l'o,:]2 lie between 27.67 and 25.86
but above pH 6.8 the range is much less, the limits being 26,8 and
2’0“0
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Discussion.

It is immediately apparent that the reproducibility im this
series of experiments is inferior to that demonstrated previously,
In retrospect it was appreciated that the bene samples were from
subjects ranging in age from A years te 12 years. The material
was prepared, pooled and used as it became available, and it is
quite possible that non-homogeneity of the solid phase may account
for the scatter., Several important deductions can, however, be
drawn from this data,

The calcium concentrations range from about 4mM at pH 6.6
to about 1.0mM at pH 7.4, These values are not substantially
different from those found with adult bone powder, On the other
hand, the phosphate concemtrations tend to be higher than these
found in equilibrations with adult bone powder im bicarbemate-free
buffers at the same pi, The range was about 0,.5mM to 0.AmM at pls
above 6.8 compared to O.lmM teo 0,3mM for adult bene.

the [ca**] [P0S]? 1on products cbeerved were of the same order
as those found in adult bomne, particularly im those experiments at a
pH greater than 6.8, There is no evidence to suggest the ‘calcium
phosphate' of child bone is any different from that of adult bone,
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The high values for the equilibrium phesphate concentration,
associated with high normal plasma phosphate coacentratiom with high
normal plasma phosphate concentratiom im children suggested that
further studies should be performed with bone of species whose nermal

plasma phosphate concentrations are known to be widely differeat,

6:2. Equilibration studies with rat beme.

Bone powder was prepared frem pooled samples of the diaphyses
of rat humeri and femora., Wister albino rats weighing 250 teo 450 g

were used, no distinetion being made detween sexes,

Twenty, 25-hour equilibrations from undersaturation and fouwr
from supersaturation (Ca AmM:P1.94mM) were performed in tris and
cacodylate buffers over the pH range 6.6 to 7.4, The data of a
number of experimental groups were pooled and are shown in Table 13
and Fig. 54,

Results,
The results are shown in Table 137 and Fig. 54,
The equilibrium calcium concentrations varied frem imi at

pH 6,6 to about lmM at pH 7.4,

The inorganic phosphate concentrations showed considerable
scatter, They ranged from about O,hkmM to about 3,5miM,
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The pK E.‘..“] ’[Po; 2 values also demonstrated considerable
scatter and ranged from 26,38 te 24.74 ever the pi ramge 6,60 te 7.43.

There was no apparent correlatiem with pH,

Discussion.

It is apparent that the comsistency previously cbserved in
these systems is lacking in this group of experiments with rat bene,
The equilibrations reported here were performed over the same peried
of time as those with child bone, and it is mow felt that mere stringenmt
selection of the bone by age and sex, might have reduced the varia-
bility,

Three impertant observations can, however, be made, Firstly,
the calcium concentration at amy particular pH is little different
from that obtained with adult buman bome, Secondly, the equilibrium
phosphate concentration, despite the variation, is much higher than
that observed in any previous equilibration, Thirdly, the ien
products appear to be significantly greater than those found with
husan adult bene,
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General Discussion.

These experiments raise a number of fundamental preblems,
%We have now seen that in buffers containing no added bicarbomate,
buman adult beme, child bone and adult rat beme yield equilibriom
phosphate concentrations of abeut 0.1 to 0,3mM, 0.3 to 0,4mM and
0.4 te 3.5uM respectively at piis above 6,8, The normal serum
phesphate concentration of adults, childrem and rats are about
0.7 to 1.4miM, 1.3 to 2,0mM and 2,0 to 3,0mM respectively, Thus it
would appear plausible that there is a relatienship between them,

It is known that the bomes of childream and young animals have
a lower carbonate content than adults, the Ca:P ratio of such bone
being significantly reduced, It has also beem shown by Sebel (133),
that the carbonate content of bene is related te the compositiom of
bloed and diet, In particular, rats om low phosphate intake had a
low serum phosphate and a relatively high co,:r ratieo in the skeletom,

In view of these observations, the pessibility has teo be
considered that the equilibrium phosphate comcentration in vitre is
a function of serum phosphate concentration ip vive., It weuld
therefore be desirable to study in vitre the iom equilibria of bene
of different species known normally to have widely differing serum

phosphate concemtrations,



7.1 Equilibration studies with bone powder of laboratery
species

7.2 Anomalous studies with ex, sheep and pig bone

7.3  Studies with cancellous bone, rachitic bone and puppy
bone
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Three series of experiments are presented, In most instances
the results raise more problems tham they solve, but they are pre-
sented here as an indication of the possible scope of future investi-

gations,

Firstly, a group of observations on mormal laboratory animals
are presented, fellowed by some anomalous data, Fimally, several
observations are reported to demonstrate the possibilities of investi-
gating bone from different sites within the one individual, frem
individuals with pathological skeletoms, and from individuals eof
different age,

The three groups of experiments were performed simultaneously,
but are presented separately for reasons of clarity.
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Samples of bone powder were prepared from the long benes of
a number of laboratory species, and 24~hour equilibrations with
0.15 M tris at pH 7.2 were conducted both from undersaturation and
supersaturation (Ca 4,0mM; P 1,94mlM) with respect to calcium and
inorganic phesphate, The species employed were the domestic fowl,
guinea pig, rabbit, cat, mouse and rat, and the bone powder was
prepared immediately after sacrifice,

When possible, 4 experiments were performed on bone powder
from each species but in some cases two had to suffice, FHuman
adult bone powder was run simultancously (2 experiments each from
undersaturation and supersaturation) as a ‘econtrol®,

Losults,

These are shown in Table 14 and Figs, 55 and 56,

Fig. 55 shows the equilibrium inorganic phosphate concene
trations for the various species. They range from about 0,2mM for
man and the fowl, to about 1,0mi for the mouse and the rat, The
equilibrium phosphate concentration for the rabbit is about 0,JmM
and that of the guinea pig and cat about 0.5mM, Also shown on
the Figure are the mean and normal range of serum inerganic phosphate
concentration in these species, The serum phesphaie data are taken
from a text-book of biological data (2) and do not represent the
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blood levels in the particular animals used in these experiments,

It can be seen that the two phosphate concentrations appear
to be related to one another,

Fig. 56 shows the values for pK_[ca**1’(ro,1* found in
these experiments, They range from about 27,0 to 25,0 and do
not appear to demonstrate any apparent relatiomship with plasma
phosphate concentration, Humen and rat data are similar teo
those found previously inm 2:2 and 6:2,

Discussion.

At first sight our postulate of a relationship between
plasma and equilibrium phesphate concentrations appears substanti-
ated, although certain anomolous data remain to be presemted,

.ﬂn ion product results present a very different picture,
It is encouraging to see confirmation of the products for man and
the rat, but unfortunately, for any gemeral relationship, the ion
product values for guinea pig and rabbit are undoubtedly above the

range that would suggest a direct dependence of ion product em
plasma phosphate concentration,

There is also little doubt that for guinea-pig, rabbit,
mouse and rat bone, the ion product observed is significantly
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greater than the acecepted range for adult human bone,

There are at least two possible explanations - either bone
from different species differs in its physico-chemical characteris-
ties i.e, is qualitatively different, or our empirical ion preduct
[ca** ]’ [Po]%, although consistent within limits, becomes unrepre-
sentative over greater ranges of bene salt composition,

7.2 Apomalous studies with ox, sheep and pig bome.

For economic reasons these bone samples were obtained from
commercial sources, and no infoermation was readily available as
regards the past history of the material, In the three cases,
it is likely that the material was imported, frozem, from the
Argentine, New Zealand and Demmark, respectively,

Although the data have since been isolated, the experiments
were designed to cover the known range of serum phosphate concen=

trations and were executed simultaneously with those presemted
above (70‘)0

Lesults.

These are shown in Table 14 udm. 57.
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Discussion.

The reason for the subsequent separation of the data is now
apparent, There now appears to be a much less apparent relatiomship
between the normal plasma inorganic phosphate concentrations and the

in yvitre equilibrium phosphate concentratioms (Fig. 57).

It is felt that little can be said of this evidence, except
that the distinction between the two sources of material is a real
one; the bone in the 7.1 experiments was ewiftly removed from the
carcase in the laboratory,that in the 7.2 experiments, was prepared
at an unknewn, but comsiderable time after death, It is possible
that during transport and storage, the physical nature of the bone
has been changed, but this suggestion is pure speculatien,

7.3 Studies with cancellous fowl bone, rachitic bone, and certical
~—R8ppY bone,

The cancellous bone of the fowl was employed in order to

investigate the possibility that different parts of the same skeleton
might have different chemical compositions resulting in different
behaviour during equilibration,

Reproducible changes in bone composition im rachitie rats
have been reported (64,73), and the serum phosphate concentration
in rickets is kmown to be low, It was felt therefore that rachitiec
bone might yield results of interest, The animals were the untreated
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controle of a vitamin D bio-assay, and were known to have rickets
by *line~test®' criteria,

It has already been mentioned that young animals have higher
serum phosphate concentrations than adults of the same species,
The puppy bone used here was obtained at the termination of an
experimental study of high phesphate intakes on mormal pups, The
plasma phosphate concentration of these animals was of the order of
10 to 12 mg/100 ml, Cortical bone samples were pooled for the
equilibration studies,

A further three experiments with child bone were also per-
formed as part of this series,

Besults,

These are shown in Table 14, and the cummlative data of
7019 7.2 and 7,3 in Hp. 58 and 59,

Discuseien.

It can be seen in Fig. 58 that child bone omce again has a
higher equilibrium phosphate concentration than adult bone, confirming
previous findings. The iom product can be seen in this instance
to be significantly higher (Fig. 59).
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The cancellous bome of the fowl (skull) appears to yield
a higher equilibrium phosphate concentration of 0,5mM to O,GmM
compared to the cortical bone (humeri and femora) figure of less
than 0,2mM, In this case, the range of ion produet is considerable
and there is no apparent difference between the two types of bone
from the same individual,

The rachitic rat bone yielded equilibrium phosphate concen-
trations and ion products that were mo differemt from those of mormal
rats, A possible explanation is that our normal rat bone was froem
relatively young adults and was in fact 'low carbonate' bone yielding
results similar to those of the rachitic material,

In the case of the puppy beme, the equilibrium phosphate
concentration was not as high as might have been expected in view
of the plasma phosphate conceatration, However, mo information is
available on the ultrafiltrable portion of the total inorganie
phosphate concentration in these animals, At concentrations as high
as 10 mg/100 ml the formation of phosphate complexes is a distinct
possibility, Urist (149) bas postulated the existence of a calcium~
protein-phosphate complex in shark serum to explain the observed
concentrations of calcium and inorganie phosphate whose ion product
certainly exceeds the "solubility ceiling® of calcium phosphate,
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Conclusion.

The results of these experiments are indicative of the
possibilities inherent in this investigative technique, Much
more exploratory work remains to be done in order to explain

satisfactorily the various complex aspects of blood:bone equilibria.



Discussion
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A series of equilibrations were performed with bone powder
kindly supplied by Dr, ¥,6, Taylor, University Department of Physio-
logical Chemistry, Reading, These bone samples were the subject
of papers on 'variations in mineral composition of individual bones
of the mhﬁn of the domestic fowl® (139, 140),

Dr, Taylor's carbonate analyses yielded values for the
percentage of mineral matter as '002' in his various samples from
3.97% to 5.18% (S.D. = 0,056), The intention in these experiments
vas to study the relationship between the equilibrium phosphate
concentration jn yitre and the bone carbonate content of differemt
bone samples from the same individual,
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Egquilibration studies with hone powder prepared from different
—bones of the demestic fowl,

Samples of hone powder prepared from various bomes of two
birds were equilibrated for 24 hours in 0.15 M tris buffer at an
initial pH of 7.1, As there was only sufficient material for ome
equilibration with cach sample, all experiments were run from under-
saturation,

The bone powder was prepared elsewhere (139, 140), dut the
technique employed was little different from that deseribed in 1:5.
The resulting particle size was similar to that of powder prepared
in the Prelabe mill,

In all there were eight samples of powder from seven different
bones of twe birds, and the carbonate composition is shown in Table 15.
Besults.

The data is presented in Table 15 and Figs., 60 to 64,

In these experiments the pil was held reasomably comstant,

and the independent variable was considered to be the carbonate
content of the bone.

Fig. 60 shows the wtu-[(:a“Jplotm against bhone carbonate
content, There is considerable scatter but a pessible correlation
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is evident, The range ol[ca“_]h from 0,900 at pH 7.15 to
1.5%uM at pH 7.20 and the respective bone carhbonate contents are
3.99% and 4,528 of mineral matter by weight,

Fig. 61 shows the relationship between buffer [ PJ and bone
carbonate content, In this case, despite the scatter, an inverse
correlation is apparent, The extremes of the data are [P] 0,42uM
and 0,16ml at carbonate contents of 3.97% and 5.18% respectively,

Fig. 62 shows butfer (€O, ] plotted against bene carbonate
content, Notl surprisingly, bone of greatest carbenate content
tends to produce the highest (CO,] in the buffer solution, Again
there appears to be consideradle scatter, the (C0,] values varying

from 0.2“ at )o”’ bone 002 to O.ﬂ at s.‘.’ bone “2.

Fig. 63 shows the ion products &[c.“]’[mi]z and
K, [c.“Ico;] plotted against bome carbomate content, Neither show
any evidence of correlation with bone €0, as # of mineral matter;
the former ranges from 27,26 to 26,52 and the latter from 9,72 te
9.19. :

Fig, 64 shows the concentrations of trivalent phosphate iem
in the buffers plotted against those of divalent carbonate iom,
There is a suggestion of an inverse relationship, despite considerable
secatter, and high PO, concentrations appear to be associated with
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low 00; concentrations and vice versa,

Discussion.

The results reported above are of considerable theoretical
importance, as they throw some light on aspects of the egquilibrium
mechanism which we were quite umable to resolve in the experiments
performed so far,

It is apparent that hone powder of high carbonate content
releases more carbonate inte seolution than beme of lower carbonate
content, and in so doing raises the total 002 concentration of the
buffer, The unexpected observation is that solutions with high
[co, have Jow(Pland vice versa (cf. Pig. 45 and 64), This can be
seon direetly in Fig, 64 where the concentrations of the two iom

species [PO“]M |'_cq‘3'].u be seen to be inversely related,

The previous studies showed that when carbonate is supplied
‘exogenously® by adding carbonate to the buffer, then the equilibrium
phosphate concentration is also found to be raised (sections 3 and 4),
These earlier observations were capable of at least two explanatioms,
On the one hand, it vas possible that an increased carbonate con-
centration, operating through a2 *calcium carbonate solubility product®,
depressed the free calcium concentration which in turn, operating
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through a ‘*calcium phosphate selubility product?, permitted more
inorganic phosphate te come into solution, Alternatively, one
could pestulate heteroionic exchange of carbonate for phosphate at
the surface of the bone crystals, Thus raising the carbonate
concentration would *displace® phosphate from the lattice, The
excess phosphate coming into solution would then, by means of a

‘calcium phosphate equilibrium ion product® depress the free calcium
concentration,

The present data, however, in which the carbonate in the
solution has been given up by the bone mineral is compatible with
only one of the two explanations,

When bone with a high CO, content is placed in buffer,
relatively high carbonate concentrations are observed, In terms

of the dual sclubility theory, ome would expect a lower [Ca**], which
is true, and a raised [P0, |, which is mot true. In torms of the
hotercionic exchange theory, the more mineral carbonate that comes
into solution the less phosphate one would expeet on a stoichiometrie
basis and therefore a low equilibrium (PO, [would result, which is true,
which in turn would lead to a raised [Co**|becanse of the *calcimm
phosphate ion produet! which is glee true,

These deductions are dependent, ot'm. on o~ fair and
accurate interpretation of results which do have considerable
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scatter, However, until ferther experiments have been performed
to extend these observations, it seems fairly likely that this last
explanation for the behaviour of the carbonate and phosphate ions

in the solution is plaunsible and in no way conflicts with curremt
informed epiniom,
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Summary,

We have seen that the phosphatescarbonate relatiomship in
fluids bathing bone powder is probably determinmed by a heteroienie
exchange mechanism,

We have also seen that several bones of one individual have
different composition and that this results in specifiec modification
of the equilibrium between the bone and the bathing fluids dependent
uthcozm. Thus in the intact individual, the overall
dynamic ionic equilibrium as observed in extracellular fluid, repre-
sents the total action of processes at an infinile nusber of skoletal
sites, Each site presumably behaves according to its age, carbonate
composition, degree of hydratiom, etec..

A dual mechanism of exchange solubility has been demonstrated
which governs the relationship between inorganie phoo‘phato concentra=
tion and bone composition, particularly with regard to home carbonmate,
Variations in bone composition have been reported to occur with
age (73,101) in rickets, (73,64) in acidesis, (“0190““35969097)'
in alkalosis (97), with variation in diet (73,66,97,160), and in
osteopetrosis (74), It was Howland et al (64), and Kramer et al
(74) who first suggested that variations in bone composition might
be due to variatioms in the compesition of the blood, It mow
appears that differemt parts of the same skeleton with different
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compositions have different ilonic equilibria., Therefore, children
for example, have a high plasma phosphate concentration because
their skeleton has a low carbonate content on average and not

vice versa, It appears that varietion in bone compositien wight
lead to rather than be due to variations im blood electrelyte
concentrations,
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The experiments reported in this thesis were initiated ot
a time when the relationship between bone salt and its ioms in
tissue fluid was the subject of controversy., Authoritative
sources (96,106), maintained that home salt could not have a thermo-
dynamic solubility product because of its complex mature and variable
composition, Purther, it was gemerally believed that the properties
of bone salt were similar to those of its synthetic analogue, hydroxy-
apatite (77). The ‘pure’ compound calcium hydroxyapatite was
described as a crystal lattice within which isomorphic substitutions
produced variable composition between different portions of the same
erystal, In a physical chemistry sense ...

"the solubility of such a crystal cannot be
expressed as a solubility product® (56),
Between the calcium and phosphate ions of bone and tissue
nm. however ...

"It is unimaginable that eny but an equili-
brium condition exists, There must be a

moment-to-moment interchange of ions frem
extracellular fluid on to the crystal sur-
faces"” (”)oooc

and this equilibrium state must be determined by physico-chemical
processes similar in many respects to those goverming seolubility,

The intention therefore was to study the equilibration of
human bone with buffers om a purely empirical basis, ignoring imitially
the maze of theoretical conflict by defining any equilibrium in terms
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of a product of ion concentrations at specified temperature, iom
strength, buffer composition ete..

The simplest of experimental designs was employed, Bone
was allowed to dissolve in buffer at constant ionic stremgth, and
the material in seolution given time to migrate through a dialysis
membrane until apparent concentration equilibrium was achieved,
In similar experiments in the past, it is fairly certain that protein
debris of the bome matrix, complexed with calcium and perhaps even
phosphate, has contributed substantially to the extreme variability
in bone solubility data, The use of the dialysis membrane in the
current experiments ensured that all particulate matter was excluded
from semples submitted to amalysis,

It was found that when the equilibrium was expressed in terms
of the ion products [Ca**Jiro] Jand(ca™]>(P0;)%, bene mineral behaved
in a characteristic manner, the former iom preduct beiang pil - dependent
over the pll range 6,6 to 7.8, wvhereas the latter was mot, Thus, bone
salt does not behave like caleium acid phosphate, which is not sur-
prising since all the available evidence suggests that CaliP0, is
unstable at a pil above about 6,2, On the other hand, one cannot
conclude that bone mineral is tri-calcium phosphate even if the equili-
brium is best expressed by the[Ca**]>[Po;]% ion product.
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The arithmetic mean value for the pK of the iom product
[ca™*1[P0;1* for beme salt was found to be 26,39 in bicarbonatefree
tris and cacodylate buffers, and 26,30 in tris buffer with added
bicarbonate, The results of meny studies indicated that the con=

stancy of the ion product was predictable, reproducible and appeared
to be a fundamental *property® of bome mimeral,

In the earlier equilibration experiments described in this
thesis, there was a direct relation between the calcium and hydrogen
ion concentrations, and a relatively constant absolute concentratiom
of imorgamic phosphorous in the buffers at equilibrium, It was
thought at one stage that this relation could be explained by a
heteroionic exchange between calcium and hydrogem ion (56)., Such
a possibility was finally disposed of when it was found that variations
in total carbonate concemtration resulted in changes in the calcium
ion concentration independent of pil,

It was also established that the ion product(ca*1’(po;)
independent of solidisolution ratie, Leogan and !vld;r (81,82,83,80,79)
first postulated an sssociation between solidisolutieop ratio and ion
product such that the smaller the ratie, the greater the product,

The present data refute these authors' interpretation of their owm
findings,

The relationship between the bome powder ion product and the
caleimm phosphate ion product in serum was studied by equilibrating
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bone powder in normal humen serum, This showed that at a pll of
about 7.4 there was a fall in both calcium and phosphate concentra-
tions in the serum, On the other hand, when the non-protein-bound
calcium and trivalent phosphate concemtrations were calculated and
the[ca**]’[20;]% ion products deternined, they were found to be
greater than those found in synthetic media, the pK of the mean being
25,61, VWhen the total trivalent phosphate ion concentration was
corrected to free trivalent phosphate ion concentration in aceordance
with Walser's data (157) (which suggests that omly about 53% of total
serum inorganiec phosphate is non-associasted) them the resulting ion
products (pK of mean 26,17) were not substaontially different from
those found in synthetic media containing bicarbonate (pK of mean
26.,30)., No account was taken of citrated calcium in these experiments
with normal human serum and any correction would tend to reduce the
product and so bring the pK even closer to 26,30,

The data suggest not only that Walser's hypothesis is wvalid,
but also that bone salt demonstrates a constamt ion product \'g.“_]’[ro;]’
at equilibrium, both in synthetic media and in normal humen serum,

It is difficult to compare these findings with those of previous
m-mmqm approach precludes anything but comparisem
with up.rh‘pu under identical conditions, Much of the ecarly work
did not alldv for specifie binding of calcium e.g. to protein, and
none of it cmm the formation of association complexes of

phosphate, m dialysis feature of the present technique reduces
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these problems to a minimum and when one comsiders the advances
made in control of infection in these ideal culture media, and also
the recent remarkable progress in the reliability of electremetric
pll determination, them it is hardly surprising that there are great
discrepancies in the published data, and yet reasomable consistency
in the present results,

However, one group of workers (129,136) has reperted a pk
[ca**]?[p0,1* for whole bome of 26.36, and Newman's data of more
recent date (103) yielded one value of 26,11 when recalculated,

The abselute value obtained for the pK of the ien product
[ca*]?[P0]° is probably the best ‘empirical produet’ eurrently avail
able for defining the equilibrium state between bone mineral and its
ions in physiological media at physiological pll, ion strength, ete..
This value, between 26,39 and 26,30, is the first important finding
of this work,

The second impertan® observation concerms the controversy over
the nature of the bome salt, The principal inorganic components of
the erystal are calcium, phosphate and carbeonate, The gquestiomn at
issue is simply which of the three principal structural hypotheses
best fits the observed data,

¥hen bone powder was placed in buffer comntaining carbonate
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ions, the calcium and phosphate concentrations were reciprocally
related and the trivaleant phosphate concentration was directly pro-
portional to the divalent carbomate concentration, Secondly, when
different samples of bone powder comtaining different amounts of
carbonate were allowed to dissolve in carbenate~free buffers, the
phosphate concentration in the buffers at equilibrium was an inverse
function of the carbonate concentratiom,

The carbonate-apatite theory (96,86,85,90,89), carried te
its logical conclusion, would presumably require that the concentra-
tions of the three ions @.“J@o;]u[co;]u thermodynamically related
at equilibrium, and that some ien product would appear te be a constant,
We have demomstrated, however, that for bene powder, the preoduct
[ca**]%(P01® 1s & constant, and thet in bicarbonate buffers, elevatien
.z[co;]mm [po;]-a lowers|Ca** [in such a way that this ion product
remains unchanged. It follows that within the limits of error of the
method, the carbonate ion canmot itself be imcluded in the product
and therefore there does not appear to be any evidence in support of
the postulate of a stoichiometriec carbonate-apatite,

The twowphase hypothesis (25,26,30,34) would presumably require
the demonstration of a calcium phosphate ion produet and a calcium
carbonate ion preduct, both independent of pii, but linked in operatiom
through the common iom, calcium, Thus a rise in carbonate concentration
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would depress the calcium concentration and thus permit the phosphate
concentration also te rise, However, it has not beem possible te
demonstrate a calcium carbonate ion product and im fact, in the experi-
ments in 8,1 higher carbonate concentrations in solutiem appear to be
associated with lower phosphate conceatrations, There is no evidence
therefore to support the theory that the bome material employed in
these experiments is a two-phase system of calcium phosphate and calcimm
carbonate,

There remains the third and final theory which considers that
the bone ult is essentially a hydroxyapatito (106) or a ‘defect® or
‘calcium~deficient® apatite (119) which is able teo exchange phosphate
ions for carbonate ioms at the surface of the crystal lattice, In
this case one would expect a caleium phosphate ion product to operate
in such a way that there was a reeciprocal relationship between calcium
and phosphate concentrations in solutiomn, Further, one would expect
that carbonate ions added to the solution weuld displace phosphate iomns
from the lattice, Also, if bone samples of different carbonate content
were dissolving into a bicarbonate~free buffer solution, one would
expect from stoichiometric considerations that the more carbonmate iom
that was released from the crystal surface into solution, the less
phosphate ion would be released, These expectations have all been
fulfilled, although the degree of certainty is limited by the experimental
variation implicit in the method. Certainly it in felt that this




interpretation of the behaviour of home salt in solutiom is at the
moment the most plausible of the three, and mmst stand until further

evidence is forthcoming,

Hoving demonstrated that bone mimeral behaves as an ‘apatite’,
the question remains - is bone mineral simply calcium hydroxyapatite?
In other words, does whole bone behave similarly to pure symthetie
calcium hydroxyapatite in solution as has been suggested in the

past (77)0

No experimental evidence has been presented on this point,
but in feet a number of equilibration experiments have beem performed
with synthetic products, 1In brief, the ien product [Ca**]’[ro;]?
for a highly characterised caleimm hydroxyapatite is about tep times
that of whole bone, The physiological significance of this finding
is that it suggests that the skeleton will take up calcium and phos~-
phate from tissue fluids well below the solubility ceiling for in-

organic caleium hydroxyapatite and so prevent systemic precipitation,

The physical mechanism by which am ion product lower than
that of the synthetic ananlogue of tone is achieved, is quite unikmown,
Is it a functional property of the matrix portion of bone? Explana=
tion of this enigma will probably require much more intensive research
into the physico-chemical aspects of whole bone equilibria at the
microscopic lewvel,
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The biological implications of these studies concern primarily
calcium homeostasis and the control of plasma calcium concentration,

At an early stage in the investigation the suggestion was
advanced that if the bome crystal enviromment was at pHl 6,8 them the
concentrations of calcium and phosphate ions found in normal plasma
could be completely explained by the physico-chemical equilibrium
mechanism, Later, because of our validation of Walser's &lm
that enly about 335 of plasma phosphate is in the ionised form, it
was necessary to reconsider, Iecalculation showed that the pH
necessary to explain tissue fluid concentratioms of calcium and phos-
phate under these conditions was about 7.1, i.e., between intracellular
and extracellular piH,

The concept that bone plf might be less tham that of circulating
body fluids was first proposed by Nordin (110), and has since beem
accepted by other workers who have produced confimstory, though
circumstantial evidence (15,16,17,68,76,98).

The second concept that the equilibrium between the skeleton
and the calcius and phosphate of body fluids could be maintained by
o physico-chemical process is original to Nordim (110), An inevitable
corollary of this second idea, whose plausibility I have substantiated,
is that relatively small changes in the pHl of the (Hun environment
produce specific changes in free calcium concemtration in bedy fluids.
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¥e have seen that total phosphate concentration is a function of
total carbonate concentratiom in solutions in contact with bome
mineral, and so a fall in pH at the bome crystal surface results
primarily in a rise in free calcium concentration due to a reduce
tion in the proportion of the total phosphate as the trivalent
species,

It has been shown (164), that parathyroid hormene can
inhibit enzyme-dependent, oxidative phosphorylation in tissue
homogenates in yitro with the result that anaerebic respiration
and inereased lactic acid production is favoured, At the same
time, Neuman and Dowse (104) and Tereptka et al (141) have postu-
lated an effect of parathyroid hormome on the transport of inorganie
phosphate into and across cells with consequent changes in ATP
synthesis and lactic acid production, In brief, PTH appears to
reverse the Pasteur effect in surviving bene preparations in wvitre,
and there is an increase in lactic acid production even in the

presence of adequate partial pressures of oxygen,

Thus it is pessible that increased organic acid production
in the bone enviromment is the end-result of parathyroid gland

activity ip vive. The properties of the physico-chemical equilibrium
established above are therefore of comsiderable importance in
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providing a dynamic concept for the link between metabolic processes
changing in response to hormone release and variations in free

caleium concentration in the body fluids,

It is clear that many problems remain to be studied, The
properties of bone mimeral of differemt species and of bome mimeral
of different ages has been lightly touched, It is felt that the
characteristically high plasma inorganiec phosphate concentratien
of children is probably a functiom of the composition of child hone
in that young bone tends to have low carbonate content, In the
laboratory, calcium phosphate salts undergo slow, spontancous ree
organisation, and it may be that as the child matures into the adult,
a somevhat similar phenomenon occurs in vivo in an enviromment whose
partial pressure of 002 is rather greater,

It is also apparent that there are many possible avenues of
exploration into the pathology of bone, Osteoporosis, osteomalacia,
osteopetirosis and ectopic pathological calcification all require
investigation., The calcium phosphate ionic equilibria governing
caleification inm nephrocalcinosis and remal lithiasis are alse worthy
of study,

In closing, ve must consider the walidity, value and limi-
tations of the empirical approach that has been forced upon us,
It is true that bome is variable in composition, It is true that
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we cannot derive a thermodynamic solubility product for bone;
physico=chemical theory is incapable of coping with such complexi-
ties, It is pot true that we must therefore reject a quantitative
approach altogether, Even although the ion product(Ca**]’[po;]?
is meaningless in a strict sense, it has enabled us, in this case,
to consolidate conflicting data into a simple, if theoretically in-

adequate, concept,

When faced with a similar physical problem in biolegy, Neuman
wrote (1“) e
*One can obtain interpretable results only
with simplified systems (that's physical
chemistry!) and with purified compenents
(that®s cowmon semse!) but, if one cannot
generalise from the experiment, what earthly
good can come of it all."
One might apply the inverse of his reasoning., Since bone salt camnot
be adequately deseribed im a physico=chemical sense, let us set aside
the theoretical complexities, express experimental observations with
whole bone as simple ion products, and gemeralise in terms of this
approximation to the thermodynamic behaviour of bone minmeral, That
has been done, and the passage of time will assess whether our under-

standing of bone physiology is the greater,
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Equilibration studies in tris buffer with added bicarbomate,

Table of final comcentrations and ion products,

Zable 7.
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Final Concentrations

Expt, [Cn“] [ P ] [PO:] PE_ [CB“]B[PO,:P pH

Ne. Mx107) Mx10™>  wx10"0

Equilibrations with child bone,

4LR /4 0.95 0,38 31.90 26,06 7.45
5 1,06 0.41 29,50 U5,98 7.40
b 1.05 0.41 34,40 25,86 7.45
SLR/1 1.76 0.45 .30 26,66 6.90
2 1,85 0,44 5,28 26,75 6.85
3 1.40 0.40 11,20 26,46 7.10
4 1.56 0,42 11,80 26,28 7.08
6LR/1 1.75 0. '.0 5.60 26,77 6.90
2 1.63 0.% 3.40 27.30 6,50
3 1,00 0.35 25,20 26,20 7.40
4 0.93 0.35 25,20 26,22 7.40
1 2.13 0.37 3.03 1.05 6.75 At 40 hours,
2 2,08 0,27 1,49 27.67 6,65 "
3 1.08 0,32 23,00 26,18 7.40 "
4 1.13 0.4 23,50 26,10 7.38 -
HSLR/1 1.70 0,44 10,60 26,26 7.05
2 2,11 0.4 9,24 26,14 7.03
3 1.66 0.37 14,40 26,02 7.20
4 1,54 0.40 15,00 26,05 7.20
5 1,28 0,36 21,60 26,01 7 34
6 1.31 0.37 26,60 26,80 7.40
9LR/1 4,00 0.68 2,86 26,28 6,58
2 3.80 0,69 2,97 26,31 6.59
3 2,78 0.56 5.60 26,17 6.80
4 2,95 0.56 5.83 26,13 6.79
Equilibrations with rat bone,
LLR/7 0.90 0,66 50,2 25,74 7.42
8 0.90 0.79 56,90 25,63 7.40
9 0.85 0,42 33.60 26,16 7.43
10 0.75 0,44 31,70 26.38 7.40
BLR/13 2,03 0.87 19,10 25,52 7.08
14 1.95 0.89 23,10 25,40 7.08
15 1,69 0,65 21,50 25,65 7.15
16 1,65 0,88 29,90 25,40 7.20
17 1.36 0.77 47,70 25,24 7.35
1,40 0,87 51.80 25,13 7.36
9LR/13 3.90 1,32 5.94 26,68 6,60
14 3.75 1.16 5.67 25,77 6,60
15 3.2 1.13 11,30 25,38 6,80
16 2,95 1,03 10.30 25,57 6.80
17 2,20 0,94 18,80 25,43 7.00
18 2,53 0,97 19,40 25,22 7.00
111R/ 9 1.05 2,45 49,00 25,56 7.35
10 1.10 2,65 52,70 25,43 7.35
11 2,24 3.55 32,20 24,91 7.10 "
12 2,29 3.55 32,20 24,88 7.10 -
13 1.18 1,80 39,40 25,60 7.38
14 1,33 1,95 45,40 25,31 7.40
15 2,25 2,55 31.90 24,94 7.20 bad
16 2,29 3:25 38.90 24,74 7.18 -

Zable 13. 24-hour equilibration studies with child
and rat bone powder, All experiments
from undersaturation except where indica~

ted.
# (Ca 4mM; P 1,9%aM),
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ABSIRACT

It is gemerally believed that the mineral pertion of
the skeleton cannot have a thermedynamic solubility product
because of the complex and variable nature of the bone salt,
This opinion is examined in the light of our present understand-
ing of bone salt composition and of previous investigations inte
bone salt solubility,

A simple experimental technique is described for study-
ing the relationship between powdered whole hone and the concen-
trations of the iomns of bome salt in solution,

It is shown that in bicarbonate-free buffer, bone powder

establishes an ionic equilibrium in terms of the product
[9:“} ,[Nﬂz within 24 hours, For human bone, the pK of the
mean of this produet is 26,39,

Studies with synthetic ultrafiltrate of plasma suggest
that there is a direet relationship between the carbomate and
phosphate concentrations in solutioms in equilibrium with bone
salt, In experiments using tris buffer with added bicarbonate,
the bone salt yields constant calcium phosphate ion products
within 72 hours, the pK of the mean being 26,30, It has not
been possible to demonstrate any calcium carbomate ion product
even when very high solid:solution ratios of about 500 gn bone
per litre buffer are employed, but a direct relationship between

\ |




the carbonate and phosphate concentrations in solutiom is

apparent,

Equilibration studies with bone powder in normal serum
suggest that the equilibrium could be operative jin yive provided
the recently proposed views of Walser are accepted, Walser
maintains that only about 53% of the total serum inorgamie
phosphate is in the non-associated 'free' form, With this
assumption our experiments indicate that the iom preduct
|ca**3[Po;]? in serum is mot significantly different from that
in synthetie media, the pK of the mean being 26,17,

Accepting Walser's views, which are indirectly confirmed
by our experiments, it is them shown that bone mimeral, by a
purely physico-chemical process, can maintain the concentrations
of calcium and phosphate found in normal human extracellular
fluids in vive, provided the pH at the phase boundry is about
7.1. This value is roughly mid-way between imtracellular and
extracellular pH,

Brief studies with bone powder of childrem and several
animal species suggest that there is a relationship between plasma
phosphate levels in yive, equilibrium phosphate concentrations
with bene powder in yitre and the carbonate content of the beme,
It is suggested that the high plasma phosphate concentratioms in




children may be due in part to the low carbonate content of young
immature bone mineral,

A series of equilibration studies with bone from different
sites in the same skeletons has yielded evidemce which is com=
patible with the view that bone mineral behaves essentially as a
calcium phosphate salt with divalent carbenate ion substitution
for trivalent phosphate ion at the surfaces of the apatitic cry-
stals, The evidence obtained is in conflict with the two other
principal theories, namely that bone salt is a stoichiometrie
carbonate-apatite, and alternatively that it is a two-phase system
of calcium phosphate and calcium carbonate,

There are two prineipal biological implications of these
studies, Firstly, calcium howeostasis can be explained in terms
of a physico~chemical equilibrium state between the mimeral of the
skeleton and its ions in extracellular fluids, Secondly, slight
variations in the pH of the bone enviromment lead primarily te
changes in plasma calcium concentration, total imorganic phosphate
concentration being a function of the bicarbonate concemtrationmn,

It is suggested that parathyroid hormone esntrols plasma
caleium concentration by an effect on cellular metabolism which
results in variations in the pll of the tissue fluids at the surface
of the bone crystals,




