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Picface

The physiology of bone is broad and complex. For erample clinfeal
data from the study of disease states in man and \ ray diffraction
data from the study of the physics of the solid state are equally perti
nent to an understanding of the subject. \o one can presume to be an
expert m all the diverse disaplmes that contribute to our growing
knowledge of bone. In brief probably no one individual can make
general syntheais of the subject that is accurate in all respects.

Onecan try however and this book s the record of such an attempt.
‘The unifying concepts have been sought at the molecular level and
these as building matermls, have been assembled by physicochemical
and blochemical rules and views. The resultant structure or general
synthesis will in all probability not last long In the final phases of
construction, there was & severe shortage of good bulding matenal—
established experimental results. By the substitution of unconfirmed
preliminary findings and speculation for hard fact, the job was com
pleted. With use as new data arrive on the scene many alterations
will be necessary Theauthors feel strongly however that such 2 struc
ture or general synthests, 15 very much needed as a place where the
vanous disciplines can meet, mteract and get along together The
authors also believe that the Leystone and the {oundatson on which
this book was built are fundamentally sound The foundation 1 the
surface chemsstry of the mineral substance of bone. The keystone u the
recogmition of the pecyliar solubility properties of this mineral sub-
stance Bone mineral can and does exhibit widely varying solubihities.
For this reason, a given concentration product or activity product
Ca X P in certam histologleal areas, can be considered undersatarat
ed, in others just aaturated while in other areas, serum m particular
the same product represents a highly supersaturated condition. How
thrs paradox comes about and 1ts importance in the calafication proc
exs and homeostasis are explained in the following pages Tt fs on this
pont that many eariier attempts at 2 genernl synthes:s of the problem

wil



v Preface

have falled Most of these were based on the assurmption of a fixed A,
for bone mineral Thus the common observation that the serum product
Ca X P 15 not conslant was left unexplained at the very start

The purpose of this monograph i to stimulate interest and research
It is unimportant whether the reader is pleased pained or rendered
righteously indignant The book will have failed its purpose only if it
does not engender some kind of positive reaction in the reader the
desire to prove to disprove or to know

The book 1a aimed at the Inherently cunous the chmaan who won
ders why the anatornist who wonders where the chemust who wonders
how and just any Investigator who wonders whether

It 1 wth the greatest pleasure that the anthors acknowledge ther
indebtedness to thelr colleagues, at the University of Rochester and
other jnstitutions who have Lmdly read and cnticized the manuscript
and otherwise given counsel and advice 1n the course of its preparatron.
They are especially mdebted to Dry Gilbert Forbes, Harold C. Hodge
John E Howard, Robert A. Robinson, and A. Raymond Terepka. It
was Dr Franklin C. McLean however who insprred the authors to o
dertake the task of wnting the monograph who rejuvenated their fall
g resolve and who by lindly advice and suggestion  softened mus-
takes and strengthened week passages throughout the development of
the manuscript Thanks are due to many others to C L. Comar R
Ampnno and P Lacroix for unpublished dhustrative matenal and to
our colleagues of the Josmh Macy Jr and Gordon Research confer
ences for many inspirmg discussons and plessant agsociations

Mrs Joyce Cole has earned the title of nurse and mudwife in the
birth of this monograph which incidentally required a gestation
period of sppromately nine months. She prepered all the flinstra
tions typed and retyped the manuscnipt corrected our spelling, and
minimized foterruptions and diversions. For all of this and, above all,
for her unfailingly co-opsrative good spunt, our heartfelt thanks and
gratitude are here acknowledged.

This monograph 1s based in part on work performed under contract
wth the United States Atoms Energy Commussion at the Unlvernity
of Rochester Atomic Energy Project, Rochester New York.
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CIMAPTER 1

Solutwn Chemisiry

For many many years chemsts and biochemists have tned to de
cipher the puzzling interrelationships between blood and bone, for in
this problem Les the key to an understandmg of much of bone physiol
ogy and electrolyte metabolsm On first nspection the problem ap-
pears quite stmple. In the living organtam the skeleton contamns a huge
quantity of extracellular crystaline sparmgly soluble mineral salts of
calcium and phosphate. One would be inclined to reason that, at all
times, the blood must be exactly sturated with respect to the bone
mimeral. Indeed there 13 much to suggest the operation of 2 mmple
sotubility product. Normalhy the product of calaum and inorganic
phosphorus in serum 15 quite constant. In many pathological states the
levels of aicium and phosphate vary reciprocally On the other hand
there are also clmical conditlons m which the serum levels of both rons
may be elevated or depressed in apparent violation of the pnnciple of &
simple solubility product. Vitamun D and the secretion of the parathy
rord gland have a profound influence on the circulating levels of cal
cium and phosphbate. How can a vitammun and a hormone influence a
solubility equilibrum?

The literature is bulging with reports of studies on the solubility of
bone mmeral in aquecus solution. Some of these reports suggest that
serum must be regarded as & supersaturated solution of bone mmeral
others imply that serum is undersaturated. Thus the most fundamental
queston m bone physiology has been perceived but dimty shrouded in
a veil of conflicting paradoxical data.

Past of tha confution was man-made, through the introduction of
artifacts and errors 1 experimental techniques. Not all but many in
vestigators fafled to take into account the Importance of sonic strength
and speclfic interion attraction as sources of large error Very few re-
scarchers took the trouble to think and plan in thermodynamic terms.

If we wish to understand the interrelationships between blood and
bone, we must begm at the begmnmg, We must develop an understand

1



2 The Chemical Dyromics of Bone Mineral

ing of modern concepts of solution chemistry, we must determme the
correction factors necessary to an expresaon of the true or ¢fectrs con-
caniralions the chemical activities of calaum and norganic phosphate
n normal serum. In brief we must review the princples of physial
chemistry and attempt to apply these prnciples to our phymological
problem.

Nox-srectric Ion Errects

The history of physical chemmstry (as with all sclences) can be well
described as 2 progressive senes of approximations. A general aw n
enunaated. Then aberrant depertures from deality are sought and
observed and a new more predise, formulation is devised empircally
Finally, the reasons for this exceptional behavior are recognized and a
revised law 13 denved on theoretical grounds.

Such 18 the case with solution chemustry The first general [aw was
Raoult a law relatmg the colligative properties of solutions (lowermg of
vapor pressure, rise m boiling point, depression of freezmg point, and
osmotic pressure) to the number of solute atoms or jons Le. to the
molecular concentration of the solute in the solution and not to the
nature of the solute.

Apparent failure of the law was soon observed. In non-hydroxylic
solvents many substances scemed to exert only half as much effect as
expected mdicatimg assocration while in aqueous solutions many sub-
stances showed several times as much effect as expected from Raoult 3
law indicating dissocraiten

Without explammg the discrepancy Van t Hoff expressed as & mtio
the observed propertres relative to those expected For sits such as
NaCl KNO; or MgSO, m aquecus sohution, this Van t Hoff mtro or
factor { approached a limitmg value of 20 while salts like KsS04
CaCly and NaHSO, gave a imitmg ratio of 30

THE ARRIENTUS CONCEPT OF DISSOCIATION

Arrhentus recognized the fandamental significance of the Van t Hoff
factor He suggested that when an acd, base, or salt s dlssolved 1n
water it splits up or dusocuates into positively and negatively charged
toms. Thes was the first statement of the theory of electrolytic dissocla
tion. Thus & salt such as sodrum chlonde will dissociate ito two fons

NaQ=Na*+Cl~

whereas potasslum salfate yields three fons
K,S0, = 2K+ +50]



Solution Chemustry 3

This was traly a great advance, but the problem was far from solved
Only near infinite dilution did expenment agree mith theory For many
years a catch-all explanation was gven salts do not dissociate com
pletely cxcept at Infinite dilution The explanation 15 of course sub-
stantially correct for weak electroly tes. However we recognize today
that strong monovalent electroly tes, such as the halides and nitrates
of the alkali and alkali-carth cations are completely dissoclated at all
reasonable concentrations, even in the solid erystalline state, Some new
explanation was required

CONCEPT OF 10 ACTIVITIES

The true explanation for much of the departure {com wdeallty was
finally given by the interionic attrction theory The basis of this the
ory m mmplest terms, is that in very dilate solutions, the indnadual
sons are relatively far apart and can exert little Influence on one an-
other As the concentration is increased, however theattracton among
the more dlosely packed fons of oppomte charge decreases the physico-
chemreal actiwity of these lons. This can be expressed in terms of mobll
ity Every {on may be regarded as beng surrounded by a centrally sym
metrc ronic atmosphere of charge opposite in sign to that of the fon
itself If an electromotrve force is applied the 10n migrates away from
its surrounding field, which n tum sets up an electrostaue field re-
tarding its speed The tendency of the fonlc atmosphere to move in a
direction opposite to that of the centra! fon further retards its mobility

This, of counse, is & quatitative and approximate description of the
meaning of the concept of intenonic attraction. The magaitude of in
tenonic attraction depends on the closeness of the vanous charged jons
(their concentration) and the magnitude of their charge (thear valence)
The term sonic strength ” & was Introduced by Lewis and Randall
(27) to describe the numbers and charges of fons in 2 given solution
ie. the intenuty of the clectncal field due to the jons peesent m the
solution. Tonuc strength g, 18 defined as one half the sum of the terms
obtained by multiplylng the molallty (or concentration) of ench jonic
species present m solation by the square of its valence, thus,

p=iZeis'
where ¢ is the actual concentration of each jon and ; 1s its valence
It was readily apparent that the true or effective concentration ex

pressed as chemical activity o, differed from the actual concentration
& as o function of field strength p. The correction factor needed to
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convert concentration to true chemical potentul or activity s termed
the actroty cosffictent represented by the symbol f or ¥ In stnct umge,
the activity coefficient must be ngorously defined. For present pur
posey, we shall gssume, for a sumple rep tive salt, say p I
chloride,

9xa
‘xa

dxci™ fxa ekct o fra™

where axcy 13 the true or effectve concentmtion or activity fxca s the
mean activity coefficent of KCI (in the general case the mean activity
coefficient of the pomtive and negative lons Is written f1) and cxqls
the actual molanty of the KCl sotution.

Debye and Hiickel are primarily responsible for placing the theary
of nterionic attraction on & quantitative bass, They demived equations
describing the deviation of the true activity with field strength by re
Iating the correction factor or mean activity coefficient, f7 to jonlc
strength g To undenytand fully the meaning of the theory it is neces-
sary to follow the complete dertvation of each of the varfous equations.
Only in this way can one appreciate the assumptions and appronma
tions that were made Since this mformation is availahle in current
textbooks (10) we shall concern ourselves only with certain implea
twons of the theory

It was found that, m very dilute solutions (<0 0005 M) e very
simple relation describes the activity of a salt as it relates to varying
snic strength

—log fx= A, V3 (D

where A4 is a combmed constant equal to 0 51 in waterat 25°C %4 and

£ represent the valence of the positive and negative fons, respectively
As the concentration of salt mcreases an additionsl correction 15

necesary allowance for the suze of the jons must be made

Aee VB
—log 1+ =B Vn o

where 6 is & function of the average effective diameter of the hydruted
10ms of the electrolyte and B s a combined constant, 3.3 X 107 for
water at 25° C

As the concentration of salt 13 further increased (approachmg 1 M)
1nteraction between the charged fons and the dipolar solvent, in effect,
reduces the amount of free solvent, and the activity of the wms is m-
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aased This requires the additon of anather term to equation (1)
utilinng sn empineatly denved con tant ©

Vi

1
~log / = T+ aliva + (111)

The relation between thevaluesof —log f; caleulated from the three
equations is mven in Tigure 11 fora hy pothetial case Obeerved devia
tons 1n activities at any tonic strength are well deseribed by equation
(11} \sthe jonic strength isdecreasedd the term C, becomes negligible
and equaton (111) mmphfics to cquatron (I1) At even lower onic
strengihy, the term 1 4 aBa/a approximates umty and the equation

00

oe}
logfy oaf 1

o8|

T 48 8112
v
Fia. 11 —The relation between the valurs of the mean activity cocfliclent (f1)

0d the sqrare root of the bonle strength a1 calculated by the thmple (1) and extended
DeBye-Hoclel equatiom (/) and (/1)

sunplifies further to equation (I) In very dilute solutions, then, all
}hln'e equations give equivalent correction factors, as seen in Figure

In pactical terms in the range of physologien! 1onic strength
(V& = 04) the eflective concentration of an jon i relatron to its ac
tusl concentration Is (g} decreased considerably and decreases further
with ncrensimg wonc strength and (8) decreased even more the greater
its valency It §s imposaible to generalize about effective 1on gize

DETERMUINATION OF 10N ACTIVITIES

The mean activity of a umple salt In pure solution can be measured
qurte precisely Ly a careful determination of one of the colligatsve prop-
etties of the solution (conductsvity for example) The activity of an
Individual fon, however cannot be measured experimentally Yet it s
$ueat this information—the fndividual fon activities—that we usually
Tequire In a complex sofution such as serum for example the measure
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ment of the mean activity of all the ons present 13 of almost no value at
all. In such = case 1t 13 necesmary to calculate and interpolate ndridual
fon acthvities from expenmentally determined mean activities of simple
salt solutions, To do this, certain conventwons must be adopted, and
certam simplifying assumptions must be made,

First, the observed activity, o is always expressed as 2 dimension-
less matio of the true or absolute activity, Gune, In relation to some ar
bitrary standard or reference state, as

Gabe

O -2t

where as by convention 18 usually consddered to be the actmty of the
fon in & hypothetical sotutson of unit (molal) concentration but having
the properties of an infmitely dilute sohution. Second to convert jon con
centration, ¢ to fon actvity the adrmily cogfficrent v (o1 f) B em-
ployed. Thus rs defmed as follows

v ema ot y==
One of the most widely used devices m estimating indivsdual jon
activity coefficents makes use of the McInnes sasumptions (29)

8xc1 ™ 8x = 8a (Iw

which states that 1n a solution of KCI the actlvities of potassum and
chlonde are esscntally equal (they do show approxmately equal jonic
mobiliies) and therefore, equal to the mean actlvity of the KCI sofu-
tion under study

yx (KClsolution) = vx (other salt solution) V)

which states that the activity coeficeent of potassumm is the same at
any grven ionic strength irrespective of the nature of the slts present.

With theso assumptions, the activity coeficlent of K* can be de-
duced from studies of KCl solutions. This known the activity coef
fizent of HPOT can be estimated from the mean activity of & solution
of KHyPO,.

Another method of evahmtimg individual 10n actvity coefficents m-
volves calculations employing the Debye-Huckel formulations. Kiel
land has carred out these calculations for a wide varety of sons (22)
Levmskas (26) has performed the tedious task of calculating the zetlv
1ty coefficients of calaum and phosphate sons at physwological ianlc
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strength from commlatsons of mean activits data gven Iy Hamed and
Owen (15)

A collection of the indn sdual on activity cocfliaients of a vanety of
10ns of xpecial intereat in biolomal research 1 assembled in Table I'1
They are uweful please note only at phymmlogical 1onic strength
Note, 100 the wide vanatons smong bons in the deviation of their ac
thatkes from thar concentrations The activaty of the hvdrogen jon
an is 80 per cont of its concentration, POY only 6 per cent.

TABLF I

INDRVIDTAL 10X ACTRITY COrmTICIFNTS AT IIVSIOLOCTCAL
IostC STRINGTI (m = 0 16)

081 u 033 ™ Jla Ra
4 i HCO 2 co7
n o 1~ i ctmte 30 1 dtrate
K \O-
1 Rb Cv NH 3 G
« P07 23 1ro;
0% Mee e I Gitrate=
006 Fo~

Takes frem Leslanles (24) all stders s graphionly Mteqmbsted yabers from Kuellusd (23)

IMPORTANCT OF ACTIVITY CORRFCTIONS

Acthty coeflictents are of the utmost Importance. Without them it
would be impossible 1o generalize data obtained in the research labora
tory constants would not be constant and solution chemistry would
be 2 3¢2 of confusing and conflicting data Since these activity correc
tions are of considerable magnitude they camno! be 1gnored One pertl
nent example suffices to prove this statement. Consider the salubility
product of secondary aalcfum phosphate CalfPO, 2H:O The true ther
modynamic solubility product ac, X @inpo- is constant over a wide
range of vanaton of pil jonic strength and calcium phosphorus sola
Gon ratos. If activity corrections are ignored, a measurement of the
Apparent sofubility of this salt at phyaiological fonic strength would be
varable and in error by over 1,200 per ceat!

It 18 dufficult enough to detect mistakes. To commu! errors by the
omission of known and established correction factors Is nexcussble
There are of course many jnstances i which the necesary correc
tons and activity coeflicients are not yet known In such cases the in
vestigator should, If at all possible maintaln the lonic strength con-
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stant throughout all experiments. If the expenments are of physwologt
cal mterest, 4 = 0 16 18 to be preferred.

Specorrc Iow Errecrs

Activity coefficients correct only for mom spectfic Internctions be-
tween 1ons. In the practical case 1t is difficult to concetve of & solutlon
containing more than a few smple 1ons m which no spectfic mteraction
occurred. When the laboratory experiment 18 designed to simulate
phymological conditions, specfic effects are especially important. Asan
example, the magnitude of the correction factors of both types far cal
cum in serum may be dted. As shown later only 20 per cent of the
total concentration of 10 mg per cent in serum is free, jonic, and effec
tive. A reductron of 36 per cent is the result of non-specific salt effects,
Intenonic attractson a reduction of 44 per cent results from specific
wteraction, prncipally bmding to serum protein.

At the present time, instances of spectfic 1on effects are so common
and familiar that the term complex ton s m every saentist s vecabulary
Indeed, as college Freshmen we are exposed to the laboratory experi-
ment involving the dissolution of silver chlonde preapitates with am-
monia by formation of the silver-ammona complex.

A special kmd of complex formation 13 chelaion, another famillar
term denved from the Greek chelos meaning claw ” All effective
chelatmg agents are molecules contammg several functional polar
groups m such a steric arrangement that they can surround a central
10m, thus the term  claw ”

SOME IfPORTANT FORMATION CONSTANTS

All such spectfic wn effects can be considered as cxamples of the

formation of poorly dissoctated compounds and can be expressed by the

law of mass action m & manner analogous to the formalation for the dis-

socation of a weak aad. For the general case in which a cation Af and

an anwm, A combme to form a highly associated compound, x4y,
where x and y represent the appropniate subscripts, e may wnte

M A, =sM *4yA=— (VD)

 and m expressmg the valence. At equilibrium, the law of mass action

cn be expressed 1n activitfes thas

a,,,"-K [T viI)

where X 1 the equillhrum constant. If we convert activities to the

correspandmg  concentration-activity coefficent products and then



Solntton Chemus ry 9

rearrange we get oL
- _ o IV Ay ’
A= T 7 e (VI

where brackets indicate concentntions Becauee the equilibrium con
stant i based on thermodynamic consederations of fon activitres thisis
the troe aseclation constant A

For the simple ca<e of 2 non polymenc 1 1 complex—aalaum dt
rate for example—general equation (V1) smphities to

- {Ca aitrate} - Yea irat
[Ca ] [citrate™] Fe ¥ iemt

)

Unfortunately  the second term of the aght hand side of this equa
tion the ratm of activity coeflicients can marely be evaluated at the
present tume, This is beeause the xctivity coefficrent of the complex on
is mknown and cannot even be estimated in most lstances. Therefore
most nvestigators who have detenmined the assocution of complea
wnsuse & simple A an uncorrected concentration constant or Ay an
uncorrected formation constant, to express their resulta, Here

Ki= X =A (matioof activity cocflicents}

The investigator must therefore be on guard n wung K- or A values,
They are valid only when used under the conditions of pH ionic
strength and temperature speafied If these conditions have not been
specified the A or Ay s valucless,

In Table I2 are Lled published formation ¢ for a
large number of arganic chelaton of cilaum. A perusal of this table
shows clearly that the citrate ron is the most potent caldum-complex
ing agent of all the organic acids yet studred The structure of the aal-
cum atrate complex fs not known but a most likely structure can be
denved by analogy Detailed studles (7) of the complexing of the
unnyl jon by atrate demonstrated # tridentate bonding mvolving
%0 lonized carboxy ] groups and the unshared electrons of the hydroxyl
group More recently this sxme structure has been proposed for the
cupric-citrate complex (23) In a!l probabillty the caloum atrate com
Plex s umllar An examination of the formation constants in Table
12 shows that those ackds which contain two or three carboxyl groups
tnd & lrydroxy! sterlcally available for bonding form the more stable
compler jona. For these reasons and from jon-exchange studses which
Indicate the calchum citrate complex to be of the non polymerlzed 1 1
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type (8 40) and anfonic (13), the most likely structure 1s that grven m
Figure I 2.

From the fonmation constants given m Table I 2, another kind of
practical information can be deduced. In many mstances the investiga
tor requires & buffer mith which to mamtam the pH control Usaally,
phosphate buffers are mappropnate in studies of the mineral of bones
or teeth, How does one contral the pH without becommg mvolved in
specific ion effects? The snywer cannot be given categoncally of course,
because three vanables are mvolved (a) the calcfum concentration,
(3) the buffer concentration, and (c) the X, of the calomm buffer com-
plex. In our Iabaratory 0001 M diethylbarbiturate in the neutral
mange and 0 001 3 acetic ackd n the aad range are suitable buffers,

TABLE I2
FORMATION CONSTAXTS OF QROANIC CHELATES
oF CALCIOM ($0)

Cltrate 315 Ttacomate. 12
Isocitrate 247 || Maleate 11
Malate 2 g Saccinate 3 2
Tricarballylate 1 Carbonate
Tartnto 178 || Lactate )
Omalacrtate 16 Diethylbarbitorate 66)
a-Carborypimelate 15 Acctate a2)
Aconitate 15 Glutarate 0 5§
Omalosocdnate s Fumarate (0 48)
Malorate 136 || Aspartate 0 41

cm'htlnm i 2’3 Glycine (D(é)g)

K te 1

Ehcunu 12

AMpIT73T0p =016amd £ =29 C cxpromed oy ng K7 3 abiem Su
pareaticum e ety apocoTime e

/

N9\

oﬁ—%—
/‘ox‘g
<

"

/._
o™
&

Fra T 2—A mggested structure of the calcrum atrate complex
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gvmg a neghgible eorrection (1 per cent of lexs) for complex fon forma
tim i solutions contammg calaum up to 0001 M

In Table T 3 are collectadd the formaton constants of a number of
phosphorus—containing chelators of ¢alcrum The most significant con
cluaon to e drawn here 1t that caloum cmdeed  photphatophilic
Whereas orpanic aa v require & ven pecific structure for complex
formatlon with calcum #t af peany that almost any phosphate com
pound has a strong atiraction for this catron 1 ven unadorned ortho-

TAWY It
TORMATION CONSTANTS 08 101 RHIORES CONTAINIST
Curzatr ur Carenoyt

Compound 1o Ky Meh t Cond thary Referenc
Ortbephoephate BERE B
Trimctayhoqbate 20
Tetrameta) hate 2 ¢ n=015

te 3170 | lachange (=3 C 1n
Phytate 316 jH=74
Tripolypbophate (R
Heametaphobate 702
Adeno u=01
Mo pbophate 34 ] Lschanee 1= C 5

pilaT 4

Ribowe riaclele ackd 192 | Dukn n=0 15
Dosaryribose mockic add 180 Thalyas sy £
Desoyribose muckdc achi 191 Lxchange | | Ipti=7 2

phosphate is a fair complexing agent 1 olymeric phospliates match or
aceed citrate §n thewr alility to comples calcium The significance
both eamenmentally and physiologically of such pronounced specific
1on effects 13 30 obvious that 1t newd not be emphasized further

CALCIUK FROTIIN INTI RACTION
In 1871 Pribram made the first suggestion that part of the calctum
m srum might be bound to protein (37) Forty years passed before
Rona and Takshashi brought forth the first experimental evidence (38)
I support of Pribram s idea Another twenty tive years passed before
‘hcm}ﬂmpmlcm interaction was placed on anything lfke a quantita
tve bash In o monumental classic (33) McLean and Hastings sum
marized existing data and by means of the frog heart method (32) for
easuring calcium fon activities assembled tables of dissociation con
stants based on the empincal mass law formulation

—
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[Ca*+] [proten-]
—'CA_%ET_[ pro K xX)

Only recently have methods and techniques become sufficlently re-
fined to improve on this sumplified formulation. ‘There are two prmeipal
reasons why the McLean Hastmgs formulation has stood the test of
time. In the first place, 1t does describe quite accurately the peotem
bmdimng of calciurn 1n most normal sera and m several disease states.
In the second place progress has been severely hampered by the Iack
of suitable methods for the direct determination of calaum jon actv
ity Certrinly the frog heart procedure has not become popular de-
spite 1ts histoncul significance and applicabllity under specified condi
trons.

Space does not permit a detailed analyms of the reasans why the
determmaton of ac,  has proved so difficult. We can say however,
without fear of contradiction that whoever develops a simple, acrurate
method for the estimation of calaum {on activitees will truly be & hero
to clmician and rescarcher alike. Among the more promising prospects
in this connection are Carr’s collodion membrane electrode (3) w0 far
applicable only to pure salutions, and the possible development of &
highly specific dye which complexes calaum in the pH range 7-8

Returning to the problem of calcdium-protein mteraction let us ex
amine Tables I 2 and I 3 to find the groups and structures of protems
which nught have a strong affimty for calaum. It is clear that calcqum
shows hittle ability to chelate with nitrogen or amino compounds (25)
iltustrated by the X, of 00 recorded for calctum glycmate Ordmary
carboxyl groupe are imeffectsve (acetate) polycarboxylic compomnds
are more effective (sucanate tricarballylate) but mest effective are
polycarboxylic hydroxylated compounds (maleste, isoatrate, citrate)
From this one would expect that enly a few of the total number of pro-
tein-carboxyl groups would bind calaum strongly—only those which
are In close pronmity to other carbaxyl or hydroxyl groupe. Proteins
would be expected to vary in therr affinity for calchum depending on
thewr ammo acsd composution and structure. Phosphorylated protems
might have a pecial affimty Certainly binding would be expected to
be pH-dependent.

Thess expectations are consutent with expenmental resuls. In
Table I4 are given Carr's (3) maximum binding values for & number of
protems. The values vary from protein to protem, and although struc
tural detalls have not been related to binding abihty protelns do not
chelate aaldum smply m proportion to their free carboxyls.
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Other eaamples of differences m protan affinity are illustrated n
Bigures 1 3and 14 Tipure 1 fivof apecialanterct Thisshows that at
narmal rerum devels of the calcum fon albumin bimds weight for
wetght nearly tnice as much calchum aa do the globulins and nearly
four trmes as much as the y~ghobolin fraction One must conclude
then, that roughly three fourths of the protein bound alaum isarmed
by rerum allmmin weder normal cirowmstances

The importance of pH in calcum binding has been adequately
stuced only with the albumin-calchum reaction In this mstance bind
g ls msrgnificant below the lwclectrie point Increasing almost hncacly

TALLY 14

COMPARINON Of MAXIMUM BINDING OF { ALCTUM AND
MACN UM TO VN ARIOCS PROTIINS AT P 74

—_

M C | Moy N o Lindiog
Pret Bownd 165 | Nund/104 [C pacity (M tea/tos
Gm Cm Gm) 144)

Serum allumin 108 13 133
Serum lobufing $6 612
Hemoghdda oo oo 13
}_a albumin ; Q o4 82

Yeryme 1] 76
Pepsin Mo Ho

Derired from Carr (3)

FnI!~Tbeblmﬂn|ofu.Humlulmnpmtdmﬁthdmﬂubodcnﬂc
Ppolnia pH = 7 4 (3)
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with increasing pH (3) up to about pH 8 (21) Since nearly all carbaxyls
are jonured above pH 5 Katz and Klots have attributed the bindmg
above pH 5 to increased electrostatic attraction as other aadic groups
1onize (21) but this explanation explains’ too much. They bave re
sorted to the phenomenon of pH induced swelling of the protem mole
cule to leaven the electrostatic effect. Thas, in their words, “the de
creased affinity for catronic calcium could be attributed to a separation
of hydraxyhe and carboxylate restdues of albumin, associated with the
swelling process. Such a separation would reduce the intrmsic affmity
of each mte for the cation and thus counterbalance the increased elec
trostatic attraction due te the rise in pH” (21)
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Fio I-4.—The binding of calctum to vardoas bovine biood proteirs. pH =
74(3)

The effect of temperature on aaleum-bmdmg by protem has not
been studied fully There are indications that temperature 18 pot an
important varuble for calaum-albumin bmdmg over the range -
25° C (21) However sigmficant changes i cakclum-binding by serom
proteins have been shown over the range 10°-37°C (45)

It should be all too clear at this point that calcum-protein inter
action iy discouragmgly complex. At the nsk of adding salt to the al
ready ulcerated condition we nust cansider two pomiblo technical dd
ficulties which cannot be evaluated at the present time

Martin and Perkins (30) bave shown that the same protein will vary
m its affimity for calaum, depending on its method of preparation.
This is & most obnoxous expermmental result. One can obtain inter
pretable resalts only with smplified systems (that s phymeal chemis-
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try 1) and with punfied components (that's common sensel) But 1f one
anmnt penerslize from the cxpenment what earthly good can come of
iall?

Feldman and Havill (6) have thown that traces of contaminating
atrate accompanied protein through a remarkably thorough series of
purrfications. More important this contaminating atrate was sufficient
In quantits to affect studres of metaihe lon-protein interactlon at least
m modd systems in vitro It reems possible that the differences ob
wrved by Martin and Perkms were actually differences in the con
tammants present after different isolation procedures. Contamination
may also be related to their finding that albumin shows different bind
ing propertres when fcolated from abnormal sera (31) Through all
these studres there exists the prasibility that partial denaturation of the
[rotem, unavoidable and undetected in most mstances may markedly
mfluence results.

However we should not dismss the findings of Martin and Petkins
a3 merely a problem of contammants or denaturation. More data are
badly needed. It 18 necessary only to refer to Figure I 3 to remuind us
that a phosphoproteln—casein—shows a very strong affinity for cal
cium. The addition to a protein of a few judiciously placed phosphate
groups mught markedly alter its calcium-inding ability without sig
mficantly affecting other properties. An example of such speafic struc
tural effects is the vatellin-like protein found in the setum of estrogen
treated chiclens. This phesphate-nich protein binds fantastic quantities
of alaum (39)

In conclusion at the present time we can be certain only that the
aloum protein interaction is important and vanes with the protem
strocture. We are not sure how reliable even the most recent data ac
tually are, We can be sure on theoretical grounds, that the McLean
Hastings formulations are not an adequate description of the equi
librhums involved (21) However the problem of contaminants casts
doubt on the present applicability of the more refmed formulations
given by Klotz (24)

STATE OF CALCTUM IK SERUM

From our discussion of calcium protemn interactrons 1t is not surpris-
g that only a rough description can be given of the state of calcrum in
serum, Part of our difficulty results from our imperfect understanding
of the calchum-protem interaction but part of the trouble can be traced
to the lack of generally acceptable analytical methodology Every labo-
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ratory has its own special modification of one of the three or foar banc
methods of calcrum analyns end this modified procedure 18 adhered to
as ngidly as though it were a religious nte. This practice Improves the
reproducibility of data from any given Isboratory but it does not m-
sure accuraicy ‘Normal” values for total serum calaum vary then,
from laboratory to laboratory hovermg around a mean of about 10 mg
per cent, which is such a nice even mumber that, correct or not, it
what everyune remembers as the representatrve value for human
serum

Accepting as we must, this value of 10 mg per cent, or 2.5 mM/],
for the total calaum, we are faced with the problem of determmmg the
normal calaum on activity age~ We know the ionic strength of
scrum and the activity coefficlent of Cat+ at phymologcal domic
strength It 18 easy therefare, to correct for non-speafic interomc at
trachon. How does one correct for speafic 1on effects, partcularly pro-
tem-bmdmg?

Lacking a suitable method for the direct evaluation of amu+ of
[Ca**] & number of mvestigators have resorted to & practical solution
by separating the protein-calaum from the diffumble calerum by
means of dilyns or ultrafiltration techmques. Of the two ultrufiltra
tion 18 the more convenient method, particularly with the smplified
apparatus described recently (43) Perhaps ultrafiltration would be
mare widely used if rescarchers could be resssured of its accaracy and
validity Since 1t 15 & dynamc process and concentrates the protens,
one might justifinbly wonder how well ultrafiltrate values reflect the
true state of affaira. If the [Ca*++] m the ultrafiltrate were not exactly
equal to the [Ca++] m the origmal serum then the [Ca*+] in the reman
ing unfiltered serum would change durmg the courss of the ultrafiltra
tion In such & case the ruth of free protem to calcrum protein would
necessarily shift, smce -

- +4
K= [Cat¥] TCap] (X1)

Smce the [Ca+*] in the ultrafilirate has been found (17 44) to be snds-
pendent of the rato of filtration or the proporton of serum expressed (st
least up to two-thurds the total volume) 1t follows thet 4 X and
[Pr=1/{CaPr1] all remam constant and that [Cat+ermm = [Cat ettt
throughout the course of oltrafiltration.

Unfortunately much of the data m the Irterature was obtamed with
apparatus m which the pH or the temperature was difficult to control.
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Smee both have been shown to be important vanables affectmg both
protemn Lindmg (3) and chelation by rerum antons (45) only two recent
results can be considered reliable (17 45) ' cakum m normal sera
averages 65 per cont ultrafilterable or 6.5 mg per cent (1 62 mM/I)

Of this diffusible calclum & amall fraction is in the form of soluble
complex fons, but it is possible only to guess at their concentrations.
If one assumes that the anions of serum are complexing only with cal
cum (ignonng the small errof introduced by neglecting the compets
tion of other polyvalent cations magnesum and trace metals) one aan
alculate the manimum quantity of calaum bound as soluble chelates.
Only three of the known antons? of serum bind significant quantities of
alqum—bicrbonate phosphate and atmte

The state of calaum in normal serum can thus be approximately
described as graphically illustrated in Figure I'5 The fonized calaum
[Ca+], s sumated by subtracting all known speafic jon interactions
leaving a tota) of 1.33 mM/1 of lonized calaum This calculated dis-
tributson of calcium in serum 18 in remarkably good agreement with the
resalts published 1n 1935ty McLean and Hastings using the frog heart
method for caldum jon and with the recent studres of Y endt ef a! (50)
uung a3 a boassay technique the mineralizavon of slices of cartilage
from rachitic rats. A comparison of cakulated and observed values 13
gwven in Table I 5 The amount of lonwred calclum in normal serum now
seems to be pretty well established—approximately 1.3 mMM/]
Throughout the subsequent discussion this will be taken as the true
comcentralion of {ree calaum ron Calaum ion activity acas can then
be estimated by multiplying the concentration of free jonzed caldum
by its setraty coefficent

Gc, =y cw (0 36) X (00013) =4 7X10-

Tt 18 not possible to generalize concerning the distribution of calclum
1n sera of dieased or abnormal metabolic states. Many variables are
operatrve pH A/G ratio [Puw] [HCO,] [citrate™] and the pos

1 Howard o ol found 70 per cent nltrafiftrable of reem semperaime Tovibara,
et o foand 70 per cent altrafiltralie «f reews frw peraturs and 65 per cent at 37° C,

2 The following anjons were considered (concentrations in serum tn m31/1 are
gven in parentheses) phosphate (1) Licarbosate (25) ditmte (O.1) succinate
(004) makte (008) fumarate (0.02) alanine (0.004) glutamate (0.002) giyclne
0002) tyrodne (0.001) #-hydroxy batyrate (0.0005) and lactate (001) Duata
taken from Krebs (17) Ve have neglected the complexes [(a,HPO COs] and
[CMPOCO‘]pmpc-:dbyGrtmnld(N)bcameLhcy'mhxdmmlmmcd
Ky tac “tricaleinm phosphate”—an mptian not valid, as & d fn chap. Il
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Fro. I 5 —The state of calchm {n normal serum as cakeulated from uitrefiitrs
ton date and formation constantx. In lgnoring possible lon competition—wlth
Mg+ for example—the amount of calcum estimated to be comphered may be in
error (too high) This error could herdly affect the estimated Jonlred calctum by
more than 2 or 3 per cent, however mlf desigmtes mb /1.

TABLE I-§

COMPARISON OF NEW AND OLD ESTIMATIONS OF
DISTRIBUTION OF SERUM CALCTUA

Caleahs tions | McLoar Hastlags (33)
Calctam Fraction facr Rrin
Total 2 50 290
Protein-boand 02 127
To glotrulin 017 047
To albumin 068 081
Solnble complexes 030 0 Mt
Tenic 133125145129
Obtalrad ot 37° C. expromsd as m3{/traac
1 Obtatned ot rosm tacapen tors crpremed 00 mki/kg FLO
3 Friction wacrounted for

§ Buowd on hicassys of Vendt o ol (3.
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sible presence of abnormal protein 1t ia not a hopeless problem (18),
but more study s required

STATI OT PHOSFUATT 1N §1 RUM

The dustribution of fnorgane phosphate in scrum is much less com
plicated than that of calaum Protan bindmg is neghgible and except
for & small fraction complexed by divalent cations (<10 per cent) as
discussed earlier all the fnorganic phosphate is fonized.

Since 1920 (4) there have appearcd many papers showing that the
morganic phosphate of normal scrum is completely ultrafilterable (1 2
17 19 34 36 41 42 46 48) Therc is some uncertainty regarding cor
rections for Donnan effects and the volume occupied by the protem
bt these corrections are of the same order of magnitude as the analytl
al error A non-filterable complex of colloidal calaum phosphate 15
well known and occurs in serum with markedly elevated calcfum or
phosphate levels (17) It can also be produced by the additzon of cal
clum or phosphate to normat serum in vitro (17) However such a non
filiterable complex has never been described in pormal serum.

Despite this impressive body of data a number of reports has ap-
peared recently (9 12, 35 43) which purport to show that In vivo =
slowhy equilibrating non filterable phosphate complex exists in normal
serum (12) All these reports present the same hind of indirect evidence
based on greater specific activity found in the urine than in the blood
afteradmmistration of P¥-Iabeled phesphate Since several laboratones
(16 20 28) have been unable to confirm these findings and smee there
are several explanations for the oocurrence of spedific actinity differ
ences between blood and unne, it is quite unnecessary to postulate the
existence of a filterable phosphate complex. Three explanations
come to mmd (a) The presence of a smal} amount of P® labeled con
tammant in the injection fluld could easily give aberrant urme-blood
apecific acuvity ratios. (5) No one knows how much time is required for
the pasuage of a phosphate lon from the glomerulus to the ureter If
phosphate binds to the tubular surfaces, the lag time hetween filtration
and excretion could be considerable and could introduce apparent
unne-blood specfic activity differences. (¢) Finally ff there exists any
renal mechanism for the tubular secretion of phosphate one would ex
pect specific activity differences. Until more substantil more durect,
evidence to the contrary is forthcoming we must concluds that the
ultrafiltersble phosphorus is almost exclusively organic phosphate
and that all the morganic phosphorus in normal gerium Is ultrafiltersble
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It s difficult to plck precisely a normal value for the total morganc
phosphate of human serum Unlike serum cakzum, the phosphate coo-
centration varies a great deal with age and metabolic state partxcn-
larly Most chinxcans would agree that & value of 6 2 mg. per cent 132
high normal for the newborn that 2.5 mg per cent is a low value fora
normal adult and that 3.5 mg per cent 13 & good over-all average fast
mg value for adults. It is Important to agree on this pomt, beame
later when solubility sunder discussion these values must be cnbally
employed It should be acceptable to select two values to set the Limts
of normal varation 1 mM/1 (31 mg. per cent) as a Jower hmit o

adult fasting value and 2 mBM/1 (6.2 mg per cent) as an upper Fmit
or ‘ mfant value

There remauns the problem of determining the state of jonmation of
orthophosphate 1n serum. Levinskas (26) has derhved a convenrat
method of calculatmg the concentrations of the vanous forms of ortho-
phosphate at i = 0165 and 37° C He has employed thermodynamic
asocmtion constants and activity coefficlents in his denvation, leaving
PH as the only variable

[HPO;] _
IDEW pH—6176

(PO
lo =pH-—1142
g[H_PO‘:]— P

From these relations 1t 15 easy to derve the percentages, concenint
tions, and thermodypamic actrvities as assembled in Table I-6. Thos
who are familir with buffer ratios given by the traditional Henderso®-
Hasselbalch equation (at pH 74 HPO7/HsPO; o= 4) will perhap
be surpnsed to learn that, in terms of acimtres there 1s httle differenc®
between the two jons [HyPO, ] and [HPO;] 012 and 019 mM/L
spectively

THERMODYRAMIC PRODUCT OF CALCIUM AND PHOSPHATE
™ NORMAL SERDM

Many of the concepts to be developed In subsequent chapters &°
based on the degres of saturatian of serum and inorganic solutons 12
nspacttocalcmmnndinorpnmphunphlt&mﬂhiwmmdr
grees of satumation of solutions are best compared m th
terma—in jon actritses. In this instance we must select an acthity
#roduct. The question s, What product shall be selected? A sotution 8
be saturated only wath respect to a defined salid phase
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As shown later only one solid phase of calaum and phesphate 15
stable under physlological condittons—hydroxy apatite. Levinskas (26)
demonstrated that of all the possible actvity products one might se
lect, the mmplest, acy++  orpo- showed the least variation in describ-
ing the solubility of hydroxy apaute. Moreover 1t {s shown later that
the K,, of CaHPO« IHsO{acy~ ampoy) also governs the stability of
neutral solutions of calefum and {norganic phospbate when no solid
phase bs present.

For these reasons the degree of saturation of serum and inorganic
soluttons will subsequently be expressed in terms of this mmple prod
uct, s @mpo- From the data given in Table I-6 and the calcum
activity (047 X 10~%) denved earher we obtain the values of 0.89 X
10-7 for normal fasting adult serum and 1 7 X 107 for normal mfant
serum.
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Solulnlities

We have devoted consxlerable space to clanfying the state of cal
clum and phosphate 1n normal serum arnving at a thermodynamic ex
peession of the degree of maturation as e drro- = 09 17 X 10-?
\ow we must turn 10 the solubllity of the mineral phase of bone ftsell
A chear concept of the solubility of bone mineral is prerequiute 1o an
understandmng of the Lrocheristny of calcium and phosphate and the
phyvsclogy of bone Conswder the matter of calcification does it not
involve solubilities® Consider the maintenance of the serum levels of
alaum and phosphate from the mineral reservoirs of the skeleton
Conswder the absorption of cldum and phosphate from the intestinal
lumen. ConsKer the regulatory actions of the parathyroid hormone and
vitamin D on these processes. Do not all these problems require an
understandmg of the solubility relationships governing the dissolution
and formation of the calaum phosphate mmerals?

And what is our understanding of thesc solubility relationships? Is
there a gencrally accepted comprehensive concept which enjoys the
support of a body of well-conceived and well-executed expenimental
evdence? The answer is of course, a most emphatic \o! The literature
on this complcated subject 1s s0 confusning and conflicting that most
workers in thus field have adopted an ostnich like attitude ignonng the
problem of sotubility m the self-deluded hope that maybe 1t will go
away " Most certainly the problem will not go away and we must do
the best we can to evolve a mtional picture which fits those data pres-

ently available Let us bepn at the beginning with n bnef perusal of the
genenal laws of sotubility

SovupiLimy Tirory
SOLUBILITY PRODUCT CONSTANT!
The sous of a salid like those of a liqud have a certain tendency to
€3cape, to evaporate because of the thermal agitation of molecules. In

1 Thhcﬁmwonkwu-dnﬂmtﬂmmh[tmhdhkmlyundncquL
mrhmmd:dnm.'ﬂrchm.:lnmhlhnulLhehn.ll.nphqlmmcry‘u.lmmh
tiom s fmportant In determining the heat of solution, temperature corfEiclent ete.

23
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2 confined system at fixed temperature this escaping tendency 1 a
fored quantity 2 constant vepor pressure m the case of a pure liquid m
contact with a gas, a fixed solubility 1n the case of a pare solud in con-
tact with a solvent. The vapor pressure 13 independent of the amount
of pure iquxd present because, though the number of molecules escap-
ing is propartional to the interfacial surface area, so0 also rs the number
of molectles returning by collsion. Increasmg the surface ares of the
Liquid present mcreases the speed at which equilibnum s reached, but
1t does not affect the vapor pressure attained at equilibrum. Parallel
rules apply to the solubility of & pure solid.

These considerations form the bams for the development of the con-
cept of the solubility product constant Consder the dusotutron of a
sumple salt of defined crystal form 174 At equilibium the dissolutron
may be expressed by the equation

A =34 @
(reld)  (sobation)
or
E= G1a (mintion) an
Gua leeltd)

where g1s the actvity of the mlt m solution and the equnalent actrvity
or escapag tendency of the solid. Smee the escapmg tendency of the
pure solid 1s constant with constant temperature the activity of the
yold is constant and 15, by convention, sssigned a value of umty which
simplifies equation (II) to
K= au, (m)
Simple salts dissociate 1n aqueous solation and, at equilibnum  this
may be represented by
(A A) = (3] + [47] )
or
K= 03 94 %)
Oura
Combming equatons (ITI) and (V) we obtamn
Ky Kmay a4 =K., 1)
which states that, at & grven temperature the thermodymamic product
of the lon activities 1n any solution 1n contact with & pure binary sobd

13 always & constant at
From this derivation it 1 easily seen that the pnnaple of & solubility



Solubilitics 25

peoduct constant A, is apphicable and valkd only if the activity of the
sohd phase remains constant

ABTRRANT ROLURILITY

There are two {actors bessdes temperature which mfluence the actis
ity of escaping tendency of a solid Opposing the thermal escape 1s the
micnonic attraction of the fons in the crystalline lattice I the crystal
ts extremely small the surface wons are not restrained by attraction to
underlying wns to the extent that they arc in an  Infinitely large
cystal Small particles therefore show an aberrantly high surface
enery escapmg tendeney and solubility  Furthermore if any forelgn
wns are present in the lattice the restraining force 1s altered and solu
bility s erther mereased or decreased depending on their effect on the
intenonuc attraction m the ¢rystal

In the case of substitution by lons foreign to the lattice, there are so
many possible effects both 1n kind and in degree that no one has at
tempted to derive a quantitative formulation in mathematical terms.
The effect of particle size, however has been studied and 2 number of
formulations have been made beginning with Ostwald (12) Freundhch
(2) Jones (6) and Gross (4) have presented modified equations, but all
these dernations suffer from a major shortcoming Based on surface
exergy they predict decreasng solubility as the particle size increases
toits ‘infinite dimensions (an observable fact) conversely they pre-
dict mfimte solubility at “infinitely small particle diameters, which 1s
Dot consistent with the observation that extremely small particles fre-
quently exhibit a very low solubility The radiocollosds, for example,
dusaolve 10 & fantastically small extent (14) The hydroty apatite of
baze also occurs as colloidal crystals of low solubility This paradox has
been resolved by Knapp who considered in addition to surface energy
the effects of electnc charge on the solubility of particles of varying
dimensions. He obtamned an equation in exponential form (7)

S =S e/ )0y

where S 1 the observed solubility and § is the normal solubility or
Ko of macrocrystals. In the exponent term a = 2 oA /RTp and
B = gL /SKRTH where #  the density o 18 the interfacal surface
tension, solid/liquid ¢ 1s the electric charge on a particle of radius r K
s the dselectric constant of the substance R fs the gas constant 7 is the

tbsolute temperature and 3{ 18 the molecular weight of the salt in
wlztion
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Knapp s equation has not received the attention it deserves, for it s
of the greatest fundamental significance if correct When published m
1922 the equations could not be convensentlv tested expermentally
Crucial expenments required particle-sire characterizations m the col-
loidal or sabxollordal range, and methods for such charactenztions are
only now being evolved Besides, methods of separating the solutzon
from the collosdal solid phase and of analyzing extremely dilate solu-
tions were crude or non-existent, Today with new filtration and centnf
ugation techmques and with carner free 150topes readily avaihable, the
mathematical derivations could be ngorously examined in the labora
tory Unfortunately because the 1deas were presented before ther
time they hie, dust-covered and forgotten, on the back shelves of librar
1es all over the world.

W e have no way of knowing at present, then whether Knapp s de
velopment is correct or not. However 1t does provide a convemuent snd
systematic description of the solubllity of extremely small particles.
While differmg from previous formulations only in conmdering electre
charge 1t seems to fit observed results much better Ve shall use it
then, with due reservatsons.

CHARGE, PARTICLE 8IZE AND SEEDING

To understand fully the meaning of Knapp s general equation it 18
important to keep I mind that 1t describes onhy the final solubiity
value found in a solution 1 equilibrrum with a sold phase of defined
particle nure and compomtion. Tt tells us nothing of the relative propor
tioms of materal m the two phases. It might be a barrel of solutfon 1
equilibrium with a mngle arystal or a barrel of crystals in equilibrrum
with a smgle drop of solution. Knapp did not define accurstely what he
reant by S or S., but by mference, .S could be nothing other than the
activity product oy~ 64 defined by the K.y of salt Af4 For our
special interest we could substitute, then aee+ amro- for S.. The
general equation, 1n theory describes the equilibrmum attamed eitber
by the dussolutron of solid particles or by the precpitation of solid from
solution. Conceptually 1t 15 azmpler to understand the course of events
if we thmk of the equilibrrum as bemg approached by the formation of
2 small mumber of solid partrcles in a Iarge volume of solution experi-
mentally prepared The predicted counse of events can then be deduced
by reference to a graphic representation of Knapp s geveral equation
as griven m Figure IT 1

Starting near the origin pomt A 1t 13 seen that, even if we pux ex
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tremely ditute solutions of the malt in question some degree of aggrega
tion of 1oms is possible, Solid particles to be stable, must be extremely
mumute of the order of dimers and trimers. As we Increase the concen
tration of fons in solution from pomt B ta C the solution may be con
sidered metastable the actual value of S exceeds the A,—ie S Net
the solid phase can be present provided that the particles have a radius
lymg between ry and ry There particles will not grow spontaneously
because the larper sizes are more goluble than the smaller sizes. In fact
at a grven solution product S the partickes will tend to become unk-
form in mze because small sizes vl grow at the expense of larger ones.

Fio, I 1 —A graphical representatlon of the theoretical refation between par
ticle size and sotubility of & given mlt as predicted by Krapp s eqmation (7)

At pomt C the situation reverses. This 18 the pomt of spontaneous
preapitation. The equilibrum partidle size (ry) is now sufficently large
that the particle Is approachmg the properties of an  mfimtely large
crystal. The larger particles are less soluble than the smaller ones and
mill grow at thewr expense Given time then the mixture will by itself
follow the armrve from pomnt C to D forming macrocrystals and finally
exhibiting a normal solubility or K., The curve between € and D is
Largely hypothetical smee an equilibnum conditron could occur only in
the unlikely event that crystals (between ry and r,) all of the same ste
were added to a solution contaming the appeoprate fon product.
In the metastable range between Band ¢ it 18 easily seen that, if one
sntmducu macrocrystals or materials isomorphic to the substance un
dnudyorlnnnynymmautheluteofnmtbnnfthepu
tides (greater than ry) the condition of metastabulity is destroyed,
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Crystallization then occurs at son prodacts below the point required for
spontaneous preapitation (point C) because of the shift from region
BC to regron CD Such an induction of erystal growth m metastable
solutions is termed ¢ seedmg

Note, however that 1t 18 possible for collojdal particles of ane par
ticle size, 11 to coexist with macroparticles of suze 7y even at equilib-
oL

SoLvprLTy oF CALCTUM PHOSPHATE-AQUEOUS SYBTEAM

With this brief review of solubility theory let us turn to the spectfic
problem of evaluating the solubility of the calcrum phosphate-aqueous
system. In vivo this system appears to be quite wnruly The dmiclan
cau ate mstances m which the fevels of both calaum and phosphate
tons in sérum are abnormally elevated or abpormally depressed. In
some cases the serirm levels change reciprocally In vitro the system is
also unruly Investigators, studying the disolution of bone mmeral
obtain vamable and unpredictable results (10) Even if the problem 15
amplrfied to the pont of uung preparations of pure synthetic hydroxy
apatite 1n water the dussolutron data cannot be systematized (8)

The solubility of the calchum phosphate system 18 confusing only at
near neutral or alkalme pH's. At verv low pH (<4.0) the system s
governed by @ normal K,,—that of Ca(HsPOgy H:O pnmary cak
caum phosphate At a higher pH (up to 6 0) the syatem 15 governed by
the K,, of CaHPO; 2H:;O secondary calctum phosphate. Above 6.2,
however secondary calcrum phosphate ts unstable and undergoes spoa
taneous hydrolyss. The hydrotyms product abways exhibits the crystal
structure of hydroxy apatite Cae(POQ(OH); & compound which s
vanable 1n compomban and forms only extremely small particles
Thus, a8 we approach equilibnam startmg with & mxture of sohitions,
we are dealmg with the Ko, 6+ Gauro  The final equilibrum how
ever 1 governed by hydroxy apatite, which hay no K., and posscsses all
the charactenstics contributing to aberrant solubility The spontancous
hydrolyss of CaHPO; 2H,0 introduces a discontmuity into the sys-
tem. The lws governing the system when solid 15 absent deffer from
thoss operating when solid 13 present. One cannot approach the same
equilibrium from the two duections—precipitatson and chasolution.

THEORETICAL DEVELOPLENT

This combimation of factors can be described m tertns of Knapp s
equation, as m Figure I1 2 As one muxes neutral solutions containing
mcreasing amounts of celcrum and phospbate, carve 4 the solubility
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curve of CaHPO, 2H,0 i folloned to the point of spontancous crys
tallzation pownt C where solid separates. However if the pif1s above
6.2 these crystals rapidly hydrolyze to hydroxy apatite If the pH werc
below 6.2, the system would follow curve 4 to the normal K, with the
growth of macrocrystals of CaHHPO,  2H:O The formation of the tiny
apatite crystal however places the equilibrium out of controt of the
Knapp relation for CaHPO, ZHyO Instead, the equllibrium is por
emned by some hypothetical curve curve B in Figure 112 The numer

Hydeoxy }
Apatte  /
’
/
g =
:OI \\
3 fx s/ A S LCatgy 2D
E -—

[
PARTICLE  DIAMETER

Fra. [T 2—The relation betwem particle sirs and solubllity (after Knapp)
show g the conversdon of sofid phase from CaHPO, 2H;O to hydroxy apatite
aboye pH 6.2. Hydraxy apatite crystals formed from solutbon are of colloldal dimen-
doe and, becanse of the ahift from the right-hand side of curye A to the left-hand
ude of curve B are unahle to attaln mscrocrystalfine dimensions

ous crystal muclet formed when CaHPO; 2H;O hydrolyzes result in 2
sharp drop i the acr  axeo- af the salution. indien
downward arrows, curve B s e the
One might reasorably inqure why Knapps equation cannot be
lp'phed to the hydraxy apatite system itself by substitutmg the product
el alom alm for the value S, There are two good reasons.
Firat, the smallest unit of structure, Cayo(PO)«(OH)y would fnvolve
m fts formation & shmultancons collision of exgklesn 1ons all of proper
activation energy This is an outright impassibulity on statistical
grounda. Second, the crystal lattice itself Is capable of wide vanations
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in chemical compositzon, For this reason, no aingle ron product, even 1if
expressed 1n activities, can be expected to describe the solubihty be-
havior of hydroxy apstite. In actual Jaboratory experfence, Levinakas
(8) found that the shoplest fon product, e~ smegr showed the
least vanation of all those tested, In describing dissolution equilibriums
of hydroxy apatite. Since this same product governs the stability of
solutions m the absence of the solid phase we shall continue to use it as
an expression of the degree of stumtion of morganic solutions and
serum.

No one has ever succeeded in obtainmg crystals of hydroxy spatite
Iarger than 0 1 mm. in length even with the aid of high temperatures
and pressures (13) Most hydroxy apatite particles are In the range of
colloidal or near-collosdal mzes, which as we have seen do not exhibit
narmal solubllity or obey a fixed X, Furthermore smce the precipite
tion of secondary calclum phospbate prevents ope from preparmg any
solution beyond the range of metastability with respect to hydroxy
apatite, all soluttons remain in the range where the small parficles of
kydroxy apatile are less soluble than the lorge pariides This means that
the introduction of  seedmg matenal Into such a solution causes new
crystals to grow even at the expense of larger preformed crystals.

EXPERIMENTAL EVIDENCE

While the preceding development is based on an untested equetion,
much of what has been described can be supported by expermmental
findings. Recent studses by Strates (15) bave determined the polnt of
spontaneous crystallimtion when solutons of calcium and phosphate
are mixed These data are summanzed in Figure IT.3 The product
der oy Tequuired to obtaln self-seeding was seen to vary with pH
and temperature, but 1t never fell below 3 X 10~7 All values were
greater than the Xy of CaHPO, 2H O 2.3 X 10~7 The solid which
formed just after mixing exhibited a Ca/P molar ratio of unity At
pH 6.2 the solid was stable, and macrocrystals of CaHPO: 2HO
formed. At pH 6.9 or lugher however the solid phase apidly hydro-
lyzed to hydroxy apatite with higher Ca/P ratios, 1 4-1 6 This hydro-
lytic converson of the fmitial predipatate to hydroxy apatite was con
fumed by an X ray analyus (15) of the solid phase. At equilibrdum
those solutions which were in contact mith erystallme CeHPOs ZHO
showed 8 constant value for the product am~ gmro- which was
equal to the Koy of CRHPQ, 2H,O Those solutions m contact with



Solubiitires

hydrosy apaute showed widely varying vatues {or this product bu
peneml o @res wat much lesy than 1 X107

Levirskas made a careful study of the dissolution equilibrun
well-characterized, eseentially pure” (cf chap {if) hydroxy ap
crystals (8) He found that no simple relation could be derived tc
scribe the observed solubilties. Certaln generalizations coule
drawn hawever and these generalizations confirm the publishec
perience of many nvestigators (1n)

a ¢
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Fua. 113 —The cffect of pH and temperttare on the precipitstion polat.
20 la all Instances the precipitation point i grester than the lon produet of
srum and the K, CaHPO, 2I1,0

“tree Te Reack Equilibrixm

The dusolution equilibrium between stable preformed crvatal
vater can be attamed m a matter of bours (8, 17) On the other |
rhen equilibrium is approached via precipitation from supersatn
olutions, the equilibrium may not be reached for months (3) Ir
apitatmg the mass of tiny imperfect crystals must ape, results
‘hanging surfaces, changmg nize, and hence changing solubilities
xtended periods of time.
Effect of Solid-to-Selutson Rare

Krnapp s equation predicts that the apparent solubility of col
particles will vary with the experimental ratlo masa of solid/volu
lioluuan_ If  small charge of crystals s placed in a large volume
ution, the average crystal slze (and hence §) will be reduced |
process of dissolving On the other hand, with # large charge of cry
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apparent solubility of hydroxy apatite [H** [Na*] [Mg+] [CO7]
and [atrate=] (10) Fluonde fons decrease the effective solubility (16)
A number of other 10ns are known to be able to substitute for the cal-
ciam son In the lattice, but their effect on solubility is not clearly estab-
hshed Pb+ Srt+ Ratt UOY* Under physiological conditions, the
effect of these jons on the rolubility of bone mineral can be 1gnored.

SOLUBILITY UNDER PHYEIOLOGICAL CONDITIONS

The small particle size of the hydroxy apatite crystals and the host
of vaniables affecting the solubility of hydroxy apatite render it difficult
to predict the sohubility to be expected of bone mineral under physo-
logical conditiona. The very early workers in this field gamed the Im-
pression that normal serum 18 supersaturated with respect to bone
mmeral Recent results {9 11) obtained with some care to control the
many variables, confirm this early view

EXPERIMENTAL EVIDENCE
The following evidence may be dlted (9) Twenty mlligram samples
of powdered defatted fresh cortical mbbit bone were suspended 1n a
solutson the pH and compositron of which corresponded closely to an
ultrafiltrate of normal serum This solution, by ltself was stable for
months. After the suspended bone samples had been agitated for 24
hours, they were centrifuged, the supernatant sohutions aspirated for
amlysls, and fresh ultrafiltrate added to the bone powder resdues.
Thiy process was repeated daily for 17 days. After the first few days
steady levels of calcum and phosphate were observed m the ultn
filtrate solution, 18 and 4 1 mg per cent, respectively These results
are ylustrated In chapter vii, Figure VIT 3 Consider the vanables the
pH was 74 the ronic strength was 016 the temperature was 37°C
the Ca/P ratio was near physlological the principal foreign fons (Na*
COy Mg*+ and citrate™) were all present at normal serum levels. Even
the sobd-solution ratio was rendered uwnimportant as & varmble by
startmg with supersaturated golutions and reproducng the steady
state daily Under these experimental conditions the solubility af bone
minernl, expressed as e awro  as 049 X 1077 This product 18
half the vatue calenlated for normal serum, Nordm, m an extensive
study of the varmbles affectmg bone-salt solubility (11) reached this
same conclusion sormal serum 15 supersalurated wrtk respect fo bons
mineral
2 Discoseed under effect of pH.
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There have been many attempts to relate the serum levels of calcium
and phosphate to the solul phase CallPO4 2110 There have also
been many unsuccessful attempts to detect the presence of CaH{ ",
2HO in bone and other calafications of animal origin Hodge (5) has
summanzed these data. From the foregoing evidence it is clear that
CaHiPO, 2H:0 could never be found. In the first place the ac ~
anra, of the body flulds is below the Ay, and therefore this salt cannot
be formed. In the second place if it should form under abnormal cir
cumstances, it would spontancousty hydrolyze to hydroxy apatite be-
cause the phymological pH is more alkaline than 6.2. ydroxy apatile 1s
the only solid phase of calcium and phosphae that can form snder physio-
logreal conditiens (1)

In purely inorganic solutions where foreign tony are absent, pure
hydroty apatite crvstals show a very low solubility Usuaily the equi
librum product oo+ Gmro- 18 less than one-tenth that of normal
serum. On this basls setum ia highly supersaturated. Apparently the
presence of carbowale Mg Vot and alrale greatly inereases the effec
Irre solubnlily of bons kydroxy apatic thoughk not swfficiently to acconnt for
rormal sersum levels of colcium and phosphate

TMPLICATIONS

If we may conclude that serum 1 supersaturated with respect to
bone mineral we may also draw some very important mferences con-
cemmg the mechanism of the regulation of bone-hlood interrelations.
There 15 ample evidence to believe that for practical purposes, the
serum and the extracellular fluld are nearly equivalent in composition.
Certamly wth respect to pH, Catt Pyu) Nat ete. the differences
between the two fluid compartments are minor If the serum is super
mturated then 50 also 18 the extracellular fluid However 1t ls incon
celvable that the mmeral phase of bone 13 not in a moment to-moment
equilibrium with its own flud environment. The interstitsal fuld of
bone cannot be supersaturated with respect to bone mmeral unless
crystal formation u taking place 1t follows, therefore, that the inter
siitial flurd of bome conmot be equrnalent to the extrocellular Auid ix 10onlc
compontion There must be some diffusion barner some lon gradient or
on pump between these two flud compartments. Such a barrier or
gradient could be maintained only by cellular activity Such a physlo-
logical mechanem provides a mtional explanation for the regulatory
actwons of vitarmuin D and parathyroid hormone. 1f serum reflected n a
simple and direct way the solubility of bone mineral 3t is difficult to
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understand how a vitamin or a hormone could influence the solubility
equilibrum How much more reasonable it is to postulate that vitamm
D and parathyroid hormone affect the metabolic activity of those eells
responalble for mamtsinmg the lonic gradient between mterstitial bone
fluid and the extracellular fluld compartment This aspeet will be devel

oped more fully m chapter vi. Similarly 1f senum Iy supersaturated with
respect to the only sohid phase stable at phymological pH—hydraxy
apatite—some speczal mechamsm must be postulated in the Intestme to
(a) insure a corresponding or greater state of supersaturation m the m-
testinal contents or (3) accomplish a transfer of calctum and phosphate
to the portal circulation against an unfavorahble fon gradwmt of caleum
and phosphate, This, too is discuased more fully fn chapter vi.

Finally the mineralization process itself 1 placed In new perspec
tive. If the serum 13 supersaturated, yet below the point of spontancons
preapitetion we need not postulate a booster mechamsm to elevate
locally the levels of calclum and phosphate. They are normally suf
ficlently high to promote growth of crystals. Attention should be fo-
cused instead om the extrcellular osteoid matrix. It must possess the
ability to seed or induce crystal formation from the saturated or super
saturated fluids. This problem is developed more fully in chapter vi.
In thinking about the matters to be presented m subsequent chapters—
the chemistry of bone mmeral the maturation of the skeleton, physo-
logrcal h and the mi 1 firmpmocu——csnnngklmfﬁﬂd
concept, the reader may become somewhat confused about solublhty
interrelations. For example, m this chapter the serum has been shown
to be superssturated. In chapter v the continwng maturation of the
mneral of established bone will be attributed to thus supersaturation of
the body flmds. In considenng regulatory mechanisms (chap i) bow
ever the wles will be developed that vitamin D and parathyrold hor
mone cause the dissolution of bone mineral by producmg & condstion of
undersaturation 1o the bone fluids. Finally the mmerulization process
will be described as a catalyzed formation of crystals from super
saturated salutons.

This seemingty paradorical state of affairs can be resolved only by
reference to the composition of the various body finidy with respect to
fons other than calaum and phosphate. Smee bone mineral does not
exhibit & fixed K,,, ¢ givemw achmity produd da Guro comnol b
definsd as to 1ts degres of saturation waless the concentrolions of ha*
Mg+ CO7 H* and alrale™ ars also groew The product écer  Omro
of normal serum (1 X 1077) tbcn,umpcrutuntcdlnt.bcl:‘“ml'-’dl'
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supersaturated fn arcas of forming hone undersiturated 1n areas of
resomption and probably varies in arcas of established bone but on the
whole tends lo be supersaturated This pecular situation arises from
the fact that the concentrations of CO7 1¥, and especially ditrate”
differ 1n these different arcas. At the moment we cannot evaluate the
contribution of H* and COF 10 these vanations, but there 1s good rea
son 10 beleve that the production of atrate by bone cells under the
control of the parathyrouds and with the assistance of vitamn D 15 2

Fio. I1 7 —A dagrammatke representation of the relatlon betmeen the degree
of stuntion of the product gey  #aro And citrute concentratloa. It has been
amomoed that the concentrations of Na+ 31g*+ CO3, and H* are constant and
equal to normal serum valoes. Note that the normul product e,  dase  may
e regurded as wed d, Just 4, or d, & ding on 1be
cltrate beved

most important determinant of the degree of saturatlon of a glven
product, ge+  eara; This relatfonship between atrate concentra
tion and the relative degree of saturation is lllustrated n Figure IT 7

The differentlals In dtrate concentrations from bone area to bone
aren and from the bone fluld compartment to the extrocellular flusd
compartment which are largety responsible for the tranafer of calclum
and phosphate (dusolution and depoution) will be termed ‘blood-bone
gradients’ in succeeding chapters. This non-speaific term is meant to
remind the reader that non-inorganic lons other than atmte (H* COF
powibly lactate) may be playing an Important part m dctcrmining'



38 The Chemical Dynaweics of Boxe Mineral

whether a grven product, s+ oiro- 1n 2 given histological loaatron
18 undermturated saturated or supersaturated

The actual gradients involved may be quite small, since atrate is so
effective 1n altering apatite solubility The correspordmg gradients in
inorganic lons, when shared accordmg to the laws of the Donnan equl
librum, may be very small indeed From this we may conclude that the
product ac+s amro- is essentially the same 1n all areas bone flmds
extracellular flud and serum.
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The Mwneral Phase

We have seen that hydroxy apatite 1 the only sold phase of the
Ca POCH,0 system which {3 stable at neutral pH Other more acid
salts spontaneously hydrolyze to produce hydroxy apatite. It is appro-
priate, therefore that we review briefly the crystallography of this ma
tenal and its relation to the mineral substance of bone The task 13 not
casy g1 the very name  apatite” indicates. Coined by Werner in 1790
(29) the term 1t denved from the Greek word meaning  to decetve.”
This class of mmerals has lived up to its rame deceiving and confunng
minerabogista, a3 1t has chemists, throughout the years, It 18 difficult to
attain a dear-cut compreh of the crystallography of hydroxy
apatite ¥hen the mineralogists themselves do not agree on rather fun
damental mterpretations. Until agreement 1s reached, therefore, it b
poasible only to list the vanous points of view and show how they differ
and how surpnaingly much they agree.

Tur HYDROXY APATITE LATTICE

The structura! family known as apatites gives an X ray diffime
uon pattern which extept for minor vanations, is common to all s
membens. Characterstically the group occurs as extremely amall or
poorly developed cryatals which are inadequate for prease structural
study One member—fluorapatite—does occur naturally as o macro-
crystal suitable for accurate analyms. This s the only apatlte, therefore
for which & detailed structure Is available It is reasonably assumed
because of the umilanty n X ray diffraction patterns, that other apa
tites porsess a structure analogous to fluorapatite In the case of hy-
droxy apatite, the hydroxyl groups would occupy the positions $ndr-
cated as fluoride In the following figures.

The structure of the amallest repeating structural unit, or umt cell of
fluorapatite, ongunally proposed by Nfray Szabé (31) has been re
peatedly confirmed (15,19 20 23 30) with small alterations proposed
for the positons of calcium and phosphorus (3 5) Ttus structure is de-
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scribed m Table 11 1, and & plane cut across the ¢ axs Is pictured
graphically according to Carlstr8m (8) in Figure IIT 1 The synthens
of & three-dimersional stracture from X ray data 1s aloays an mnvolved
process, and when the structure 18 as complicated s that of fluorapa
tite, 1t 18 1o be expected that small adjustments m the atomic parame-
ters may be required from time to time as more refined measurements
become available,

Because of 1ts complexity It is helpful, along with the detailed da-

TABLL I 1
PARANETERS OF ATOMS [N FLUORAPATITE

= b I4
2F [ 0| 025
4Cay 0313 | 0333 0
6Cag 25 i 250 | «=9 37£0 011
6P 416 361 2%
60; 133 500 250 | cm6 8840 011
60, 00 467 250
12 0333 | 02% | o0&z

Fra. I1T | —Frojection on the (001) plane of the atomic armngement i floor
apatite, The figures are fractions of the beight aof the unit cell.
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gram to refer to a shorthand representation such as that employ ed by
Amold (1) This sbbreviated unit cell is shown 1n Figure INT 2 Tt1s
impossible to explain the three<dimenalonal arrangement of fons ver

bally Tf the reader wishes to gain a full appreciation of this complicated
structure, he must consult the onginal hterature and construct actual
scale models. The abbreviated representation does differentiate clearly
between the tnplket of screw axis calaum positions armanged spirally
around the fluonde fons and the column calcum positions, The latter
may be conmdered to link together planes of the crystals, which are the
parallelepipeds formed by the fluoride fons. The empincal formula for &
fluorapatite umt cell then is Caie(POJeFa. By analogy hydroxy apa

tite should have s 1ts unit cell the composition Ca,(POJ(OH):

w7 “‘_‘::-r-..‘_‘i' ~~~~~~ gttt g
‘“"~—"'t. ] IF~—-""
P e - F-—.-;l"'_-_-::‘.‘—"'

Fro. [IT 2—A shorthand rep fon of the fl Ite unlt cell the c-axis
running vertlcally The unlibeled posltions are simflar to 1hose labeled bat shoald
be considered as belonging to adjucent unit cells. Cs  deslgnates column positions.

LACK OF BTOTCHIOMETRY

The Ca/P molar ratlo of all apatites should be 1 67 and thers Is no
structural evidence for the occurrence of water of crystallization in the
lattice. Unfortunately the compomtion of most apatite preparations
does not agree with the composition predicted from the assumed struc
ture, In fact, there exists an array of materials mith Ca/P ratios varymg
from 1.3 to over 2.0 all of which lose signuficant quantitles of water on
prolonged heating Vet all these exhibit the X ry diffraction pattern
of apatite. It is this divergence between the observed composition and
that predicted by structural conmiderations that provides the basis for
the diverse names and structures proposed for bone mineral and the
hckohp'tunmtevmlmong ! s on the crystall shy of
the apatite family of minerals. o

There are three mechanisms by which the composltion might
without markedly affecting the apparent quucturem(saI) mbsdfu!}o‘:z
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one fon or group for another within the lattice (prmcipally H,O* for
Catt) (§) the presence of unsubstituted defects m the internal lattice
and (¢) surface substitutson exchange, or adsorption All three explana
tlons seem reasonable and from avmlable evidence likely Yet the
crystallographers frequently champion one explanation to the excixsos
of the other two For example, McConnell and co-authors (25-29) bave
consistently felt that {somorphic substitution within the lattice 1 te
explanation while Carlstrdm (8) shows that surface reactions alone
could explain the varable stoichiometry Posner and assocutes (38)
currently propose the term pseudo-tpatite as a descniptive name far
defective apatites. Finally Hendnicks and Hill, who at one time
strongly argued for 1somorphic substitution as an important property
of the apatites (18 19) more recently have favored surface adsorption
an

We shall assume in this discussion that all these investigators are
essentially correct Poasibly the differences in emphasis and interpreta
tion may be attributed to differences in the method of preparation of
ongmn of this deceptive substance. Geological specimens which are
very old and probably formed st high temperature can be expected to
have few internal defects. Fusion of crystals would mmumnize the impor
tance of surface reactions. Here intracrystallme substitutions would be
relatively more important. On the other hand freshly formed preaph
tates have a great many voids and imperfections, as indicated by ther
diffuse X ray diffraction pattern. They consist of extremely small par
ticles mith an enormous specific surface. Here defects and surface sub-
stitutions dominate the aberrant stoichiometry By sftng the pub-
hlhedr:wlu,itupommcmshwdmtnﬂthrtemcchanmfur
variable compostion are probably operative.

INTERNAL LATTICE SUBSTITUTION

Kumn and co-workers (21) slowly precipitated hydroxy apatite at
clevated temperature (100° C ) with the pH carefully controlled. Rela
tively large (just discernible in the light microscope) crystals were ob-
teined Although the particle size was still quite small surface varmtion
was mmimized and, because of the elevated temperature and aging
the presence of defects would also be munimized. Under these condr
taons, & whole series of hydroxy apatites was prepared, with Ca/F ratios
varying from 1.3 to over 20 Their results were best described by as
summg « limited substitution of 2H;0+ for 1Ce* with 2 maxmum of
4 hydrontum sms per umt cell A similarly substituted mnit cell bas
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proposed Amold (1) For example Amolds octoalaum
l[:k?sphale [Ca?ll*(mf). 311,0] multiplied by 2 can be wntten
[Car+(POT)(OH ) (11,01)d

from which the general formula for the unit cell of hydroxy apatite
becomes
((Caf—) 1O [(POW(OH ],

where x may vary from zero to a maximum of 2

or
_________ Comersion fo
s —— =T A Tcekckm
E - Phosphate
-
4 Dekydration
o [ of ]
H30*
g
[
£
e} AU
Dehydration
of ste

200 400 €00 800 1000
TEMPERATURE, C.
Fro. IIT 3 —Typical data from Kunin (21) showing the loss of water a1 hydroty

apatite s heated. The mpecimen was initlally dried in a desdeeator then heated at
esch temperature to constant welght.

One of the prmcipal reasons that this general formulation is attrac
thve s that it explalns the water loss observed on dehydration by heat
A typal debydration curve (21) 18 given in Figure ITT 3 where 1t 18
seen that the water loss b steprise. After a small Initial loss of pre
sumably surface-edsorbed (36) water a large loss occurs between 110°
and 400° C No meamumable changes in structure take place however
until about 800° C The diffraction patterns may sharpen from cryatal
growth but the big change Is seen when the caldum-deficient lattice
collapses with the loss of hydroxy! fons, to give an X my diffmction
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pettern of S-tncalaum phasphate, Cay(POy)s. If the water driven off
betwreen 110° and 400° C 1s assumed to be due to the dehydration of
H;0* 1t 18 simple to predict from the Ca/P molar ratio just what thus
water loss should be. A companson between prediction and observation
18 given m Figure ITI<4 The agreement between theory and fact
good and since none of the other structural concepts offers any ex
planation for such a great water content, this can be considered ewi-
dence for the lattioe substitution of [HyO*] for calchum Furthermare ay
shown later (chap 1v), the hydronium 10m can displace the ctlerum ton
on the surfaces of the crystals. It seems only reasonable to suppose
then that cerfarn enleum positions, probably some of the column pon
tions (1) withm the lattice, may be replaced but there 13 a limut to the
number of calclum {ons which can be displaced. No one has beenable to
obtam calcum phosphate precipitates having a Ca/P ratio of lexs
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Fro. ITI4—A plot of the relation betw cen water bost on heating and the Ca/P
ratio redrawn from hunio ef ! (21) The lne repeesents the theoretically expected
loss, asaming that (e) 2(HO) replaces 1Ca* (3) all purface-held water b loat
below 110° and (c) (H,0*) converts to H phus water vapar betneen 110° ead
400°C
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than 1.33 free of contamination with secondary calcium phosphate
CaHPO, 2H;0 Thus a maximum of 1:n 5 of the total calciam posi
Lons can be substituted and many of these are undoubtedly surface
pontions.

1t is difficult to sce how a sabstitution of even a small percentage of
the internal calaum positions by hydronum 1ons could occur without
causing measarmble changes in the umit coll dimensions! Caldum has
an foric radius of about 1 A while I1;0* 1ons are of the orderof 14 A
or greater (41) Indeed Carlstrdm (8) has discussed the appearance in
crystals of a low Ca/P ratie of additional falrly well-defined reflec
tions corresponding to Interplanar spacings which coukd not be identi
fied with those of any calclum phosphate 60 far investigated.” These
were also observed n diffraction patterns of the octocalaum phos-
phate” of Amold (1) Further discussion of this problem will be found
in chapter v under Heterowonic Exchange.”

INTFRNAL LATTICE DLFECTS
Apart from such Jon substitutiona as may occur within the lattice it
13 safe 1o conctude that most unheated unaged preparations of hydroxy
apatite represent imperfect crystals with many defects present through
out the fattice, The fact that thermal reconstruction or recrystallization
of hydroxy apatite crystals occurs spontaneously is one line of evidence
(31) Amother pertment finding s the sharpening of diffraction patterns
by heating arystals at 400° C a2 temperature at which crystal fasion
would not oceur
There is no argument against the occurrence of defects. The Impor
tant question 13 How do defects account for vamable stolchlometry?
If we presume that a particular preparation exhibiting & low Ca/P
ratw 13 defective in calcum Le. has many ealclum positlons vacant,
we are confronted mith the problem of electrustatic imbalance It s per
fectly reasonable to pictare holes in a lattics structure, but it is neces-
sary to leave out both catioms and anons. If one leaves out calaum
while retaming all the phosphate jons, some other cation muat be
added. Water and hydrogen Jons have been suggested as posuble candi
1 Tt s for this reason that care has been taken to avold the wse of the ferm
‘somarphic mbatitation.” This term |mplics that ro stroctural change b Involved,
Fendricks as wrgoed that the mbstitution of H;O or HO* for Ca, abould fncrease
mm«mmnmmwmmmﬂmbunm-c-/rmn
tons i lowered (16) His argument asmimes an fsomor phic sulmtitntlon and the

applacaldlity of 1 method which rsbes at 1ho “level of 1 000 to 10000 stomic dimen
ot (16) In erystals which are only 3050 atomic dimensions thick.
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dates for balancing charge (38) but this concept 1s the same as the con-
cept of lattice subatitution given above An alternative 1s to postalate
that the internal lattice which 15 defective 1n one ion gives the crystal
a net charge which is balanced by a surface-adsorbed layer of jons of
the oppomite charge. For example, hydroxy apatite precipliated from s
solution containing excess calchum might be deficient in phosphate and
adsorb hydroxyl ions to mamtain neatrahity The converse can aho be
plctured.

Whale defects are known to be present, then it 1s possible to explam
varable stoichiometry by 1aternal substitution and surface adsorptien
alone

SURFACE REACTIONS

Surface exchange and surface adsorption are plausible explanations
for vanable stoichiometry because the crystailites are so smali that the
specific surface is truly enormous—from 10 to over 200 M?/gm. While
the crystal size 13 varable, the best electron microscope pctures indr-
cate that bone crystals sand many synthetic preparations are only 2—3
unit cells thick one-half to two-thirds of the umt cells are Jocated in the
surface and possess one or more unshared ndes. Thus vanations m sur
face compontion can mgnrficantly affect the composmtion of the whole
preparation as determmed by chemical analyms.

Carlstrdm has made calculations which lustrate clearly how vari
tions in surface composition can explain the variable stoichrometry ob-
served (8) His graphic summary of these calculations 1 illustrated 1n
Figure IIT 5 Surface varmtions, then cas account for nearly all the
variable storchrometry of xnbealed apatite preparations. There are two
studies however whuich indicate that the internal lattice also 15 some
what varble

Qlsen (37) determmed, by means of PO, the exchangeable or sur
face phosphate of a number of hvdroxy apatite preparations whose spe
cific surface areas vaned from 14 to 58 M?/gm He found an average of
0238 mg pbosphorus/M? of surface irrespective of specific surface
area or Ca/P rato! Vv e have determined the surface Ca/P ratio on two
apatite preparations by measuring both exchangeable calchum and
phosphate using Ca® and P¥0, (33) These results are given in Table
0T 2 and mdicate that the lack of stoichiometry s shared between the
suriace and the lattice mtenior  the surface showing the larger devie
tionsm Ca/P rtio In fact L-apatite » having an over-all ratlo Ca/P

»
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of 167 [theoretical for Can(POQ(OH)] exhibited a clcium-deficsent
surface, n Ca/P ratio of 1.38.

When the apatite crystals are placed in solutions contammg lons
forelgn to the lattice but capable of substitrting for calchum, phos-
phate, or hydroxyl fons, surface reactions become dominant. Such sur
face exchange substitutions are especially mportant in determining the
composition of bone mineral and are dicussed more fally in chapter v

Summanang present information on the crystallography of the
hydraxy apatites, we may condude that there exists & family of mate-
rials, all of which exhibit an X my diffraction pattern (and thereforea
structure) smilar to fluorapatite, [Care(POJs Fy] The stolchiome-
try of these materals is quite variable, exhibiting molar Ca/P ratwos of
from 1.3 to over 2. Hydroxy apatite preparations are always micro-
crystalline and present an enormous surface variations in surface com-
pomtion appear to account for most of the variations in the overall
Ca/P ratio of unheated specimens. Many defects also occur withm the
Inttice, and perhaps H;Ot may subsutute for the calcium ion to &
Limited extent’ as indreated by the general formulatson

[Cafio(H:0M)e  POF(OH )]

Tt would appear that the ares of ignorance concerning the crystal-
lography of hydroxy apatite mvolves an evaluation of the relative con-
tribution of mternal substitution, defects, and sarface reactions in pro-
ducing varuble storchiometry It would be much less confusing »f in-
vestigators refruined from giving names to isolated preparations. The
terms octocalaum phosphate,” a tnclchim phosphate hydrate,”
“psecudo-apatite,” etc. bave httle or no meaning and, as Iahels,
give the false impressson of desanbing true, stoichometric compounds.
To describe a preparation of hydroxy apatite one requires not a term
but & body of analytical data chemical composition, mctudmg trace
contammants water content and dehydration curves X my diffrc
tion data surface-aren measurements and a measure of surface com
position by PR0, and Ca® exchange plus electron-microscope pictures
and solubility data.

HYDROXY APATITE CRYSTALS QT BONE

We have discussed the importance of surface substitutions in affect
mg the stowchiometry of apatite preparations. In physiological fruids
Lhmmmnylmlpraemwhx:hmcapabkofmh’ﬂmm&fﬂfc‘]'
cium or phosphate, particnlarly in the surfaces of the crystals of bon¢
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Tt is not surpnsing to find then that bone mincral is & quite impure
hydroxy apatite havng as its principal impunties catbonate, 6 per
cent atmte 1 per cent sodrum, 0 7 per cent, and magnesium @ Tper
cent, with Uraces of fluonde. Synthetic apatites mirrot the composition
of flulds i which they are placed (35) If precipitates of ealcium and
phosphate are caused 1o form in solutions approximating the compom

tion of scrum the resulting products show approxamately the same
composition as bone mineral (12 22) Apparently there is nothing
magical about the presence of the impunties in bone. They are there
as & paselve physicochemical consequence of the presence of these Jons
in the flulds in which the crystals form (f chap iv)

There have been many attempts to describe bone mimneral ay n mix
Ixré of insotuble salts, However there has been no convinang evadence
brought forth to indicate the presence of mote than one phase. Further
more, because the body flulds are undersaturated with respect to such
alts as CaCO; Cay (dtrate)r MgCO, NaHCO, etc,, 1t is foolish to
postulate their enstence in bone No one can be dogmatic about the
exact nature of the bone mineral, but the most logucal view at present is
that bone mineral conmsts of microcrystals of hydroxy apatite whose
composition 1s determined hargely by surface exchange (17 35) and to
some unknown extent by internal defects and substitutions. If these
impunty percentages are converted to mole ratios, the oversall com-
position of average bone mmeral may be written thus

[CoHHOMWPONLOH ) [Car+ Mgdy Naf, CO7 a)]

1t is seen that some of the calaum is required to neutralize the charge
of the anionic umpurites, prinaipally carbonate The residual Ca/P
ratiofs thus 1.5 considerably leas than the theoretical value, 1 67 Bone
mmeral then, 13 one of the series of apatite minerals which are eal-
cum-defy A s conuderation will show that this member of
the apatlte series, Ca/P = 1.5 13 advantageous from the standpomt of
the anmal s well-bewng, An apatite of this ratlo can undergo vanations
n aither direction with minimal changes in the size and character of the
crystals. This permits the animal under extremes of dietary stress, to
Iny down & satisfactory functbonal bone salt.

CrystAr MorenoLocy or Bone
Tt has Jong been known that the crystallites of bones and teeth are
cxtmndymlnutr_Smcethcymtmmumbcnmtnthellght
mKTOSCOPE (Lmbykmymtmthatweﬁmlmmedhowvcryuny
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they are—of the order of a few hundred A. While X my diffraction,
low-angle X ray scatter and similar techniques have served and will
continue to serve as useful tools n this field, our best hope for the
delmention of crystal morphology is the electron micruscope.

With a theoretical resolving power of less than 1 A, design develop-
ment of the electron microscope and sectionmg and mountmg tech-
niques have improved so rapidly that the effective resolving power has
dropped to 10 A while 3 A 13 a foreseeable goal and 1 A is a reasonable
hope in limited applications (10) Such resolution {3 in the realm of
atomic dimensions and the investigator can at least dream of probmg
1nto the tnaer structure of the mdividual crystall Surely before many
years have passed there will be fmal answers concernmg the size,
shape and vanations m crystal morphology These answers will not
came easmly Only part of the difficulty 19 1n instrument comstructioo.
lens dengn, current stability thermal stability etc, Great problems
develop in sectionmg ultra thin speamens, Light elements pive ex
tremely poor contrast carbon depomtion on the spectmen blots out
detail and as resolving power improves, 1t 1s with increasing difficolty
that the electron microscopist can discnminate between the real and
the artifact. At the present time, much of the electron-mucroscopic
findmgs on bone structure can be conndered the fumbling beginnings of
a new sclence

There is, as yet no unanimity of interpretation among the several
groups investigating the crystal morphology of bone. Viewing mtact
sections of bone 1n the electron microscope, Robmson and Watson (10)
describe munute tablets of a few hundred A 1n length and breadth
with a thickness of only a few unit cells, 20-50 A Finean and Engstrdm
(13) interpret their low-angle X ray scatter diagrams to mean that
bone crystals are rods or hexagonal prsms about 200 X 75 A, Ascensd
(2) has concluded from his electron-microscope studies that the bone
mmeral 1n & conlinwons phase with small “spherolds of entrapped or
ganic substance We hope that, before long this confuslon will be re
solved. At present, however we can only compare and cnticize these
three schools of interpretatson.

Of the three proposals, that of Ascenn (2, 7) supported by the clec
tron micrographs of Barhour (4) 1s the most umque and
The mmenal of bone 13 described as & continuous solld phase of honey
comb structare The spaces mthin the honeycomb are thought to be
occupied by organkc matensl—the ground substance. Ascenl clums
that the ground substance itself m the absence of mineralization sho™s
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a micellar structure Robineon s mterpretations are wntiazed on the
Lasis that artifacts were mtroduced in the pretreatment of the bone
samples and sections taken for electron microwcopie study (2) \wenu
cnudizes (6 ¢) Engatrdm s interpretation of low angle \ ray raatter
dugramsbecause theoretically the same dugram could be mven by the
suggested honeycomb structure (6 7) According to \ecenn ft 1s the
mcelles of argamic substance in the honeytomb structure which mive
the pattern and dimenslons of Engatrtm s inorganic rods or pnems
00X 5A

Ascenn s crittasms of the proposals of Robinson and Engstrum can
in falrness, be said to apply also to his own work. Tor eximple every
ane recogruzes the ease with which artifacts can be introduced nto an
electron-mucroscopic study (14) Ascenn himsell employed HCl H\O,
2 per cent KOH 1 glycenn and trypsin digestion for his specimens.
While 1t 13 true that Engstrdm s interpretation of the low angle X rav
scatter diagrams 13 not exclusirely correct neither Is Ascenzd s,

Ascenn s interpretations raise many questions that are difficult to
angwer Mmeralization of osteord begins with the aqueous-organic me-
dum as the continuous phase It Is possible, but unlikely that these
two phases could invert {e. the minenal partickes become continuous
while the aqueous medrum becomes coagukited into tiny “spherolds.
Certanly in the absence of organkc matenal but in agqueous suspension
hydroxy apatite forms as minute crystals, not as a continuous struc
ture. Organic material would be expected to prevent coalescence of the
norganic particles, not to induce cryntal agglomeration at a distance
by a self-aggrepation of the orgamc matter into  sphermids.  Farther
more, nere the mmenal phase the contmuous one the speafic surface
aren of ashed bone preparations would be expected 10 merease upon
beng ground. Actually bone ash exhubits a constant speafic surface
independent of particle mze (17 32) Fimally it 1s not clear where the
collagen fibers are located 1 Ascenzis honeveomb The bulk of the
organic matenal in bone is collagen the fibers of which do uot corre
spond to the mucelles of 200 % /5 A How does the haneycomb atruc
ture explan the co-orlentation between the c-axes of the crystals and
the longitudmal direction of the collagen fibers? It seems possible that
Ascenzi 8 honeycomb structure 1s more apparent than real and that the
dente, continuous phase actually possesses a finer particulate structure
oot yet made visible because of poor resolution For example in Figure
m—ﬁispn:mtcduporﬁouohndectmummmgmphulnpmcb n
organuc, synthetic hydroxy apatite preparation This matenal cannot
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poesibly contain organic spherords  yet the umresolved agglomentes
of crystals grve something of the appearance of Ascenns “honey
comb '

The chronological development of Robinson and Watson s viewsof 2
tablet-shaped crystal follows a conmstent pattern. The first prepan
tions were autoclaved and “blended.” These showed crystallites around
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Fro, ITT-6.—An electron micrograph of the L-apatite

500 A m length. Later having shown that glycol-ashmg caused growth
oth:crymh,thcymmmedmuctlccmmufbanevhsdlhldm‘
ceaved no more drastic treatment than osmic acid fimtion at pH 7 42t
room temperature. In these unheated specimens the crystals appesred
to be smaller but still showed a tabular habit. While it is troe that
manipalative techniques, particularly heat, can alter the crystal bablty
1t is hard to conceive of any great alteration of preformed crystals re



The Mineral Phase 53

sulting from such & mild fixation procedure Tor cample Weikel (43)
has shown that preformed crvstals of hydroxy apatite mamtained the
rame speafic surface 68 M*/gm throughout a one month equilibration
(w1th surnng at room temperature) in buffered sahne

Robmson (39) currently describes the hydroxy aptite crystals of
bone as thin tablets 200 300 \ in length and breadth wath a thichness
of anly a few unit cells, 20 50 A The crystals are closely aswocated
wth the collagen fibers the ¢ avis and the longitudinal direction of the
fibers bemg approumately arallel The crystals are loaated pnapally
between the major 610 A spacings of the fibers. Indentine atleast the
crystals are probably located within the fiber bundles (42) If this is
true also of bone the removal of all orgamic matenal would leave &
conglomerate of uny crystals, which 1f not resolved by the microscope
rmght gve the appearance of the honey comb” seen by Ascenn,

Finean and Engstrdm (13} and Carlstrim (8) have relred prmcipally
on low-angle \ ray scatter to deduce the dimensions and orientation of
the bone aystals. They have concluded that the crystals are fairly
symmetnal in cross-section, of a dimension in the range 40-75 A Tn
length they have reported dimensions of 200 and 220 A, They estab-
lished that the erystalline ¢ axis paraliels the longitudinal direction of
the collagen fibers in oriented specimens. They suggest that three rods
correspond to the 610 A spacings of the collagen fibers,

The problem of rods versus tablets 1s dufficult to evaluate Watson
and Avery (42) bave on occusion, scen rod-shaped images which were
mterpreted as tablets on edge. Finean and Engstrdm (13) have, on oc
caslon, seen tablets which appeared to be aggregations of rods. Eng
atrdm hay sugrested (11) that an aggregate of three rods would give a
tablet of the dimensions described by Robinson and Watson., Since the
amlyxis of low-angle \ ray sentter dugrams depends in a large meas-
ure upon the assumptions employed no final conclusions can be gven.

From the present status of information on the crystals of bone min
el it seems reasonable to suppose that some of the divergence among
INVestigators 13 cansed by expenmental artifacts. Some may also come
from the examination of specumens 1n different stages of maturation,
Thus & section beginning to mmeralize would be expected to show col
bgen fibers asmsocnted wath small isolated, frgmentary crystals. As
minerahzation continned to the exclusion of interstitral water (cf chap
v} the growih of crystals within the fibers and epitactic overgrowth
tcf. chap vui) of pre-existing crystals would give the appearance of an
elmost contmuous mineral phase
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Whatever the final conclusions may be, certain general inferences
already scem certain, The umt crystal of bone mineral 13 extremely
small of the order of 200 by 30-70 A A tentative picture, subject to
change of 2 ‘typlcal bone crystal 1s given in Figure 11 7 Such thy

| —

oo

Fio. I11 7 ~A dlagrammatic pictare of & “typieal™ baoe crystal eccording to
Robinson and Watson, Note that this tiny collokdal structure eontains only sboat
2,500 unlt cells, giving it & “molecular welght” of about 2§ millon.

particles present enormous surfaces for exchange substitntions of oot
foreign to the hydraxy apatite lattice. These surface resctions render
the bone mineral quite vanable m compostion and solubdlity
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S face Chennstry

The chemustry of bone mincral 18 almost entirely a problem in sur
face chemistry From its initial seeding induction through its growth
maturation, and dissolation the tiny crystal must interact with its
fruld environment by {on Interchanges across u solid solution interface.

Modern avillzation m large measure depends on surface properties
brake mings, powder metallurgy catalytic cracking and Scotch brand
tape are o few examples of products and processes dependent on surface
phepomena and  although we have skilfully harnessed surfece proper
ties, much of our success is the result of luck and intmtion” (22) The
fundamentals of this field are only begmning to fall under concerted
research attack. In particular the solid surface—solvent interaction of
»mnuc erystals and aqueous solutions hay been sadly neglected. There
{ore, we must exanune the exsting information on the surface chem
ntry of the bone mineral against a woefully inadequate theoretrcal
background. This means that most of the interpretations to be given
are tentative and perhaps, temporary

TrE MAGITUDE OF THE SURFACE

W e have desbed the crystals of bone as fiat tablets or rods & few
hundred angstroms m length and breadth and only a few umt cells
thick (30-70 A) From these dimensions and the denmty (about 3) of
bone mmmeral it {s possible to cakeulate the speafic wrfsce n A(%gm
A series of such values calculated for hypothetical crystals of various
wizes has been assembled in Table IV 1 They show clearly that 1t 18 the
thickness dimension that pnmanly determines the specific surface
Thus, decreasing the length fifty fold increases the surface only about §
per cent (1 versus 3) while decreasing the thickness threefold (5 versus
3) increases the surface two and o half times. Tt is this very dmmensmon—
the thickness—that cannot be estimated with any degree of certainty
with the present resolving power of the electron microscope. If we were
only certain that all the crystals of bone were tablets or rods, we should
be able to determine the average thickness of the crystals directly by
measuring the speaific suriace of the mineral phase of bone

55
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It is imposaible to obtamn a surface-area measurement of intact booe
crystals (by cthane or Ny adsorption) because of the presence of water
and organic matter Unfortunately no one has yet devised  procedare
for removing the water and organic material without inducing possible
alterations In the habit and size of the cryntals. There are four common
procedures (a) dry ashing above 400°C  which Is certain to induce
crystal growth (52) (2) allaline-solvent ashing (KOH in esther ghycol
or glycerm at 200° C) whuch probably alters crystal suze (¢) steammg
of bone which is not certain to remove all orgamic matter and, fimlly

TABLE IV 1

% ARTATIONS [K SPRCIFIC SURFACE WITIL | ARYIXG
DIMENSIOVS OF HYPOTHETICAL
CRYSTALS (CALCULATED)

Specific
Crystal Widta | Thlcknes Sariace
a w (LR ool
1 10 000 200 10 670
3 500 00 10 700
3 200 200 10 700
4 200 200 20 380
5 00 00 £ 280
6 300 200 30 270
7 300 200 70 150
] 500 300 100 100,
9 Rodlke prism 210X 70 0t

Range of siewn scrording to Roluason a%d T taoa (cf chap u)
1 Accerdmg to Exgtrown asd co-s oriers (cf chap w)

(d) refluxing of bone with ethylene dumme vapors which removes ar
ganic matter efficently but bas not been studred with respect to its
effect on crystal habit, For these reasons, it 13 questionable whether
there exist, at present any valid measurements of speanc surizce for
upaltered bone mmeral. Pubhshed values vary from a minlmum of
66 M?*/gm for steamed beef bone (26) to a maxumum 244 M*/gm for
glycol-ashed rabbit bone (40) We can only guess, then at the surface
area of mnaltered bone crystabs. Undoubtedly 1t 18 at least 240 M*/gm
and probably much more—perhaps over 300 M*/gm.

It is interesting to note that the rod structure proposed by Eng
strfm s group for the bone arystal would have o specific surface of
220 + 50 M1/gm Robmson and W atson s proposed tablets would also
exhibit a specific surface in this same ra 300 M*/gm On the
bams of the most relable available meas spedific surface and
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cryatal dimensions, we can deduce that the erystals of bone have an
average thickness of only 30 A, or about 3 unit cells thick! It 1s not
surprsing then that the chemutry of bone mineral 1s 8 problem 1n
surface chemmtny However we must heep inmund that weare dealing
with average vahues. It is unlikely that the crystalsof bone are uniform.
More likely 1n any one sample of bone the crystals range in size from
very tiny agrregates to crystais larger than the average value deduced
{rom these surface-area measutements.

Tie HyprATION LAYER

For many years physicists have accepted the view that a sold sur
face when exposed to o hiquid takes on an extremely thin film of
bound solvent the immobile layer ” The thickness of this film 13 not
known with certainty but hovers around an estimated mean of about
100 A. The nature of the bonding is not clear (6) The surfaces of hy
drory apatite crystals, too take on a solvent layer and because the
spectfic surface of these crystals Is so large the total amount of solvent
bound 1 surpnsmg  When the solvent is water the amount held 13 al
most unbehevable. But the extent of solvation or hydration depends,
1n large degree, upon the method of measurement Thus, if the crystals
are exposed to water as o vapor an adsorption isotherm is obtained
(16) This motherm can be analyzed mathematically by BET theory
(9) to pive a aalculated  monolayer” the surface area 30 deduced cor
Tesponds to the surface area obtained by ethane adsorption. The man-
mum amount of hydration adsorbed from the vapor phase is four times
the alenlated monolayer If on the other hand, the crystabs are ex
posed to liquud water and then subjected to an 1tial, mild centrifuga
tion to remove all but the hydration layer the amount of bound
water remalning varies inversely with the force of subsequent centnfu
gatonup to 30000 X ¢ after which {t cannot be reduced further (39)
In all cases, thus jrreducible minimum amoants to a great deal more
water held by the arystals than s maximally adsorbed from a vapor
phase (cf. Table TV 3) Thus suggests that the surfaces of crystals sus
pended in aqueouns buffer differ structuraily from the surfaces of crys-
tals in the dry state. Apparently when in contact with bulk water the
crystsls form an electric double layer (“Helmholz double laver” or
“zets potentnl”) which in tumn, binds the “immobile solvent layer”
ascnibed by the phymasts to all sobd surfaces. The fact that the ays
uhlmmobilucmchlla:geqmnﬂtyofn!:rhibdigoodcndmce
fmthamofudmngdzcﬁicﬂﬂddntthecryﬁdmﬁlcc.
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According to & quahtative concept developed by Weyl (66) the
ongm of the field Is the clectrical asymmetry of the surface, Thos, 1
the erystal intenor each cation 1s completely surrounded by a restam-
ing field of amons and conversely, each anion 1s surrounded by cationt
At the surface however the rons are not completely shielded. Rather
there u an interface of residual dectnc charge from each surface ion
projected 1nto space {or into the solvent) as a mosic patchwork o
positive and negative fields, This may be fllustrated diagrammatically

Interface
Crystal Intertor Sarfsce SpaceorSolvent
+ -+ -+ - + - 4 - -_
- + - -+ - + - + I
+ -+ -+ - + - + - —
-+ -+ -+ - + - 4+ —_
+ -4+ -+ - % - + = o
-+ -+ -+ - + - + -—

eyl presents four ways in which the charge asymmetry can be difuted
out to reduce the surface energy “(i) polarizztion of the sarface joos
(1) mcreasing the number of most polanzable or decreamng the pumber
of least polarizable jons i the surface (this change produces crystals
with excess electric charges) (ki) advanang the most polanzable w3
mto the extreme outer layer and retractmg the least polanzable oncs
(thus distortion produces an electric double layer and must bave 2
depth gction) and (1) chemisorption of molecules or foos’ (66) Ap-
plymg these principles to the tiny platelets of hydroxy apatite, we ind
that methods i1 and iu are eliminated by the sue of the crystalsand the
nature of the 1ons present Calcium fons are virtually non-polanzble,
and phosphate sons are of course, polarnimble Any terease in phos
phate lons would set up strong negative fields on each face of the ay>
tals, and, seperated by only 30 A, these fields would interact strongly
(24) Thus, though not stated by Weyl the “defect mechanism, I, =
quires depth actron and 18 elimunated Mechanrsm ui is also eluminated
by the depth-actron requirement, feaving methods i, whick o be 18
fied 1n part by polanzation of phosphate and iv chemmorptzon-
Unfortunately far us, T eyl does not clearly define his meaning of b
term  chemisorption.  This catch-all term has many meanings, $00°
of which would not offer an explanation of how the surface energy &t
the mterface 1t reduced In 1ts smplest form chemisorption coukd be
pictured as an adsorption of g layer of ions of charge oppasite t0 the
mosaic of excess surface charpe, This, however, merely creates a ¥
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surface itself presenting a mosaic of resklual charge If the fons in the
adsorbed layer were not polanzable there would result no net decrease
in surfacecharge asymmetry 1 the adsorbed fons were polatized there
would be only 2 partial lowenng of the surface energy The facts are
dear To reduce the charge asymmetry at e crystal-solution interface
succetave layers of polarzable cations and anlons are required which
project cutward into the solution until electroneutrality {s established
This can be visnalized as analopous to a “doubte Helmholz double
layer where the surface predominantly electropositive because of the
polanmbility of the phosphate fon but also extibiting a mosaic of
reudual negative valence binds successive layers of polanzed phos
phate 10ns and hydrated calcium fons which gradually dilute the sur
face electncal asymmetry Toruc calerum in the unhydrated, crystaliine
state 1 non-polanzable but is quite polanzable by virtue of its layer of
onented water molecules in the hydrated state (Catt 10H0) Ths
interface of hydrated calcium and polanzed phosphate fons Is pictured
diagrmmmatically in Figure IV 1

Ditutson of the surface charge by bound lon layers is posaible only in
a medum of high dielectric constant, such as water The depth requure-
ments not postible within the thin erystal are thus met by this bound
wn and solvent layer—the hydration shell The 1ons In the hydration
shell are not fixed and motionlexs but are mobile and reactive only the
dlectrostatic field which is respomible {or the origin of the hydration
shell i3 fixed and static. When the crystals are in & solutlon containing
polanrble 10ns other than calclum and phosphate, there will be many
wbshtutions and replacements in the Iydmtion shell by lons which are
normally forelgn to the crystal lattice itself Thu process, keferoronic
exchange is developed more fully subsequently

The presence of a bounddon and solvent layer around the crystal
may sct up s diffuse, onented layer of ill-defined dimenstons extending
fartber out into the solutson. This second solvent layer if such exits,
Is very weakly held and aan eastly be separated from the hydration
shell itself Thus, if an aqueous suspension of hydroxy apatite placed
ona b 18 subjected to sing centrifugal force the bulk
soluhion 15 removed et forces below 10000 X ¢ From 10000 to
30,000 X g the weakly bound layers are gradually removed leaving
only the crystala and their hydration shells. These dats are llustrated
1n Figure IV 2 showing & minimum hydration of 35 mM/gm of L-

Ap.dlc.ﬁh,on-mlumcbash,mcumthatcvcryaytmlbindll
Irydration shell 19 times its own volume!
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From these connderations and from additional surface data assem
bled in Tables IV 2and IV 3 we may tentatrvely picture an individual
crystal of hydroxy apatite in aqueous suspension as in Figure IV3 In
presenting thus sugpested space model of the crystal and its mterface,
we must emphasuze certam polnts. Finst the whole construction has
been based on studies of a smgle synthetic hydroxy apatite prepar
tion. Quantitative relatiomstups may vary with different samples of

w0
p r {
w Bulk Sotwhen
g 60 1
o
g . Datt, .ojm
°~‘°L . s od Leyer
= o —0y-0
- .
E
20f Hydraten Sael
2 L Y
20 40 &0 8o
CENTMIFUGAL FORCE
Govty 10%
Fu. IV 2.—Dats Qlestrating the removal of water from hydrated crystals b
Yy
highspeed cratrifugation Solld circles taken from Neuman of of (46) open drcles
trom Myers (39)

hydraxy apatite. Second, on the basis of water-binding, a five-compart
ment system can be delmeated on the bans of son compoaition and won
exchange, only four compartments can be differentiated. The bulk sola
tion and the diffuse orfented layers are essentally the same (46) Since
our primary concern 13 with lon exchange, we shall represent hydroxy
tpatite crystals in aquecus suspension as a four-compartment system
(S:and Sy) the bulk solutwn phus the diffuse onented hiyer (4) the
bydration shell (B) the crystal surface and (C) the crystal lattice in-
tenor Acmrdmgtothhcomlmuhn,slnndsﬂhvtthemmecompom
tlon The hydration shell (4) will mirror to & Lmited extent the com



TABLE 1V 2
COLLECTED SURFACE DATA ON L-APATITE

Dimenslons of crystals 1,000 500X 150 A
warface 47 8 MY/ Rel 81
of umit cell 6 B8X9 42 A
No. surface unlt cells 1X107/gm
Y. Hal-:lh.’w et,
H,0 monolayer™ by vapor ad-] ' P “
Hydration shell (centrifugation at|
80,000 ¢ s 210 »
Hydnﬁcn -h:ll and diffuse yer| 4 264 4
Calctum in hydration ehell® 02 12 b
hosphate in hydration shell 9 ;5 } 2 ‘;;
P 0
Phosphate in surface 04 24 57
r&lc..on A B RNy U IR A o b A i
ars ppronmate
TABLE V-3
AMPROXTMATE CALCULATIONS OF THE
HYDRATION OF L-APATITE
Hrewamoo Sapet
W 1 Hrio as
N o Flm
Walght
Qleom | Mool [ THES
Adsorbed momolayer, Fat 176 1 3
Hydrated surface caldlum
(Ca 10H,0) (28) 52 3 10
H];bat value adsorbed from va.
] ” 4 13
)LEI:mm! retulned (centrifuga.
dmusnwox;)( 540 @ @
tion at 10 000X ¢ ) P! w0 95 93

i

volume of J1 A fer HO molecals

Amering
1 The mowoiaywr s n.hud.h.duﬁ-umlywﬂ-r of the Brymme
Emtt Teker euations fer e sdecrpeion (%)
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postion of the bulk solution ($7) There would be one major difference,
however layer (4) must contain a high concentration of neutralizng
multicharged polarizmble lons, principally hydrted ealerum and polar
{zed phosphate 1ons, For example the data in Table 1V 2 indcate that
in pure aqueous KCl-hydroxy apatite suspensions, the concentration
of both catcrum and phosphate in the bound hydration fayer was ap-
proxmmately 0 6 molar while the concentration of these Jons in the bulk
solution was only about 00002 molar

While, these considerations of crystabsoluvon interfaces probably
#lso apply to all 1onic cryatals the importance of the interface becomes
less and less with inareasing particle size. Since hydroxy apatite crystals
are uniquely small the interface Is unlquely Important in determining
the chemical properties of this mineral There does exist in nature an

(1)) Ten eaete

) Weskly New
e ot benier

(€) Crpmt miamar (8] Crysel surfece
(A) Bowng hrirvten ohed
1 poler rante lom
—
wok

Fio, Tv 3—A diagrammatic representation of & cross-scctlon view of hydroxy
antite aystal in equests suspenalon,

other mmenal group containing non-polanmble cations and exhitating
a tabular crystalline habit of extremely small dimenaton. This group—
the cdays—abso exhibits umque surface properties, with heavy hydrm
ton and great jon-exchange activity Though of markedly different
chemical composition the clays and bone mineral have many phymco-
chemical properties in common (28)

Is0101C EXCHANGE

The enttre clremical behavior of the mineral of bone involves the
transfer of ons to and fro across the hydrated crystal-solution nter
face. In the broadest sense, this could logically be comsidered fon ex
change By conventlon, however the term “don exchange imphes no
net gain or lows between the interacting phases. Therefore, in the subse
quent discussion we shall accede to convention and reserve the term
lon exchange to applicntions whereln the solid and liguid are essen
tially at equilibrhm Where there Is a net transfer of wons from solution
to the solid phase, the termas mineral acquisilion or crysial growtk will be
used. The term dissolation will be used to describe a net transfer of jons
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from solid to solution It should always be hept m mind howerer that
all three processes mvolve the same basic underlying mechantsm, Thus
2 crystal undergomg disolutson is both addmg jons to and Josmg kons
from Its surface, but the rate of loss exceeds the rate of galn

Of the three main 10nic constituents of the hydrory apatte kttxce,
convenlent radiowsotopes are avaflable for two PPQT and Ce®
Though heavy isotopes for oxygen and hydrogen and radioactrve tnt
fum are availeble for labeling the hydroxyl group, the rapid fonuzation
of water renders impractical the study of hydroxyl exchange m an
aqueous suspension of crystals.

In the subsequent section the exchange of the pormal lattice jom—
calqum and phosphate—for therr radiactive counterparts is termed
150181 exchange When dufferent sons are mvolved, Le. vanmus cations
dusplacing calchmm  vanous anions displacing phosphate or hydrocyl
groups, the term Aeterotonic exchange will be employed.

PUOSPHATE EXCITANGE IN A MODEL FYSTEA
We bave by definition Limited the use of the term ‘on exchang”
to the crystal-solutson system under equilibrium conditwons Only
rarely bave exchange studica of apatites or bone mineral been carned
out under equiibrium conditions. This requirement makes it necessary
that a minute volume of carmer free uotope be added to an aqueo®-
cryatal system which has already achieved equilibrmm condations with
respect to all ions of the solid and the solation. The high cost of carrier
fres calerum has precluded an adequate study of ealerum exchange. The
heterogeneity in sure and composition of bone crystals necesntated the
use of & synthetic model. A faurly thorough investigation of the phos-
phate exchange of L-apatite has been made (65) however and this wl
be reviewed 1n some detail

Apparatns and etkods

The apparatus employed was modeled after Schwertrer and Nehis
(53) and 18 given m Figare IV4 Because of the difficulty m removing
wquhﬂydilperneddyﬂds,ammutbem&tdiﬂmﬂ”gm
two phases. Three methods have proved successful (o) centrifugetion
2t 80000 X ¢ (3) filtration through selected glass filters of pore 82
of less than 54 (c) filtration through millipore filter membrns
which has proved to be the most convenient.

The solutions were weakly buffered with § mM/1 of drethyl b
Iatanic sad brought to pH 7.2-7 4 with 2 mM/! of KOH. They &
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tamed, m wost cazes, 5 pg 1 /ml and 10 g Ca/mi (Just saturated )
and KCl to give g = 0165 To 100 ml of this solution at 3P C was
added 1 gm. of L apatite. The crystal suspension was stirred for at
least 24 hours, which was shown to be sufficient time to establish equi-
librrzm between solid and solution. Then 1 ml. or less of carner free
radio phasphate (P¥) solution was added. The level of radwactivity
was previgusly adjusted m this aliquot to give on final ditutron ap-
provimately 1000 counts per mmute per millibter i the suspension

Lam s 8 T FOR
trare cooLm

Fro. I\ 4 ~Modified spparates of Schweftrer and Nebls wed In the stody of
the ktnetlcs of radloective exchange (53)

haqusd Becsuse the exchange reaction 1s very rapid it was necessary to
determine the imtial level of radioactivity by apn:nrnte ditution of an
mwﬁt of P¥ to 700 ml, with the buffer solution contaiming
DO aIys e course of the exchange was followed odic

movals of 1 ml. samples of filtrate through the nmphbnygp:'{be E::‘;
sample was then amayed for radioactivity A fmal large portion of
filtrate was removed to provide for the accurate analyms of total con-
centrations of calerum and phosphate at the salubility equilibrium. By
means of this technique the addition of labeled phosphate and the
rernoval of small volumes for analyms did not alter significantly the
solid-sotution ratlo or the equulibrium condition already established
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Kinctic Amalysis

In terms of the space model just developed for the hydroxy apatite
crystal Figures IV 1 and IV 3 we should expect the over-all exchange
reaction to involve three successive transfers of labeled phosphate be
tween the four distinct compartments (1) from the bulk satution to the
hydration shell (2) from the hydratson shell to the crystal surface and
(3) from the crystal surface to successive layers of the mternal Iattice
by intracrystalline exchange.

30

3
-

oM/ )

L0G P32 w SOLUTION

Fra. Tv-3 —Duta (lostrating that the over-sll exchange process occurs as 2 &
ries of reactions exhibiting fint-order kinetic.

The dasppearance of mdiophosphate from solution does mdeed take
place 1n three separate, successive steps. Govaerts (23) has abo 1&
ported a three step exchange process. The three steps are not resdly
apparent when the radroactvity of the solution phase Is plotted against
time. When, however the logarithm of the salation actvaty (cpay/mD
is plotted versus tune, there can be seen & semes of three lines of pro-
gresuvely decreasing slope (Fig IV 5) Bectuse of tho speed of the
early portions of this exchange reaction, the first portion of the curve
can only be approximated.

Theltepaofthemabnhavebccnnumbcmdchmnﬂlﬂsmlymm
that portion of the exchange of phosphorus which occurs between
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roughly 1and 10 hours, bemg Step 1T All that precedes this {s noted as
Step1 Steps ITand 1T which have rates apphicable to a kinetic study
are the portiors of the exchange reaction to be conasdered in detail
Based on our concept of a four-compariment system

Step I must represent the exchange of ons between the bulk solutron
and the chemisorbed double layer or hydmtlon shell

Step 1I must represent an exchange of ons between the hydration
shell and the erystal surface

Step ITI must mvolve an exchange between non-hydmted surface
positions and the sucoesmve Layers of intracrystailine ponitions.

These asugnments are borne out by a kinetic analysis of the effects
of wonic strength on rates of exchange.

In dentving a rate expression to describe these processes, it is neces-
sary to remember that an exchange reaction is reversible It has been
pomted out that msotopic exchanges follow first-order kmnetics, regard
Iest of the mechanlsm or of the order of the Individual reactsons wath
respect to the actual chemical constituents (20) Thus the net mate

equation Is d: R(uy_bx)

in which & 11 the number of exchangesble phoaphate sons in the solid &
1 the number of exchangeable phosphate lons in the solutson = 13 the
number of labeled phosphate wons in the solid, y is the number of labeled

phosphate lons 1n the sofution, and R 1 the gross mte of exchange
But since

e y-y=s-z
I s
¥y &
lnwh:chmembsmptemm:mu equilibrum values,
d
FrEetnE -,

This integrates into
R
S T
logu(y~y) =~ Ri+In z
where K Is a constant equal to

at+b
_3_,
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This rate equation applies only to & smgle process, whereas m ths
instance there were at leaat three sepamate reactions eccurrmg smmul-
taneously If however the reactwons exhibit wadely, different rates and
therefore for practical purposes, one is m equilibrum before the next
begins (Le. SAwimuea ™ SAkydration stent I the analyms of Step T and
S luotation ™ SeAhydration shatt ™= SAe tome I the analyms of Step I11)
1t 18 permussible to apply the equation to the separate portions of the
over-all curve

Thus a plot of the log of the activity of isotopes in solution (propor
tional to y) versus time, as in Figure IV 5 would give a curve com-
prsed of at least three appronmately linear portions, provided thaly 1
negligidle with resped to y in ench case. Actually y cannot be megligibie
(20-30 per cent of ¥ 1n Step IT and approxmately 10 per cent of ym
Step ITI) but the curvature to be expected was withn expenmental
error

Becanse of the uncertamnties yn thrs kanetrc analysis no absotute
rates can be determimed for these reactions. However quahtatrve com-
parisons of rates under varying conditions can be made. For this por
pose a rate term is denved from the negative of the slope of & semr
loganthmuc plot of the course of the reaction. Since the slope does not
give a true rate, 1t will be referred to as the K value in the followmg
discusson.

Vanations m the jonic strength of the bulk solution can be expected
to affect the rates of exchange only in the water-containmg compart
mmuﬂmxmgnmmtofthcmcﬂonrtqntoourmlcﬂwddi’
cotrect, then only Steps I and II can be influenced by tonic strength.
In Figure IV-6 are plotted the vanatons in K values for Steps I 1nd
III when the tonic strength was vaned by additions of KCl to the buffer
solution. The data from both Steps IT and IIT are consstent with the
Brymted equation (10}

logk~ B+ ZZ/i
where k 18 the specific mte constant Bunmmplammimt,ﬁi"h'
fomic strength and Z,Z, is the product of the sonic charge, Z of ¢
reactants 6 and & Step IT 13 markedly affected by ronlc strength. St
10T 15 mdependent of tomic strength & fact from whuch It may be €
cluded that the reactants are out of sofution and wikis the
smce the product Z.Zy 1s obviously not zero m ths case. This
sion 13 valid, regardless of the complexnes involved in the evaluzbe?
of the K value ’1"11u.1,cv\:uthcn:lghStepIctm}dnot.bel-thll)'”‘dv".nt
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effects of jonic strength vanations confirm the assignment of these pa
rate exchange sters 10 our four-compariment model

Further confirmation of the applicabiiny of the model was given by
a studs of the eflect of varying the concentrauion of phosphate m the
bulk solution Since we have postulated that the phosphate tons of the
hydration shell are held by the charge asymmetry of the crystal sur
face, Step TI—the exchange of jons between the surface and the hydm
tion shell—should be relatnvely independent of vamatons in the phos-
phate content of the bulk solution. This expectation was borne out

T T L v v
. L 2K J 4
Step I . N
(33 -]
L)
N
+ o+
sl _
§§ St T
x x
ok E
wH *
ge
e a
3k -
L )
2 2 . . i 1
° [ 2 3 4 5
\C

Fso. T\ 6.~The eflect of bonkc strength on the K-vahies of Steps I and ITT

experimentally the K value for Step IT was mdependent of both the
concentration of non isotopre phosphate (fror 3 to 50 4 P/ml) and the
concentration of mdiophosphate (from 600 to 1,200 cpm/ml) in the

bulk solution.
Factors Aflecting Composition of Hydration Skell

. As we have seen, the mates at which radicactive phosphate i trans-
erred from one compartment to another vary from munutes (Step T)
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to days (Step I1I) This wide separation in rates of exchange makes
ponible a rough evahmtion of the s1.¢ of the reacting compartments—
in this case, the amount of pbosphate in the hydration shell and in the
surface and the extent of intracrystalline exchange. Thus, as fllostrated
1n Figure IV 7 Step II can be extrapolated to zero time to a value far
the P® in solution at the completion of Step I The reducton 1n sak-
tron of PR given by A represents the dilution of mdioactive label by the
not-isotople phosphate in the hydration shell only Similady extnp-

Fro Iv 7 —A time-di curve of radiophospbate exchange showizt
lh:atnpd.nﬂmmetbodofmhndn‘eu:hmmmpmtdtl(ﬂ'ﬂih
fa] explanation)

olation of Step ITT to zero time gives the dilution of radsoactive phot-
phate, B by the surfaco 1tself Theoretically the difference, C between
the extrapolation vatue of Step ITT and the observed solution acutvity
at time ¢ though not at final equilibrzm, shoald be a rough measar®
of the mtracrystaline phosphate that has exchanged in tmne ¢ Prac
tically the rate of Step ITT s 30 slow that the slope of the extrapolatiod
mbdlﬁmltmdnmmlcmntdym:hontumcrpmmﬂm
quantities B and C then, are subject to large error In Table IV 2252
the values obtaned In this way for Lhecn}amuadpholphltein!hs

N
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hydration shell and surface of L-apitite Becauee of the uncertainties
in the calculation of Band C only { will be discussed 1n detail. This
quantity gIves & measure of the amount of phosphate residing in the
hydration shell by means of the usual fsotope difution expuations (18

»4 {=Ri—Re

p =22

Re
P
Per Cent Py = 72X 100
[

where Ri 13 the 1mtial concentration of P2 1n solution (cpm/ml} Rels
the extrapolated (Step IT) equilibrum value {(cpm/ml) P is the total
quanuty of phosphate in solution (mg. P) P is the quantity of phos-
phate in the hydration shell (mg F) and P;1s the total phosphate in
the solid phase (mg ') All resuits m the expenments to be drscussed
subsequenthy will be expeessed as per cent P, which m terms of our
hypothetiml model given In Figure IV 3 13 the percentage of the total
phosphate of the aystal-hydratson-sheil complex which rensdes in the
hydration shell

Esperimental condstions —Regardless of the conditions chosen for
the exchange some time is required for the solld phase to reach a sotu-
bility equilibrram If radioective phosphate is added to the system dur
ing the period m which the solid is dissolving the uptake of radwactiv
1ty will follow an rrregular course with trme (64) Amy peniod of stirring
over 18 hours was found mn most cases to give solubility equilibriums.
The curve of the disppearance of isotope from soluton with time 1s
then smooth and regular and the resalts are reproducible as in Table
IV-4 column E. These data cannot be generzlized, however it scems
possible that, with other preparatons, longer penods of pre-equilibra
tron may be required.

Though conditions will vary with the size and pitch of the stirring
blade as well as with the design any rate sufficent to keep the soid m e
uniform suspenason proved adequate. At very high speeds, technical
difficultses are encountered particularly with the ground-glass seal,
which shows ¢ tendency to overheat and ocoasonally to bind. Under
the conditsons employed in these expeniments, both the amount of ex
change and the rate of the exchange were found to be independent of
the rate of stiring as fllustrated in Table IV-4 columns C D and E,

As discussed in chapter i the solubility of basic calaum phosphate
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vanes with the solid to-hquid ratlo The values of per cent Pa tlw
were found to vary with the solid to-soluon ratio This means that,
for accurnte compansons, the solid to-solution ratio must be kept con-
stant 1z any given scries of expeniments.

Surface ares.—We should expect the magnitude of per cent Pu bo
be & direct and hinear function of the specific surface if all other van-
#bles are kept constant. The ratios of speclfic surface L-apatite/Kahl-
baum apatite, and per cent Px L-apatite/Kahlbaum apatite, were 40

TABLE IV~

COMPARISON OF SURFACE AND EXCITANGE MEASURENEINTS
OY TW0 APATITE PREPARATIONS

Iydratien-

fowis | ptue | Sim | Bl | ol
R R O A B

A » c D E

200 1126 092

Kahlbeom (1.53) 16 8 200 15 [
30 187 [

300 166 o8t

08910 04

tite (1.66) 678 g ‘:5] ;{,?

4

b 1 600 422 30
1 600 465 37

J J 345012

and 39 respectively indicatmg s close correspondence between suriec®
area and per cent Pa.

[Effect of temperaturs —Moat of the studies described were axbitrasily
aarnied out at body temperatare (37°) Although the actual tempert
tare at which Lhu:mha.ngcocmnhnotmpom.utpa‘ﬂﬂ;l“”dm'
parmon of a series of exchanges can be made only when they are oo
ducted at one temperature From the dats 1 Figure IV-8 1t can beseett
that increasmg temperature markedly decreases the amomnt of bydn
tron-shell phosphate, per cent P.. This effect Is duficult to mterpret
with present limted knowledge.

Effect of phospkals comcentration —Because of the analytical necs
sty of dmtributing the 1sotope more or less equally among the compart
ments, it 13 impractical to study the exclrange process st very high &
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very low phosphate concentrations. However as fllustrated in Table
1V 5, withun the range of phosphate concentration which might be en
countered in this study the amount of phosphate in the hydration shell
was mdependent of the concentrations of phosphate fon o the bulk
solution. Over wider limits of vanation one might expect alterations in
the charge on the crystal surfaces and 03 a result, corresponding aftera
tions In per cent P

Efiect of calanm concentrahion —Experimental conditions permitied
 much wider variation in calcium concentration. As discuased in chap-
ter i, the hydroxy apatite crystal shows vanations in calaum-phos-
phate ratwos which are best explained as resulting from replacement of
Car+ by ZH, 0+ Whether these substitutions occur m the erystal in the
surface or in the hydration shell or in all three 1 at present somewhat
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uncertain  Excesaive substitutions at the sucface or within the aystal
can be expected to alter the surface-charge nsymmetry and thus the
composition of the hydration shell The charge asymmetry woukd be
related to the [Ca**]/[H:0*] of the bulk solution provided that other
competing cations are absent Evidence for such a relatronship was ob-
taned as shown in Figure IV 9 where the [Cat?]/[H;0*] kad ber
varled by additsons of calaum, while pH 4 etc. were kept conast
The large increase in per cent P, mth mereastng [Cat]/[H/0*] omid

16

o —te L n L
o oz ] o 03
CALCIUM  MOLARMITY
Fio V9 —The cffect of exeny calddum bon concentration In solatlon at cof
stant pH on the per cent Pa m-ymbal-.dulpnzuumd;uawbcdﬂﬁ
varving phosph lons plotted on & i scale (cf Table [v-5)

h:sw:«l't;ultcdIImJ:l:nelthﬂ'lcb.-s.ugen.uI.hl:cb.ﬂ.l’x\t'h'!')’l":u-'ﬂEU'.V‘Jl‘1’e
crystals or & change 1n crystal suze. This latter possibility was i
nated by surface-ares deternunations of the crystsls made before ard
after the equilibration. The two values were In agreement, 63 AY/g9
indicating that the change in per cent Py occurred from changes in the
crystnls charge asyymmetry only

Relation betwoesw Rales of Exchange and Per (ext Poa

As noted above & gumber of varables—temperature, & solid-solw
tonrtio pH and calcdum concentration or [Ca+/[HO—affect the
magmitude of per cent P.. the phosphate in the hydration shell. Ttisof
interest thet with increasing values of per cent P, decreanng rates
of exchange (decreasing vatues of K for Step IT) were obtained, with
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onty one exception when small amounts of calclum were added to the
baffer solutron K Increased with mo ckange in per cent P,, This general
fnverse relation between rate of surface exchange and the amownt of
hydration-shell phosphate 1 of prime importance in elucidatng the
mechanism of the Step IT exchange process.

MECIfANISMS OF 15010¥1C EXCITANGF

The data obtained in these studies along with other informaton
are sfficient to permit a partual analyss of the actual reaction me-
chamcs of the over-all exchange process.

Even though Step I was so rapid that it could not be subjected toa
kinetic study the rate itsell indicates the most likely mechantsm to be
a self-diffuon process. The nmple difaston of 1ons between the hydra
twon shell and the bulk solutson would account for the ramd rate and 1s
comsustent with the entry of nmple solute lons, such as K+ or C1~ as
discussed subaequently

Step IT involves a less cbvious mechanism and because these ex
periments were carried out at equilibrium there is no justfication
a pron for assuming the rate-determining step to be the tramsfer of
Libeled lons from the hydratwon shell to the surface, Just as hikely the
transfer of non-1s0topic 10ns from solid surface to hydration shell might
be rate-determining. Indeed the data are best explained by assuming
the rte-determuning step to be escape or sel(-diffusion of phosphate
ions from the crystal surface to the hydration shell—a mechanism con-
satent wath the facts. In terms of our model, the rate of escape of an
won into the hydration shell should decrease with an increase in the op-
posing electrical potentlsl 1n the double layer Thus the greater the
electropositivity of the surface, the greater the amount of bound, polar
uable phosphate Jony required 1n the hydration shell to neutralize the
charge asymmetry Both these changes would oppose the thermal es-
ape of the murface phosphate jon. We have Just scen that there Is a
decreanng rate of exchange 1n Step IT with increasing values of per
cent P urrespective of the variable induang the change—y [Ca*¥)/
[H0*] or temperature. Increasing temperature, by itself would be ex
pected to Increase the rate of exchange. However because per cent P,
creases with increanng temperature, the net effect is a reductlon in
rate. Apparently the electric potential barrier 1s the most Important
vanable affecting the rate of exchange. The effect of lonic strength, too
ucuﬂycxpl.nlncdmthmtmwilhmmmgmmclu:ngth,pcr
cent Py, increases, producing an mereased potentml barrler and thus a
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reduced rate of escape of surface phosphate joms. Were it necessary o
interpret the effect of onic strength in terms of a conventional collioa
mechanism both the aign and the slope (—0 78) of the curve given by
the Brgnsted plot (Fig, IV-6) would be dificult to relate fo the system
under study

If the rate of Isotope uptake Is indeed governed by the esape of
surface 1ons, the axmgnment of the observed reactwon steps to the
proper compartment In our crystak-solution model can be made with
some assurance. Thus Step ITI evincing a rate idependent of oo
strength, must represent a reaction originating withm the crysal
Step I dependent upon Jomc strength must represeat & reacton
ongmatmg evther on the surface or in the hydration layer Since Step]
13 2 reaction much faster than Step IT Step IT remams, by chmmaton,
as the escape of smurface fons to the hydration layer

Step IIT exchange xithin the crystal has been descnbed In earber
studies and hss, under vanous conditions, been varously termed
“thermal aging’ (29) and  recrystelization (43) Certainly the prc
exs here described does not mvolve a dissolution and redeposition of
a’ystnls,bccmxthernleumdepcndentoftheiomcsmﬁﬂf‘b‘
solutlon. The experimental period in these studies involved only & 0%
nute fraction of the Lifetime of the wellaged crystal. For these reasoch
intracrystalline eschange is the preferred term. Intracrystalime &
change 1s strongly temperature-dependent, increasmg markedly nfe
with small temperature increases (14 43) Under constant conditions
the rate is not constant but appears to decline steadlly over a penod o
44 dayy (63) Step ITI thus imvolves a senes of declining rates 3 the
Iabeled foms diffuse into succesively deeper Iayers of the crystals. Whi
1t Is possible that certain fons may be able to drffuse” throughout the
Iattace of certain crystals, in the present Instance, where the lattic 3
quite dense and where the diffusing ron—phosphate—s Jarge and mk
ticharged it seems more probsble that jon migration Is medied
through the presence of 1moccupied lattce postions or defects knowa
to be present 1n hydroxy apatite crystals (cf. chap. 1) Thys view 8
supported by the observation that high-temperature ashing markedly
reduced the slow phase of isotope uptake by fresh bone, termed st tbat
time “recrystallization * (43) Such heat treatment would be
to render the cryatals more perfect, with fewer defects and vacant pos-
tions, 25 suggeted by fmproved X ray diffraction patterns (1) Tb¢
participetion of ‘holes which move a3 the result of thermal vibratod
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of adjacent 1ons 14 also consstent with the ever decreasing rate of reac
tion as the migrating fon penetrates deeper layers of the crystals be
cauee the concentration of defects 13 sud 1o be minimal at the crystal
center (24 With larger aged cryatals, the reaction rate falla so rapldly
that one must conclude that only a few ‘molecular layers ean take
part in an observational period of & few weeks (65)

In cates where hydroxy apatite crystals are being formed or are
growing cxpenence has shown that there are sequential changes in
cnvtal morphology (5 62) Such changes suggest the oecurrence of 2
process of recrvatailization in the classc sense 2 dissolution and re
depontion of crvstals. There is some evidence that this conventional
type of recrvatallization also takes place in areas of ntw bone formation
{67

Grrnley (24) has attempted a mathematical amalysn of exchange in
an 1onic crvstal in contact with aqueouns solutioms. He himits his analy
s to a ample binary salt crystal (AgDr) which exhibits normal solubil
ity ot Ko, and 13 1n contact with a saturated solution containing no
supporting electrolyte. He has difficulty in relating his analysis to the
practial case—even the AgBr system It s doubtful therefore,
whether hls conclumons or better his predictions can be transferred to
the hydroxy apatite-aqueous system in more than a semiqualitative
way Hisfindings are 50 interesting however that they will be lsted as
a guide for what to expect in the way of future results

a) All cryaials contain  large rumber of vacant positions and inter
suual ions (Schottky and Frenkel defects)

) Only at the isoelectric point are the cationic and amonic de-
fects equal 1n number

¢) Above the 1soddectnic point (which is equivalent to high Ca/P
ratos m solutlon) the crystals are positively charged, and ansonic ex
change within the crystal Is faciitated cationic exchange repressed

d) Below the isoelectric pomt (low Ca/P ratles in solution) the
crystals are negatively charged and cationic self-diffusion Is facilitated
anjonic exchange repressed.

¢) Very thin (<500 A) platelike crystals have an aberrantly high
namber of defects and thelr exchange behavior will be very semitive to
changes in solution compomtion.

As seen below some of Gnimley s predictions bave already been sub-
stantiated by recent studses of ealctum exchange with Ca® as a tracer
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CALCIUM EXCHANGE IN MODEL SYSTEMS
In contrast to our understanding of phosphate exchange, which, ¥
samewhat provisional 1s detailed our knowledge of the kinetis of al-
cnrm exchange is very limited There fs an Indication that the over4l
process is very sumilar to that of phosphate in exhibsting a threestp
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Fro IV 10 —The atepwise diseppesrance of Ca® from solution. Taken [0
W eikel (63)

time curve, as in Figure IV 10 (63) but the effects of temperat®,
etc bave pot been exsmuned under equilibnum cond:tions.

As with Step TIT of the phosphate exchange, Step IIT occurs 8t ::
ever decreasing rate mith passmg nme (Fig IV 11) In additods st
days, over 17 per cent of the total crystal calaum has :
quantity (oo large to be attributed to the crystal surfsco (65) T23”
strong presumptive evidence that Step IIT again represents intmay*
taline exchange anmamb&mmmﬂvwww
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phate exchange the rate-determining reaction in Step 11 would be the
thermal escape of unlabeled Ca'* from the crystal surface to the hydra

tron shell 1rrespectrce of the exchanging labeled cation That thisis trueis
indicated by the observation that the rate of Step Il or the A value s
the same whether the exchanging catbon is Sr** or Ca® (8) Fimalhy

Step 113 an extremely fast exchange and must involve the outermost
»ons, the calaum jons located in the hydrmation shell. From these analo-
3 we may presume that the three-step exchange of Ca®, like that of
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Fro. I\ 11 —A Jong term caldom exchange, showing a continued but progres-
shvely slowed removal of Ca® from solution by the solld pkase To this experiment
eight identica] flasks contatning apatite and Ca® were rotated at a comstant tem-
perature of 37° C. and were munpled serfally for mdloactivity sy and aakiom

concentration of the

PZ0,, represents the sequential dustribution of Ca* among the four
compartments of our crystal-solution model Presumably also the
extrapolation procedure, described previousty for estimating the
amounts of exchangeable 1n in the hydration shell and surface s as
applicable {or Ca® as it 1 for PBO,.

Nonetheless, further study is badly needed. The presence of aurrer
Inall but the very expensmve carner free Ca® preparations has rendered
tttempts at & kinetic approach (under equilibrium conditions) almost
imponible Desplte this difficulty and despite our lack of knowledge of
the 1soelectric pout of the hydroxy apatite crystal, there 13 some evi
dence that pomts ¢ and ¢ of Grmley s predictions given earlser are
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operative For example, Dallemagne and associates have demonstrated
(13 14) that the slow exchange process in hydroxy apatite aysas
(presumed here to be intracrystalline exchange) Is markedly depresed
by mcreasing the Ca/P ratio of the equilibration fuid It was showa
further by Fabry that the Ca/P mtio of preformed crystals is easly
altered by changes in the Ca/P ratio of the solution (17)

The problems 1mposed by the responsiveneas of the crystals to the
conditions 1n their fluid environment render 1t difficult to evaluate tod
compare different studies of fon exchange in hydroxy apatite preptt
thons and impossible to compare them quantitatively with booe mi-
eral. The smounts of exchangeable calcium and phosphate are deter
mmed ot only by the solid phase but also by the condiboos znder
which the exchange messurements are made g, pH, Ca/P rtw, sobd-
to-solution mtio Ca*++/H,0* ratio and temperature.

There are some results which at first glance, might argue agamst
this rather pessipustic analysss of the Uterature. Olsen (38) for &t
ample, reports that apatites of different size and camposition m differ
ent equilibrating sohstions give the same exchange vaiue as
by PRO, when expressed as 0 238 mg P/M? surface area (equivakent
3POF/surface unit cell) How fs It that this author i not pestercd 1Y
the complexity of the system under study? An analyss of his date 1=
veals the following critical pounts (o) he studsed only three prepart
tions of apatite all of which were phosphate-nch apatites (low Cy/P
ratlos) (5) all were studied at low solid-nolutson ratios at solably
equitibrium m solutions of low Ca/P rati From the preceding dace
mon it follows that under these clrrumstances the surface was mo®
less saturated with phosphate and that intracrystalline exchang® o
P20, was mmmued Le. an apparent exchange equilibmm it
quickly reached. Thus his messurement of mriuc:pba’l’h“"nm’yb‘
presamed to be !.l'u:ﬂumoiStf.-psIdeIu:ndn:-;:a'mentl'JJ“IF“”““he
phospbate rending in the hydration shell (P.) and m the erystal "‘;
face. Measuning P, only T eikel found he conld vary the quantly &
phosphate m the hydration shell from less than 2 to more the2 1
pet cent of the total phosphate in the same spatite PICP‘“'”‘""“)’
th&nOémovarSﬁmuIequuofpbmph;tnpu’mrixccumtcﬂl(ﬁS}

MAGNITUDE OF EXCIANGE IN BOWE MINERAL
Becauss of the many vansbles which affect the magnitode of (¢
exchange, it 1s difficult to evahuate the published reports on exchaaf®
bone in vitro l"lvtuifonevm-vemunoci.x-e\fl.lﬂyClcfuwdC"“‘:u’i'm"":'d
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the mast recent techniques to study exchange in bone preparations, it
13 doubtial whether the resalts would have quantitative meaning How
should the bone mineral be prepared for study? All manipulative tech-
niques alter the conditions that obtamn in vive Any sample of suf

ficrent size to be convenently studied will represent an average of wide
vanation 1n exchange at the histologleal }evel Even so the range in
reported exchange values is interesuing With fresh bone examined
under a vanety of conditions total exchange values vary from 5 to 50
per cent for phosphate and from 5 to 27 per cent for calaum (11 13 15

18 43 61) In general, low temperatute ashing increases the extent of
exchange of bone samples, while high temperature ashing nearly abol

shes 1t (40 43) Areas of new growth exhibit much more actrve ex

change than does matured compacta both in vive and 1n vitro (2, 4)

These observations are undoubtedly related to the water content, the
presence of organic materal and the crystal size. Low water content
and the presence of protein fibers prevent the accexs of the labeled fon
to the crystals. Low temperature ashing remaves the organic matersal
and permits better penetration of water and of sotope. High tempera

ture ashmg, on the other hard, invokes crystal growth with concomr
tant loss In surface area and reduced intrerystalline defects which
wedate mimerystalline exchange. In areas of new growth the factors
promotmg extensive exchange are smaller crystals, more lattice de

fects, and greater hydration. The maximum of 50 per cent phosphate
exchange lsted above was obtamed on such crystals scraped from
vewly forming penosteal surface.

It 13 doubtful then, whether much useful information wall be de-
rved from further studies of the exchange of powdered bone or bone
ash m vitro The main benefit to be denved from such studies s, of
course, a partial bridging of the gap between the purely norganic,
phrysicochemical model system and the complex system In vivo A more
peomising approach would be to apply quantitative mdicantography to
thin, histologuca! sectsons of intact bone tissue which have been exposed
to radloactive buffers,

Herezorownic EXCIANGE
Substitutinn of lattrce positions by jons foreign to the hydroxy apa
fite lattice hag been discussed in chapter ul. The mumber of such sub-
stitutions 13 rather limited but, at the surfaces of the crystals where
requirements are leas restrictive, the opportututies for
substltutions are much greater In the hydration shell, with its concen-
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tration of bound multicharged polanzed anfons and hydrated athey
n wide vadety of 1on substitutions is possible. In fact, such jon substtr-
tions—heleroronic exchange—permut hydroxy apatite crystals to mee
the componltion of fluxds in which they are placed. The complex proces
of heterolonic exchange 18 the primary determinant of the compestos
of bone mineral and warrants a detailed examination.

The mechanisms by which the hydroxy apatite crystals mirror
composition of thelr flukd environment are those described abow,
eluadated by exchange studies with PPOF diffuson mto the hyds-
tion shell and exchange with 1ons m the bound layer, 1n the surlacr, 124
in the crystal ntenor Smee there is considerable uncestamty as to t
precise fonic properties which are responsible for an affinity for ek
compartment of the crystal-water system, each san must be tested tof-
vidually for Its differential distribution There are, at present, two g
eml methads by which this diffecental datribution can be Investipted

Tons which are not selectively concentrated by hydroxy apatite &
be stuched only by means of a centrifugal sofation of the bydnte!
crystals free from contaminating, bulk soluticn. The uptake of %0 1Y
the nolid phase can then be determuned directly and related to the &
centration of the fon in the salution phase at equilibmum. A
study of ths type involving sodium and potassrum sons (36) will ¥
described in detail

Tons which are concentrated by hydroxy apatite crystals are 0ot
casily and definitively studied by a kinctic analysis of the dsapper
ance of the jon from a solution containing bydroxy spatite
The procedure is analogoas to that described above wnng P70s 54
Ca® A requirement of thus kinetic approach i & strict mainteots®®
equilibrium conditions with respect to [Ca++] (POT] &, and pH. T
only mipute quantities of the jon under investigation can be added
the equlibration sohutien The method is applcable therefore oaly
those 10ms for which high specific activity radsolsotopes or highly
tive analytical procedures are availeble, Where applicable, the
approach grves the most detailed Information concerntng the diatelbe
tion of an on m our four. ent model.

From the mformﬁan{;:lnmv:dmﬁom these two cqxﬁmt‘] w
proaches it is possible to differentiate the forr main classes of fon intef
actions with hydroxy apatite crystals te

T Tons which diffuse Into the hydmtiod shell but do not mncmﬂ‘ﬂ
there. A steady state 15 attained 1 & few bours or less, the 5yHes!






82 The Chemical Dynamics of Bose Mineral

tration of bound multicharged polanzed anwns and hydrated caons,
a wide varlety of 1on substitutions s poasible. In fact, such lon substitu-
tions—keterotonic exchange—permit hydroxy apatite crystals to mirror
the compositon of fhuds 1n which they are placed. The complex process
of heterolonic exchange js the primary determinant of the compositon
of bone mineral and warrants a detailed examination.

The mechanlams by which the kydroxy apatite cryatals mirror the
compomtion of therr fluld environment are those described above
clocidated by exchange studies with PR0O7 diifusion mto the hydrn
tion shell and exchange with fons m the bound layer in the surface, and
in the crystsl mterior Since there is comniderable uncertainty as to the
precise 1onic properties which are responsible for an affimty for each
compartment of the crystal water system, each lon must be tested mdi
vidually for its differentmal distribution. There are, at present, two gen-
eral methods by which this differentma! dutnbution can be nvestigated.

Ions which are not selectively concentrated by hydroxy apatite can
be studied only by means of a centrifagal molaton of the hydrated
cryutals free from contammating bulk solation. The uptake of jon by
the solid phase can then be determined directly and related to the con-
centration of the fon in the solution phase at equilibrum. A typieal
study of this type, mvolving sodum and potassium sons (56) will be
described m detasd

Ions which are concentrated by hydroxy apatite crystals are more
eanly and definitively studled by a kinetic analysis of the disappear
ance of the 1on from a solution containing hydrory apatte crystals.
The procedure is analogous to that described sbove, using P04 and
Ca*® A requirement of this kunetic approach is & strict maintenance of
equilibrrum conditions with respect to {Cat*] [PO7] g, and pH. Thus
only minute quantities of the lon under investigation can be added to
the equilibration sotutson. The method 18 applicable therefore, only fot
those 10ns for which high speafic activity radilsotopes or hughly sens-
tive analytical procedures are availsble, Where applicable, the kinetic
approach gives the most detailed nformation concerning the distnbu-
tion of an 10n 1n our four-compartment model.

From the information denved fram these two experimental p-
proaches, 1t is poasible to diferentrate the four main clagses of fon mter
actrons with hydroxy apatite crystals

L Tons which diffuse mto the hydration shell but do not concentrate
there A steady state 15 attamed m a few hours or less, the system s
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readily reversible and the concentration of the lon in the hydmted
solid is directly proportional to {ts concentration 1n the bulk solution

I Tons which enter the hydration shell and participate in the neu
tralumtion of surface-charge asymmetry A steady state uattained ina
few hours, the system Is readily reversible and the concentration of the
yon 1n the bydrated sold 18 a functron of its concentration in solution
relatrve to the concentration of the on being dispiaced  catddum phos-
phate or hydroxyl

11T Tons which enter the hydratwon shell and replace ons in the
cryatal surfaces. These lons may or may not also participate in the
neutrahmton of surface-charge asymmetry Agam a steady state 1s
attained in & few houns, the system is readily reversible, and the con
centration of the fon 1n the hydrated solid 1 a function of 1ts concentra,
tron 1 solation relative to the concentration of the 1on being displaced

IV Ions which can displace lattice Jons both in the surface and 1n
the crystal intenor A steady state cannot be demonstrated over pen
ods of months the system appears to be ureversible, and the concen
tration of the wn in the sobd phase is a function of its concentration
relative to the concentration of the 1on being displaced and the dura
ton of the equiibration.

It 15 not always easy to differentiate between Cluxs 1T and Class IIL
interactions, and a vanety of procedures has been employed to danfy
grom data on 1on bmdmg by hydroxy apatite, These procedures will be
described where employed.

Lackmg an expenmental study 1n vitro one can sometimes deduce
the probable dutrbution of an fon by comparmg its physwological be-
bnx in vivo with that of an jon which has been adequately invest:
B

In general, it has been found thst monovalent jons (K+ Na*+ CH
F-) diffuse into the hydratson shell but do not concentrate there Mul
tivalent amons and cations which are highly hydrated and/or palanz
able Mg+ Srt, Rat+ UOSH, CO7 [ctrate=?]) tend to concentrate
inthe hydration shell becommg part of the bound fon complex. Some of
these (Sr+ Ra*+ CO7) enter the crvtal surface itself In addition,
two monovalent Jons (Na+ F-) are known to enter the surface Some
few jons (St Ra*+ F-) can even enter the crystal fntenior and par
tidpate in Intracrystalline exchange. The ultimate distribution of some
of these ons (Mg UG and citrate=) B not completely known they
seem to be surface hmited, but whether these substitutions involve the
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bound fon layer and also the crystal surface 18 not certam In all cases
these spedific Interactions Involve a displacement of at least one of the
pormal lattice 1ons cations displace calcium, multivalent anions dis-
place phosphate, and fluoride displaces hydroxyl.

B0DIUM AND POTASSIUM BINDING BY HYDROXY APATITE CRYSTALS

The well-cheracterized L-apatite employed throughout these studies
contained less than 001 per cent of sodtum. Equilibrations were car
ried out In the apparatus descnbed previously (Fig IV-4) The sotu
tions contamed sodfum and potassmm chlondes in varymg propor
tions, while the sums of their concentrations were kept constant to
maintain & constant 1onic strength, The solutlons were weakly buffered
wmth diethylbarbituric aad at pH 74 Two grams of L-apatite were
equillbrated with 1 hiter of solution for 18 hours, which was shown to be
adequate to reach a solubility equilibrrum. The sodnm content of the
solid became constant withm 2 hours.

At the end of the equilibration period, apprommately 30 ml of the
solution were withdrawn by suctlon through a very fine sintered
glass filter for calchrm and phosphate analyses. The remamder of the
suspension was filtered and the crystals with their hydration shells, but
free from contammating bulk solution were wolated by high-speed cen-
trifugation (46) The solid was then dried and analyzed for sodium and
potasstum content by flame photometry The results (56) are given In
Figure IV 12,

Under conditions where temperature, pH, and 1onic strength are all
conatant the surface-charge asymmetry of the aystal and the volume
of the hydration layer may be assumed to remain constant and there
fore the amount of cation teken up by the solid due only to diffusnos
into the hydration layer 13 given by the relation

ALy w
hall.

ar
ur] =i 22pn @
S

where Af is the 1on under stady f desgnates the activity coefficlent, &
is the proportionality constant, and concentrations are indsated by
brackets. This relation states that the amount of cation m the sold
phase s directly proportional to the concentration of the cation 1n solt-
tson, provided that the cation does mot exchange for otker calions 13 He
crystal surfocs or particspats 1 the mewiralisalion of the surface-chargs
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arymmeiry ‘The data given in Figure TV 12 o show that equation (2)
describes the binding of potassiom very well At ;= 0 16 the curve s
linear within expenimental error at s = 100 Figure IV 12 b theren
a slight curvature which may be ascribed to amall changes in activity
coeflicents as the mole fractions of potassum K*/(Nat 4 Kt} vary
from 0 to 1

Since, under equilibrium conditrons, the chermical activaties m both
solid and sohution phases are equal, it may be assumed that the propor
tionahty constant In equation (1) is equal to unity With this agsump-
tron the sctivity coefficient, fu of potassium in the hydration shell
can be calculated thus

Su -ﬁfy-[%gr

where for at p =~ 016 is 072 (from Table I1) and the value fur =
0.55 Thus the activity of potassium i the hydration shell 15 consider
ably lower than that i the budk solution It seemns only reasenable that
1on 1on mteraction and son-solvent interaction would be greater m s
charge-oriented hydration layer than in an ordmary saluton partice-
Iarty since there exusts & hugh concentration of multicharged jons in the
bound layer

Equation (2) does not predict accurately the uptake of sodmm ion
by the sobd Thus 1s not surpnsing. It is & long-established fact that
bone muneral when boiled in non-aqueous alkaly, takes up great quan
titles of sodrum  but not potasanum For ths reason, the classical ashing
procedures have always employed KOH. Apparently the sodmm fon
can react with the crystal even in non-aquecus medium. In aqueoss
medigm 1t appears that the calefum fon is displaced from the solid by
the entering sodtum fona. Typical date, suggesting that the sodium 10
the solld 15 & function of 1ts concentration relative to calcdfum in solu-
tron are grven in Figure IV 13 At the moment 1t {8 not ssttled whether
sodium 5 displacng calcium sons i the bound fon layer of the hydr
tson shell or in the crystal surface itself or both. W ere the reaction m
the lattice surface, we should expect 1 sodium 1on (of radius 0 95 A} to
displace 1 calcum son (of radius 098 A) Wero sodom functoning m
the ditution of charge asymmetry in the hydraton shell we should ex
pect that 2 monovalent sodmm sons would be needed to replace 1 d
valent alaum ron. The sodum ron 1s less hydmted and polanmble
than 1s the calcum 10n. A partial answer to the location of sodrum
exchange can be obtained by a mathematical amalyms of the data.
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The sodram bons entering the crystal surface or the bound double
layer by exchange, [\al may be represented by the total sodiem con
tent mmus that sodum located in the hydrtion shell as & result of
diffusion only

[Nabe = [Nahawt = [Na}ure
While (Naltaws 15 observed [N\ala, must be estimated If it is assumed
that [Nalur = [K]u e under equivalent conditlons, since the fact that
[Klatt = [Klust has been established then

Nal = [Naluwt = [Rluta

044 T — T ™ o1e

SOLUTION CALCUM mM/L.
L ]
SOLUTION PHOSPHATES mM/L.

038} 1
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SOLUTION SODWAM X TOTAL CATIONS

Fio IV 13 —The displacement of cakdum lons from hydroxy apatite by sodl
nm
bont ut constant fonle strength p = 1.00- O = akium @ = total phosphates.

and the sodium uptake resulting from exckange can be obtained by sub-
tracting the potassum uptake curve from the observed total sodlum
uptake carve (f Fig IV 12) (It Is obvious that mast of the sodrum
entered the bydrated solld by simple diffusion.) From the law of mass
actwn, it follows that

[Calaxt 2wt tiw = [NalxF [Calay tim
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or
(Nele= £ [Calu (25) )

where [Cal, represents the concentratron of claum ons in the
crystal surface and/or the hydration-shell double layer If two sodium
10ns replace a single calaum Jon,

[Cales+ 2 [Na]stntion = Natlx + [Caluciution

or

.
(Naslew = & [Calo (222) )
003 - 1w}
® o)
3
T
i 0oz K
E ot i
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Fro. IV 14—Indeation of & male-for mole foric competition between sodlom
and calctam with hydmted hydroxy apatite crystals x = 0 162,

In erther case, lmear relations between [Na). and (ex,/0c,) seiution O
(6%./ac.) aan be expected only at low levels of sodiam mpregnation
where the term [Cale remains essentially constant. When the date are
plotted accordmg to equations (3) and (4) as m Figure IV 14 a mole-
for mole exchange 13 indicated. Thus suggests that the major exchange
reaction is a surface exchange. The lack of charge equivalence would be
expected to reduce the positrve charge on the crystal s surface, resulting
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in o Joss of neutrahaing amons in the hydrmtion shefl Tt has fndeed
been shown (65) that sodium wmpregnation sharply reduces the con
centration of phosphate 1n the hydration shell per cent P o, a3 meas
ured by exchange technlques.

There Is some Indication that not all the surface calcdum positions
are available for sodium exchange. Crystals suspended in solutions
where the molar ratio Na/Ca = 10 000 take up only 0 | mM/gm of
{N\al. This partrcular apatite has been shown (Table IV 2) to contain
02 mM Ca/gm apatite in the hydration shell and 015 mM Ca/gm
apatite in the crystal surface. At physiological coneentrations of so-
dium, only about 25 per cent of the surface calaum lons are displaced
by sodrum 1oma.! This represents a relatrvely weak affiity for apatite
The presence of sodium 1n bone must be due mainly to its high con
centration in physiological flulds.

The question arses as to whether the mechaniams involved in 50
drum uptake by a synthetic apatite in vitro can be extrapolated to the
physiologreal state of bone mineral in vivo A final answer cannot be
gven bat the sodlum content of bone can be reasonably expluned in
terms of the hydration-shell diffuson and aystal surface exchange.
The crystals of bone are smaller than the cryatals of apatite used 1n
these studies (63 M*/gm) and therefore present & greater surface area
probably approaching 300 M? as discussed earlier On the other hand
bone crystals are not fully hydrated averaging only about 04 gm
H{O/gm apatite (46) A rough estimate of the expected sodium content
of bone can thus be calculated from the results of our model system
Bone cryatal surface exchange = 0 0+ mM /gm

> %ﬁ%ﬁ%“ - 018 mM/gm
Bone hydration shell = 0 16 mM/gm
X O e T w008 /g
Tota! predicted Na content in bone ash = 0.26 mM/gm
Actual enalyses of bone range from 0.25 to 0.30 mM/gm ash 1n re
markable agreement wth the values predicted from the model system
1 This figure b based o experlroents I vitro The (Cat*] was only one-tenth

that of serum g+ wasnot present etc. For (hese surh
Teasons, ext,
rapolations ere
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OTIER CATIONS

1f our present conception af the cryztal-surface-hydration-shel! com-
plex 18 correct, we may expect some day to be able to clasxdfy af m
organic cations and amons mith respect to their internction with an
aqueons-hydroxy apatite arystal system. We may expect that the de-
gree to which an lon concentrates at the crystal-solution Iterface will
depend upon its valence 1ts hydration its polarizability and its mre.
Unfortunately there are msufficient data at hand from which to draw
such sweeping genernhumtions at present.

A number of cations beaudes sodrum some phyiological, some un
phywmological, are found to concentrate in bone in vive Of these, most
appear to enter the minera! phase by the mechanyms ducidated in the
radiophosphate and sodlum studies described above.

Magnesium

Of the total body content of magnesitm nearly 60 per cent rendes in
the skeleton (7) This akeletal depot 13 quite dynamzc, showing gun or
loss depending on the dietary level of magnesium Despite the physio-
logical importance of this jon, no study of ita interaction with hydroxy
apatite crystals has yet been reported. The physiological behavior of
sleletal megnestum indicates that it 15 a surface hmited jon (hydration
shell and/or surface) incapable of penetration into the lattice mtenor
(7) Thisis exsentully an srgument by analogy the magnestum of bone
behaves phymalogreally like the sodrum or carbomate of bone, Sodmm
and carbomate have been studied 1n model systems m vitro and appear
to be surface-lmited. On purely crystallographic grounds, Hendricks
has postulated that magnesrum  adsorbs” on the crystal surface a3
MgOH* (25) Dallemsgne and Fabry (14) reported that most of the
magnesium content of low temperature ashed (400°-600° C ) bone can
be removed by leaching mth water

Taken 1n tolo this fragmentary evidence suggests that magnesum
duplaces calaum m the hydration shell and/or surface on a mole-for
mole basis (7) Poar methodalogy and the lack of a suitable Isotope of
magnestum have hampered the development of our knowledge concern-
ing this important cation
Strontim

Interest m the strontrum cation was stumulated by reports that, in
conjunction with dietary calcrum supplements, 1t was a usefol adjuvant
m the therapy of osteoporosis (55) Lately mterest In skeletally depos-
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\ted strontium has incrensed greatly but for less humane reasons. Be

cause long-lived radiostrontium is one of the pnincipal fissiorf products
which perust after an atomic explosion, this lon holds a central position
in the arena of argument concerning the radroactive hazard to the gen

eral popalation resulting from competitive Russtan and American nu

dear weapons testing programs. It 15 not surprising thercfore that a
rash of government-sponsored studres on the metabolism of strontium
in antmals bas recently appeared Strangely the meckanism of stron

tham depasition 1n bone has been almost neglected This 1s now being
remedied Unprublished kinetic analyses of the disappearance of Sr**
from solutions of a model aqueous apatite system (8) have cleary
shown that rdiostrontium enters the crystals In the same way as does
radiocalaum itself The time course of the exchange of labeled stron

trum for crystal aalcium follows a three-step curve, and the mtes and
extent of the three processes are approxumately equal to those observed
with Ca® This means that Srt* has the properties requured for par

tapation in the neutraluation of the surface-charge asymmetry as well
as surface and intracrystalline exchange. It also suggests that strontium
has nearly the same affimty for apatite as does calcdum. Earlier evl

dence (33 34) and recent tissue-culture studies (51) are conmstent with
these general conclusions. The apparent discnimination against stron

trum in vive (Sr/Ca ratios in bome mineral are from one-half to one-
fifth the Sr/Ca of the diet [1 12]) must be ascribed prumarily to gut
(12) and kidney disenmination.

Radium

The atomic age has given great growth impetus to a new branch of
biologacal scrence—rduation biology Bendesa fundamental interest in
learning just how radiation affects living processes, the radintion biolo-
g1t abso has a somber yet practical reason for his stadies. There is an
urgent need for new knowledge of rad:ation effects as long as the posu
bility of nudlear warfare persusts m the world. One crucal problem in
th field mvolves the extrapolatson to the nvman of data obiamed on
experimental animals, The extrapolation 1s usually based on the largest
and best-documented group of human cases of radwation mjury aval
able—people who from ther occupation (radsum diaf panting) or their
doctor (mdum water 23 2 tonic) acquired a ‘ body burden” of radjum
(32) One of the unique aspects of these cases was the extremely slow
excretion of the skeletally deposited radium

A comprehensive study of the kinetics of the exchange of mdwm for
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cefcnum in the aqueous-hydroxy apatite mode! system bas been made
(42) Like strontium radium enters the hydration shell and the aysal
surface and can also partiapate in tmcrystalline exchange. After
short exposure periods, the radium can be dnven off the crystals by the
addition of & competitive lon such s ealeum to the sofution, Sodfum
fon because of its Jower affinity for apatite, is without measurable com-
petitive influence on the mdnm exchange.

Uranyl Ion

Like strontlum and radium, uranrum owes its importance to the ad-
vent of the atomuc age A prrmary nuclear fuel urannum, both normal
and isotoplally ennched, is belng processed m large quantities by large
numbers of people and consequently has become a potential
exposure harard \Vartime studies (60) had establahed that only hem
valent uranium, UO3™+ 13 of practical phyntological importance, since
all other vulence forms esther are not absorbed or are oxidired to UOT*
m vivo The uranyl son, which 1s retained in the body is found almost
exclusively m the bone mineral (there is & tempurary retention 1n the
kiduey) from which 1t s mobilired only dlowly The underlymg mecha
mams m this skeletal depontion are umilar to those of other foreign
cations. Studies m vitro of UOJ™ foation were made before current
concepts of the crystal-surface-salution wterface and current expert-
mental techniques had been developed. W e do know that the uranyl joa
penttrates the hydration shell and exchanges for claum on a molar
1 for 2 bass

UQF + crystals — crysaals + 2Ca**

¢ e do not know to what extent this exchange occurs in the bound-xa
Layer and/or the crystal surface. WWe might expect from 1ts large fonfc
volume and polatiability that the urany] jon would be more effectrve
1n neutralizmg charge asymmetry than in exchanging for surface sites.
However urany! ron fixation is accompanied by & loss i exchangesble
phosphate, which may mdicate some gurface exchange. This should be
remvestigated. The fact that UG+ exchange 1 readily reversible m
vitro demonstrates that the exchange 13 surfacedimited.

Hydrontum
In eardier discusuans of the crystallography of hydraxy apatite
(chap 1h) It was neceasary to resort to the general formuletion,

Caeo(H:0")5(POY(OH)s
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10 explain the vamble stoichiometry encoumtered in different samples
of this mineral. Inherent In thrs formulation is a presumed substitution
of 2 moles of hydrontum jon for 1 of calerum. Yet the end product of
such & presumed substitution tells us nothing about the mechanism or
location of the substitution. For example let us assume that HO* sub-
stitutes for lattree Ca+* not on a charge-equivatent bams but mole for
mole, 83 does sodium lon, thus

H;0* 4 [Carn(POJ(OH)] — [Can(H0*) (PO )5y (OH)i)

+ Cat+ + JPOy
where the loss of arystal charge in substitating monovalent jons for
divalent lons causes a loss of surface bound anions, as was ohserved 1n

sodmm exchange. By repeating this process over and over and re
comblnmg the 1ons released from the sold phase we obtain
18HO* - 18{Ca1o(PO)(OH)] — ACas(H:0)(POJ(OH)]
+ HCare(POJ(OH)] + 9Catt

Thus the resalting products of 2 mole-for mole exchange proces would
appear, on analysis, as a charge-equivalent exchange, ZH;O% for 1Cat+

Actually there exist some fragmentaty mdications that the under
lying exchange 15 mdeed non-equivalent mole for mole, Hodge in col
lecung solubility data from the hiterature observed as had Shear and
Kramer (54) an empincal relation between [Hy0+) expressed as pH and
{Ca**] m solutions In equillbrium with hydroxy apatite (27)

log [Ca**] = C ~ pH,

where C 15 an empmical constant. Levinskas, too 1n studymg the sotu
bility of L-apatite, found a linear relation (slope of unity) between pH
and [Ca**] m the supernatant sohitions (30) In both matances if the
exchange substitation were on an equivalent-charge basls, ore would
expect {Ca*] to vary Inversely with the sguare of the hydrogen fon
concentration

This kind of indirect, empincal evidence fs, of course madequate.
Unfortunately it s almost Impossible to study pH as an independent
vamhl:.Evu'ydnngcianremlumucnrmspondmgchmgeh
POH [Ca**] [Ca*]/[Puwi] and HyPO, /HPO; Even s kinetic study
of hydronrum-calaqum exchange mth labeled fons (deutenum or trt
ium) 13 not practical because of the exchange of the label with the
whols of the aqueous solution.
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Hydronium ion substitution is equally unsatisfactory from thestrnc
taral standpomnt, The potassum lon which is only 40 per cent larger
than calclum does not displace calaium in hydroxy apatite surftcs.
How 13 it that 20 per cent of the total calctum posttions In the lattice
can be occupied by two hydroniom fons (of chap i) each of whichs
at Jeast 40 per cent larger than ealcium? Perhaps it 15 not the hydro-
nrum but the hydrogen 1on that actually partiapates i lattice €1
change. The hydrogen 10n, a bare proton occupies 2 negligible space
and can diffuse through even 2 closely pocked lattice. On stats
tieal grounds, the crystal surface should have the compositxe
[Ca3+(POT)s OH-]/surface unut ceil. Suppose under conditsons of low
pH and low Ca/P ratio the last layer deposited on the crystal bad the
following composition [Cat*H{(PO7); OH-] This can be rewntten
as [CaH;0*(POJ),] The baus for postulating the presence of by-
dronuum in the lattice was the amount of water lost from low Ca/P
apatites at elevated temperatures. Here 1t is seen that water loss ar
be explained as 2 Joss of H* and OH~ by recombination

Of all the questions 1n the crystallography and surface chemstry of
the apatite minerals hydronnim 1on substitution s the most perpks
ing and most difficult to resolve experimentally

Cations Inedeqrately Studied

Bexdes strontium mdium and uranium, there are & number of otber
unphysiological cntions which concentrate so selectively in the keleton
that they have been termed bone seelers.” Unfortunately pooc o
these has been studled sufficently to permit an sssignment of the
tnderlying mechamsms but there do appesr to be two distinct classc
of cations based on their histological dutnbution m bone tisse. Oz
group shows a distribution pattern very smilar to that of Ca® and
includes beryllium and thorfum besides strontrum and radium. The
other group concentrates in areas of active bone resorption and inchudes
plutonium galllum yttriam and other rare earths, and some of the
transuranic elements (31) As a class, tlus gecond group tends to for®
colloidal hydrondes. For a time it was thought that this group depos-
ited in osteold. Thus iy not established however sod phitonmum 8t
least, secms to have an affiity for bone mineral (19) Chdfymg ™
scarch on the mechanm of depomtion of this second groap of 10 5
urgently needed. Preliminary observations of the deposition of ladins
rmodel system m our labarmtory indicate that its entry Into the crysal
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docs not involve a mmple displacement of caldum as heretofore be
heved (44) This ‘bone-seeher necds remvestigation.
ANIONS

Although calenmi-dsplacing cations have recewed the most atten
tion we know that both phesphate and hydroxy {ons can participate
in erystal-aolation interchange Recent studies have shown that certan
phymological and non-phynolomeal antons can compete in these inter
changes.
Carbonale

One of the most important displacements Is that of phosphate jons
by carbonate fons, an exchange of both physiologan! and crystallo-
graphic interest The nature and state of the carbonate of bone mineral
(up to 4 or 5 per cent COy by weight) have been subjects of heated de
bate for nearty a hundred years and even today the problem is far from
settled. There has been conmderable clarification however and only
two sufgestions remain in senious contentlon (a) the exchange of car
bonate for phosphate on the crystal surface (25 47) and (3) the substs
tuton of carbonate for phosphate within the crystal lattice.

There stfll appears from time to time a third suggestion (50) that
the carbonate is present as a separnte phase of calcrum carbonate.
There 13 no critleal evidence to support this idea, and it can be regurded
as most unlikely Conmdered as support ere two lmes of evidence (a)
the mfrared absorption of carbonate in bone mineral is indistingush
able from that of calate, CaCO; (49 59) and () an enalyms of low
angle X ray scatter (50) hus been interpreted as indicating the presence
of two mzes of particles one very smail. While these two findmgps are
conmstent with the idea of a separate phase they do not exdude other
explanations. Since the extmceltular flurds are undermaturated with re
spect to the K.y of CaCO; and senmtive X ray diffraction tests fall to
demonstrate the presence of two phases, 1t teems quite unpecessary to
propose that bone carbonate 1s present as calate

Recent expenments, sumflar in design to those described previously
for sodfum have demonstrated that carbonate Is removed by apatite
carystals from solutions below the Ko, of CaCO; that phosphate s dis-
pleced from the cryxtals to the solution that the exchange substitution
18 readily reveraible and that quantitatively thus heterolonic exchange
<an account for the carbonate foand in bone (47) More recently it has
been shown that carbonate impregnation reduces the readily exchange-
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able phosphate (both in the hydration shell and in the surface) of the
crystals, as measured by P20, (57)

All these results fit the pattern characteristic of a surface Limuted s
capable of partiapating m both surface-charge neutralizatson and sar
face 10n exchange. The extent of skeletal carbonate exchange in vive
closely parallels the extent of skeletal sodsum exchange (of chap. v),
which is now accepted as being a surface hmited reaction On the other
hand in glycol-ashed bone the carbonate does not appear to be readily
exchangeable or capable of easy removal by exposure to solutions of
high phosphate content or low pH whereas sodum 1s. All this suggests
that in bone mmeral formed at only 37° C and from dilute solutions,
carbonate 19 himited to the crystal surfaces, while in ashed bone and
probably in geologrcal specimens slso the carbonate s situated withm
the crystal hattice. Tt is mgnuficant that most of the suppart for the

‘intracrystalline carbonate  hypothesis has evolved from the study of
selected geological minerals (35) not from the study of fresh bone.

Cutrate

While the preseace of carbonate n bone mineral swas recognired very
early nearly & hundred years passed before Dickens discovered dtrate
to be an ever present constituent of the skeleton at about 1 per cent of
the ash weight (16) Because of the importance of citrate 1n intermedr-
ary metabolism and its strong affinity for calaum jon its presence in
bone mised a number of mtriguing questions. Is there special sgnif-
cance to bone atmte? Is it adventitiously bound by the crystels by ex
change with the body flusds, o does the atrate in bone onginate {rom
the metabolism of the bone cells?

It has now been established independently by two different labora
tones (3 58) that hydroxy apatite removes aitrate from solutions very
cffcrently in vitro The mechanmm of citrate-bindmg appears to b
analogous to that for carbonate fixaton—an exchange displacement of
phasphate groups m the crystal solution interface. Because of its molec
ular size, 1t {3 Improbable that citrate can participate m intracrystalline
exchange rather of all ions 1t would be expected to be limted to par
trcipation in the neutralimtion of charge asymmetry in the hydratroa
shell. Critical data on this point are lacking however The occurrence
of thus passive surface reaction appears to sccount quantitatively for
the atrate content of bone (3) but this tells nothing of the ongm of the
citrate whether 1t is synthesized locally or 13 carried to the bone by the
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crculation from an extra sheletal site of synthesis. Chapter v deals
with this problem m detall

Flworrde

The presence of catbonate and citrte greatly wmcreases the sofubihity
of hydroxy apatite (2) while fluoride markedly inhibits drssolution. Tt
1 this property of decreasing solubility that provides the basis for the
use of fluorides in preventive dentistry Itis also the probable basis for
fluonde s chronic toxic effects at low levels of intake Thus physlolog
cl, mmeral resorptive processes are inhibited by exceserve dietary
flnonde giving nse to mottled enamel, increased bone dennty  skeletal
malformation and exostoses.

There 1 some confusion In the lterature concerming the mechanism
of hydroxy apatite-fluoride mteraction Much of this confusion results
from the we in preventive dentistry of two quite different fluonde con-
centratsons. For public water supplies, a fluonde kevel of 0.5-1ppm is
recommended Below this level, protection against dental canes s not
maximal, and as the Jevel 18 raused, dental fluoroals (mottled enamel)
develops in mereanng incxdence. For topreal apphication in the denust s
office, a concentration of 1-2 per cent 1 usually recommended. At the
high concentration calcum fluoride CaFy 1 formed with a concomu

tant rejease of phophate fons, a process analogous to double salt de-
compountion (21)

20NaF + Ca {POY{OH); — 10CaF, + 6Na, PO, + 2NaOH

This reaction 1n the mouth is prohably limited to the surface layers of
the dental enamel.

Parentenally such levels would, of course belethal Fluonde deposi
tion in the skeleton occurs at 1 p p.m. or less in the body fluds. The
prncipal reaction at these levels appears to Involve an exchange, which
1 not surface-himited, of fluonde for hydroxyl groups (45) It 1s not
readily reversible in vitro (36) and very high skeletal levels of fluoride
have been reported in vivo—too hugh 2 Jevel to be accovmted for asa
surface reaction oaly (37) The fluoride exchange 13 extremely depend
entonpH At alkaline pH only small amounts of fluonde are taken up
by the solid and a steady state is quickly attamed. At low pH much
meﬂmndehﬁxcdbytb:cry:uls,undthuyﬂunuppmchucquﬂ:b-
rfum slowly Typscal data (39) are givenin Figure TV 15 All thisiscon
istent with Gnmley 8 mathematical annlysis given eardier Le. at high
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[OH-] 1n solution there are few vacant hydraxyl positions m the
crystal, and intracrystalime exchange is nearly abolished while at Jow
[OH~] the fuonde won eanily duffuses into the crystal intenar Nonethe-
less, clanfying resenrch Is needed.

CHorde

Like potassium  the chloride ron diffuses mto the hydration shell but
docs not concentrate there or undergo exchange at the crystal surface

Fro TV 15 —The eflect of [OH ] on F'% uptake by apatite crystals. Cooditions
x = 0165 KCl = 0,160 3 barblruric acid = 0.005 31 pH adjusted with HCl o
NaOH 23 mg L-spatite per 100 ml. Note near-absence of n exchangs
(30-270 rin ) st pH 9 0 a3 compared w{th continued mptake at pH 6.0

(56) Therefore, despite the high concentration of chloride mn extracel
lular water its concentration i mature bone 13 quite Jow

Sranary
It has been shown that all the posnble chemucal reactions which
hydroxy spatite crystals might mndergo involve a transfer of Jons acros
the crystal-solution interface. The nature of this wterface 1 not fully
clarified at present, but it 1y certan that because the crystals are 30
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timy and calaum is non polarizable strong chectric fiekls are projected
anay from the crvatal surfaces. These fields give nsc to a hound fon
layer which in turn acqures an insulating layer of water—the hydm
tion shell Exchange between lons in solution and those in the hydr
tion shell is extremely apid Exchange between fons in the hydration
shell and the crystal surface 18 faidy rapid but is dependent on the mate
at which the 10n1s thermally ejected or difuses out from its lattice post

TABLE IV-§

SUMM ARY OF PRESENT EVIDENCE CONCERNING PARTICT
PATION oF 10%3 Ix HIYDROXY AFATITE-SOLUTION

INTERACTION
Fruere v or Tow rvto
to Hydratiou Shell r Tow
Crrat | Coym | DPmER
Water | Bouad e | Jetiee | Iateriac
Ouly Layer
K* + — - — _
e + - -
g * + ? i—?
5 A
+ \ad
Re + + + +
Cr + + + +
o + - - - -
gc';_ﬂe" 1 +? — -
+ + - ro=
POt + + +}
F + -? + + J OH-

Kot etnducd directly deduced from plysiclepcal dats (7).

tion Exchange withm the crystal is quite slow and Is dependent on the
thermal migration of defects and vacant lattice posmitons. This thermal
ntracrystaliine exchange can be described i only semiqualitative

theoretical terms at present.

Presumably any fon present in solution can and will trate the
bydration shell. Only specific rons tend to concentrate mydnﬂon
shell. A greater and different spedifiaty Is required of jons penetrating
the surface, and of these, only a {ew are soffiently similar to normal
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lattice fons to permit entry Into the crystal Interior The status of oar
knowledge concerning the differential distribution of vanous physb-
logical and bone-seeking foretgn fons Is summarized in Tuble IV-6
There is great need for additional research on the nature of the hydn-
tion shell, on the kinetics of Ca® exchange, and on the mechanbm of
apatite crystal Interactions with a number of cations—H,0+ Mg
Pbtt, angd the rare earths In partwcutar

Bone mmeral 1n vitro shows exchange properties sumllar to the sy
thetic hydroxy apatite model system varymg from less active m estab-
lshed cortical areas to much more active m areas of new crystal depos-
uon.



CHAPTER \

Skeletal Dynamcs

\\ ¢ have now reached the stage in our development of concepts of
bone metabolism where we must leave the test tube and turn to the
amumal as the container for our expenuments. Y\ ¢ have pointed out
from time to time that, for lack of theoretical background and cnitical
data we were skating on very thin ice even in the mterpretation of re-
sults obtaimed with sumphfied model systems in vitro From hete on
the skating becomes even more hazardous. Indeed m certain areas we
must walk en water or drown m confusion

Briefly the problem is to project the rules of behavior of the
squeous-apatite crystal system denved from equillbnum studies mto
the dynamic whirlpool of anmal metabolsm with its built m checks
and controls, where change s the order of the day, where equilibrrum is
2 goal ever sought but rarely achieved. Our problem is very much like
that of the honest poliucian who would attempt to apply the Golden
Rule to practical politics.

TrE WATER OF Living Bove

One thing is certun to extrapolate from laboratory studies of
isownic and hetermonic exchange 1n hydrated erystals in vitro one re-
quures an fntimate knowledge of the crystal-solution interface 1n Livmg
bone itself. It 18 here that we meet our first disappomtment oty a half
dazen papers in the entire hiterature are concerned wath the state of
waier in bone.

Two publications by Deakins (29 30) now nearly fifteen vean old,
are clastics, however and these will be discussed 1n some detafl The
tiesne selected for study was unerupted dental enamel (pig) a wise
chowce for 1t 1s fust about the only calcified structure that is histolog-
cully homogeneons. Deanty wet weight dry wesght, and ashed welght
were determined on each sample. Reasoning that the exprexsion of com
poution can be muleading the author chose to report his data as

weight per unit vohmme (mg/mm®) A summary of these data is grven in
Figure V 1
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Dealins work was performed with great care and attention to
detayl Unfortunately, the significance of his findings went unnoticed
throughout the succeeding years. Only recently has the importance of
volume considerations as contrasted with weight considerations beemn
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Fio. \ 1 —“Summary of chemical changes n developng pig cnamed st varoot
densdtiex. The alope of the ash curve s 1 59 tho stcond part of the water 6,
—0.5 1.59/3 18 = +0.5 or slope of a curve whach would be the rate of Increase it
vohume of ash per cabac millimeter of ensmel (W cight divided by density bs cquat
to valame.) Theso tno slopes bemg equal and opposite fn dgn mexns that the
volume of ush deposited just fills the spece from which the water was disphctd-
3.18 s the accepted density of apatite, the mneral substance In enamet” (79)

rediscovered. This rediscovery has been prompted by two develop-
ments (a) chemucal evidence that the water of caloified tissues 18 large-
ly 1 & bond form and (8) morphological (and  turnover”) studies
showmg that the organic phase prmapally collagen fs a fixed quantity
suggesting a reciprocal relation between the crystals and the water
present

Deakins conclusion that the voluwms of ash deposited fust fills the
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space from which the water was displaced” is of fundamental impor

fance 1t supgests that the dnving fone toward minerahzation inherent
1n the supermaturated body flukls 1a #o great that crystailization pro-
ceeds until there s no space left for further expansion and the water is
nearly oll displaced Tt might be asked why oll of the water 11 not dis-
placed This can be answered only in terms of rates. As crystals form
and grom 1 a fixed volume by displacement of water the water apaces
between crystals or between crystals and adjacent protein fibers be

come smaller and smaller For the crystals to grow lons must diffuse in
from the orculation As these water spaces approach atomic dimen

wons 100 can no longer diffuse at appreciable rates. This s easily seen
1n Figures \ 2 and V 3 taken from Sollner (78) who discussed the
restrcton of diffusion by charge and pore size The diagrams represent
the case for univalent lons and charges It 13 of special interest to us

here concerned with Catt and POY that Sollner states  Polyvalent
10ns are much more restncted in thelr permeation than unl-
valent sons because polyvalent sons are large and have a high charge
that prevents them by electric repulsion from entenng narrow pores
which are acceasible to umvalent lons.

From Deakiny data and corollary informatwon, we can calculate the
thickness of the water space in maximally mineralized enamel, provided
that certain reasonable asrumptions are permitted. These caleulations,
n which ali doubtful assumptions are designed to maximize the water
space are given in Table V 1 showing that in fully mineralized enamel
the water spaces are, indeed spproaching atomic dimenyions, Cryvatals
cannot continue growmg if lons cannot diffuss n from the cutsde
environment.

This theoretical development is based on data ohtamed from the
study of enamel. What of bone? Robinson has reported (75) that the
volume anafyus of Deaking ctn be applied abso to bone but there are
some uncertaintres introduced because of the histological heterogeneity
even of selected samples of cortleal bone. Robinson has attempted to
account for the water content of the osteocytes, canaliculy, and Haver
slan canals and to the consternation of many has found that the total
water preseat in cortical bone 13 only sufficlent to fill these spaces, Jeav
ing no water at all for the crystals or the organic phase in fully mmen!
1zed bone! But hss calculations must be subfect to an uncertainty of 3-5
per cent. For theoretical reasons given above, crystallimtion cannot
exclude o/l water In support of Robinson s contention is the finding
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that bttle or no water can be removed from finely powdered cortxab
bone specimens young or old by enormous centrifugal farces—forces
sufficient to sirip from the crystaks all mechamcally held water (69)

Fortunately Robnson s findings can be confirmed wathin the emrar
likely in his measurements by calculations which are based on the
quantitative microradiographic results of Amprno (2) who found that
varrous Haversun systems exhibit varying densities. Same demsity
vanation 1s seen even within g aingle Haversian system Qlder or pn-
mary interatitin] Jamellae are the most mumeralired, having a marmal
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anty of about 240! From this it may be calculated asin Table V 2
1t these areas of maximally mineralized bone contaln only about 3
r cent water an amount only twice that found by direct measure-
mt in enamel Since greater amounts of organic material arc present
bone and since the crystals of bone are smaller than those of enamel
is safe to conclude that, as with enamel maximal mineralization of
1 \ctmlly Amprno s reaults are expressed only as relative denaltles, However

ording ta R A. R blowon, Amprino s relative densities may be regarded ss very
¢ approximations of the abwlute dendtien.

TABLL V 1

CALCULATION OF WATER SFACE OR WATER FILM TIICKKESS
1N MAXIMALLY MINERALIZED ENAMEL

\seuming that
)hﬂ.nnllhktmqofn(nmm‘mlngl\ml[-ﬂnlcrpmnthmmtd to
hm?ﬂnﬂmmehhmﬂldﬂm the organic matter b not

)hﬂm!thichm-o{h\nﬂ!m\mh:ghm{( fargest value for effeciive aren
of water malecule [s asaumed 1

lh.dmallhlckneua!ﬁhnlmbeghml{uneoltbe surfaces of crywtal Is
mcdmuﬂgm‘llhlnof;‘nk laaving only the crystal suriace

qurdﬁ:mﬂ:ammumummn-vﬂhbk for ename] (free of
m-ltrhl) 2 valye must be ealculated {rom the observed erystal thicknem of 100 A
(87) (see chap. fv ‘m;te IV 1 crystal No 8) or 100 Mi/gm.

Given (29) Maxionm density of enamel = 2 76, Mineral = 2 62, organic mat
r=005 water = U.lz.lﬂn:mml of enamel @ i

L Surface aren/m! epamel = Grams/mlXmrface aren/gm
1. Sarface ares exposed/ml = Sarface area/gmX}
L No. molecules of water to make _ _Surface area exposed/ml
monolayer/ml  Suslace area/ 10 mokeculs
V Noof - Wt of water/m!
0. of H:0 molecules present/ml “Mokcnlar wt X Avogadro s No.
\ hoot lar layers - No. H;0 molecules/ml
mdecn| No. 0 molecules n monclayer
L 262100 ) /gm = 262 MI=2.61X 107 AY/ml
L 26210 A 2 = 131X 107 AV/ml
1. 131100 A
Tosh— = 1.253 10" molecules/ml
012
V g Xox1om = 4% 10% molecules/ml
v Axiom

T25xTom = 3.2 molecular yers
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plete minerlizmtion Thus, as the csteold for o new lamella 19 laid
down, it rapedly mincrahizes to the polnt at which diffusion rates begin
to fall. Thereafter it very slowly approaches full mineralization In
terms of the life span of a lamella then only a small time Interval 1s
devoted to the accumulation of the bulk of the mineral. Actually, this
has been the experdence of the histologist emplaying the microradio-
graphuc technique (4 8 70) In examining a section of bone he finds
few if amy Haversian systems or trabeculae primary or secondary

with & low degree of mincralizmtion even In very young bone. On the

RATE OF
KON TRANSFER

[[s]
PERCENT OF MAXTMAL MINERALIZATION

Fie. \ 4. —\ dlagrammatic representation of the relation to be expected between
rate of on transler (axch mineral acquisdtion, or ton) and the degree
of mineralmrution of any given structaral element of bones or teeth. A mte of unity
i the maximal rate of unimpeded diffusion. At polnt A the water spaces are ap-
proaching atomic dimensions, thus restricting difesson mtes.

other hand, he finds a great many bone elements which are almost
(80-50 per cent) but not quite, fully mneralized.

The rates of diffusion of fon transfer and therefore of mineralization
should continue maxmally up to a certan crtical water content.
Thereafter they should fall precipltously with each small increment 1
the degres of mineralimtion 83 presented dingrammatically m Figure
V-4 That these expectations are realized 1n the mntact animal is indi
ated by the studies of Cartler (23) which are Mlustrated m Figure
V'5 At the lustological level this ph has been d mated
by the use of quantitative radiautography (10)

Itmnotknown at present whether the increase in mineralization Is
due only to crystal growth or whether new crystals also form Probably
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both occur but the gross effect is the same i either case, There s vk
dence that okler crystals are larger, as seen in the electron microscopt
(87) It has been shown that the ratio in hone of certain surface-hmied
fons to calcium falls with Increasing age of the rat (71) an observation
to be expected 1f crystal size increased causing the ratio of surface joos
1o intenor ions to fall. Another bit of evidence cnn be drawn indirectly
from radon excretion The proportion of exhaled radon derived from
skeletally deposited radium falls with passimg time (68) Simce radium
resides within the crystal (chap iv) and since radon escapes by virtoe
of its recoil energy derived from the druntegration of mdium (a con-
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Fio. ¥ §~Dam {limtmting the sharp decline (o diffasion rates (s Indioated
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(a3 indicated bv the weight percentage of phosphorms In bone) Taken from
Cartler (23)

stant) this means that the effective mass through which the radon
muat blast its way is mcreasing This can be interpreted to mdicate
crystal growth (68)

Another factor to be constdered m the mmeraliztion process 1 the
organic content. Water 13 displaced collagen is not (29 30 75 81
The meximal degree of mmerahsation is obviously governed by the
ameous! of organic materal present the less organic matter in a boae of
tooth structure, the higher the degree of mmeraliztron possible, 23
disgramed in Figure V-6. For example, the high-density lines—the s0-
called cementing imes —crctmscribing Haverman systems are nat rich
1n mmeral by virtue of the nature of the organie matter present bat
rather by virtue of the lock of orgamc matenal in these areas. Thisfs 2
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hutolopially demonstrated fact (25) This same relation has been
demonstrated In cartilage (74)

Because of the heterogenaity of bone at the histological level it
should be fairly obvious that values for the water content obtained by
drymg whole bones have little meaning wath respect to the hydration of
the mmeral crystals in vivo This 18 eapecnlly true if care 1s not exer
cised In completely excluding marrow and other soft tissue from the
sarples to be analyzed a difficult task with cancellous bone For the
sake of completeness only the range of such analyses will be listed
cortical bone from 10 to 22 per cent cancellous bone from 30 to 52 per
cent (34 73) The data calculated and observed presented in this

27|
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F1o V6.~ alculation of the relation between maximal demity and ergasic

content derived from Table \ 2 The water mineral ratio is kept constant at 004 ml
HO/0.300 m) Inorganic,

chapter suggest that of the cortical bone water about 5-10 per cent is
located in blood vessels and osteocytes and their accompanying lacanae
and canaliculae much of the remainder must be regarded as bound
hydration shell water

The data of Edelman ¢ a! (34) on the exchange of cortical-bone
¥ater as measured by deutertum indicate that bone water 18 100 per
cent exchangeable. Because water dissociates (in this case D0 =
D*+ 0D~ thus study describes the permeability of bone to the ron
D* The laboratory pH meter employs a glass electrode proof that the
proton H* can permeate even glass. While the deuteron may not be so
sl 3 2 proton it should easily permeate all areas of bone Actually
the exchange was not complete even in 4 hours (only 90 per cent)
while moxt soft tissues equilibrate 1n a few minutes, This Is an indica
twon of restricted diffuston of cven the deateron.
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PATTERNS OF SKELLTAL REACTIVITY

We have defined fon exchange m our model systems m vitro as an
equilibrium condition In which there is no net gain or loss betwemn sobd
and solution phases. In the living skeleton where there B contimming
acquisition of mineral it 13 probably Incorrect to use the term oo ex
change * to describe fon transfers back and forth across the crystel
solution interface. However for every lon added to the cryatal, bun-
dreds thousands, perhaps millions, of 1ons have exckanged therefore
the term 10n exchange s descriptive even if shghtly maccurate, In
any event, the four physicochemical processes elucdated with mode!
systems in vitro—(e) diffusion mto the hydmtion shell (5) exchange in
the crystal s bound lon layer (c) exchange at the crystal surface, and
(d) intracryntaliine exchange—are all operative 1 the living skeleton
but are markedly modified by 1n vive conditions.

Becase the serum 15 supersaturated with respect to cakorum and
phosphate, the tendency is for all bone structures gradually to attaln
manmal minerahization The more fully minerallzed the structure, the
maore restncted are the droulation diffusion, and exchange of jons.
From this it follows that the age of the bone 15 the primary determmant
of 1ts chemtcal resctivity Thrs applies to any bone structure, whether
1t be & trabeculs & Haversun system, an mterstital or subpenostes]
Iameila, Young bone 15 more vascilar and has a higher water content,
permitting fast diffusion rates and & high rate of acquusition of adds-
tional mineral bewdes the crystals, bemg small and less perfect, per
put rapid surface exchange recrystallization,’ and mtractystaiine e
change (3 4 6 10 15 31 37,52 57 86) However the contmoalac
quution of mineral at any level of development ipparts an mrevers-
bility to all exchange reactions in vivo. Those fona which can migrate
into the lLattice are soan buned under layers of subsequently added
mineral with little possibility that they will mugrate back to the surfece
and escape before the cryytal becomes diffusson locked. Even a surfsct
Lmited 1on like sodhum can be trapped. As the water coatent falls to its
mmimal vatue, the sodrum fon can no Jenger freely diffuse back to the
dreulation This mrevernibility of exchange in vivo was
early (63) but was ot chemucally demonstrated until much later (58-
60) The rapidity with which frreversibility develops 1a caly now fully
appreclated

2. The tem “recrystaltiation s med hero in the conventinal, chsc scnee
the dlsclation and redeposition of crystak
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These two faclors governing skeletal reactivity 1n vivo—(a) then
verse relation between the age of the bone element and the rates of ion
transfers and crvstal formation and (b) the urevermbility of exchange
reactions because of intracrvatallme exchange and crystal growth —per
mut the use of radleactive fons and dyes which chemisorb on apatite
crystals, as excellent histological markers for the study of the growth
processes in bone (53) The bulk of the injected dose quickly concen
trates in the arcas of current and recent sites of bone formation. Aftera
short tume, the marker 18 irreversibly fixed and undergoes very little
translocation. In time of course, an old growth site may be actively
resorbed but in such a case the release of the marker 1s gradual and it
becormes o0 diluted in the general arculation that no appreaable error
(33) of translocation occurs m the histological pleture

Thus the crystal-seeking radisactive fons (irrespective of sze or
charge) concentrate in the growth areas, giving charactenstic auto-
nndwgraphi patterns, depending on the species and age of the arumal
and the bone or area of bone studied This is illustrated for a long bone
m Figure V 7 In the young bone Figure V.7 1 the highest concentra
tions of {sotope are seen 1n the growmg ends at the epiphyseal plate, on
the endosteal surfaces 1n the funnel and on the outer perosteal sur
faces of the shaft. These correapond exactly to the sites of most raprd
remodeling and appositional growth Not clear in a gross autoradio-
gram but easily seen at higher power (Fig V-8) 15 the diffuse radio-
actty in pre-emistmg bone. Later 1n the amumal s ife, as growth mute
subsides and the pre-exsting compacta becomes more fully mmeral
ized a very sharp sutograph Is obtained. The radicactivity 1s found m
the same general areas the epiphyscal plate the endosteal funnel and
the subperiosteal layer However the lines of deposition are thmner
and more sharply defined. Much less diffuse activity 1s found n pre-
exsting compacta. In the non-growing adult bone (Fig V 7 B) there
1 still less diffuse activity the former growth arcas are relatrvely -
active and only smali local sites of imtense radioactivity are seen more
In cancellous bone surfaces but also patches in the compacta. At the
hustologucal level these patches, varylng in number wth the species,
correspond to the recently formed or forming Haversian aystems (10)
of low denmty as fllustrated in Figure V 9

The decline m growth and growth remodeling with advanang age
results m an ever Increasing proportion of the skeleton that 13 old fully
munerahized and unresctive This 1s llustrated dingrammatically in
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Figure V 10 The presence in the animal of a large portion of minenl
phase which seems to bo practically unresctive has given rise to ¢
variety of termy to describe 1t stable bone,’ “nnavailshle akeleton,
‘ non-exchangeable bone  etc. None of these terms carries hustologual
imphcations, although 1t 13 realized that probably the bulk of the wnre-
actrve skeletal manss 18 in the compacts (10) Ve shall use the terms
unavailable’ and available skeleton, but it should be stremed that

Fuo V7R f ) of ls of cattle 7 days
after adminstratlon of Cad A 1 monthold calf B 1year-old calf Coartes?
C. L. Comar and assoctates.
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this arbitrary divicion lumpsinto the avallable category a vanety of
structures with an infinite vanety of exchange rates and degrees of
availability

That the underlying mechanisms of fixation are passive physico-
chemical processes 14 emphasuzel by the fact that they occur also 1n
non vatal sectlons of alafied tlssues n vitro even after micromncinern
ton (5) The newer less calafied structures show greater uptake as
they do In vive (5), and as in the animal the histological pattern of
dnstribution 1 the same whether the isotope employed is Ca® (5 15)
unnium (6) TR0, (15 36) or Sr** (72) The phymologmcal state of the
tusue determines only the degree 1o which these physicochemical phe-

Mineral deposited
duting radicactive
diet

Bone lald down prior
to radloactive dlet

Fi. V-8.—A radioautograph of the shaft of the femur of & young adult rat
Pﬁct:dmnnd.lc.cundkt(&“) E and P denote endostenl and perioateal sor
mxot.mhwd@dmmmumm.-mudmmdmwm

of the radioactive diet Taken from Tomhn of & (35)
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opecity o soft . rays. Note the correlation between otope concentration 4
aress of fow dennty Taken from Amprino (7)
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Fio \ 10 —A diagrammatlc representation of the changing skeletal reactivity
“th age. Arrows represent koo-trapsfer rates In the infant most of the bone Ia
Pew bydnaied, uad therdore avallable pew growth and growth remodellng oceur
82 rapld pace Tn the adokoscent, growth and growth remodeling bave doned
471, ooach of the skeleton Is fully mineralized and inert. In the sdlult, the bulk
©f the sieleton by fully mineralized and unreective. Though the peoportion of the
toeal dheleton which Is avallable decreases with age the total avalble pool probe
biy remales epsentially the same (39)
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nomena can occur and m the anumal the degree of ireverxbility of
these processes.

Haverman remodeling in compacta seems to correlate with the evolo-
tion of the hugher vertebrates (38) What evolutionary advantage o
served by this intncate process? Does 1t increase structural strength
(43)? Hardly, but 1t may msure omtmuing strength. Stram pouts of
structural cracks are obviated because the tangle of nterseavmg
osteones renders impossible the development of the fault lmes that we
occagonally see in man-made structares. Bat, apart from structuml
considerations, can remodeling serve a metabolic function? It may (1
51, 76) We have described the process of continual acquudbon of min-
eral by all bone elements. What woald happen to the skeleton of an
adult animal a few vears aiter growth had censed? Would not practh
cally the entire skeletal system become fully mineralized and thus df
fuston-locked and metabolically mert? Later we shall connder the par
ticlpation of the skeleton i electrolyte regulation. This important
metabolic function would be lost to the adult animal if Haversian re
modeling did pot insure a continuing fresh supply of new and reactive
bone (51) In this connection there is an mteresting mdication that
Haversan remodeling ncreases as the growth rate of the animal de-
creases (76)

AtrEaeTs To UNTANOLE THE PIYSIOLOGICAL SHARL

As long as we deal as m the precedig sectwon, with the generel
skeletal patterns of wn exchange and jon fixation m qualitative tenot,
a coberent atory can be given. However it ia our great hope that radwo-
active isotopes will grve us still more detafled nformation on the quan-
titatrve relationships of the vanous processes nvolved n the mmeral
metabolism of the skeleton. There 13 a great need for means by which
the metabolic defects of the varioas discases of bone can be isolated and
defined. Only m this wav can we aspire to develop rational measures for
disgnoms and therapy The operational plan, of course, 18 to adminster
2 radsomotope to the narmal man and animal and then to develop &
means of analynng the resnlting dats m such a way ag toqumututethc
rates of the varions metabalic processes, and, finally to apply ths m-
formation to varous discase states. At the present time, no one has
successfully anatyzed data obtamed even from the parmal animel

The reason, of course 18 the complcxity—t_h:phynnbglcdamd—of
interrelated events occarrmg 1n the akeleton The varions ways & 1&
beled 100 may enter the mmeral phase of the skeleton subject to phy=o-
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lomeal influences may be histed (e are presuming it can diffuse to the
nite) as follows

1 Thyslcochemical mechami ms

) The formation de mero of ervatals on newly syntheslzed organic matnx
(NLW-CRYSTAL TORMATION)

8) The rearystallzation (in the clas ic sene of dissolation and redeposi
tion) of reeently deposited ervatals (RECRYSTALLIZATION)

¢) The exchange for an unlabeled fon in & pre existing crystal sarface
(SURYACE EXCLAXGE)

d) The diffusion of an exchanged surface lon into the crystal interior
(DTRACEYST \LLINE EXCIAMCE)

¢) By virtue of the scrum s superaturation the continuing growth of
crystalsin cstablished calclfied structures (CRVSTAL orOWTI)

11 Thvuologically modidving Influences

a) The synthesis of new endochondml artiage and nex osteod in
growth and remodelung (MATRIX FORMATION)

8) The resorption of previeusty aldified bone and aartilage in the growth
process (zrowth remodeling) and [n Havenslan remodeling (xEsoxe-
TIOX)

¢) The age of the structural element which determines the rates of dif
fuston and reaystallimtion the extent of intracrystalline exchange
and of erystal growth (MATURITY-MATURATION)

d) General regulatory factors. In the normal animal excretron rates
dilation of arculating sotope by absorption of dictary unlabeled ma
term]l normal parathyrold regulatory action etc., will influence rates
Any abnormalities 1n vitamin D level dietary intake parathyroid ac
thaty ete. are therefore important controlling varables

Limuting curselves to the normal animal and to short time intervals

after admmstration of the isotope to mmumuze the effects of the general
vanables, we eanly see that all the physicochemical mechariems are
Interrelated and as discussed above are dependent upon the age of the
bone structure under eammation Taking the akeleton as a whole the
degree of rescuvity m the normal amumal depends solely on Tla the
rate of matnx formaton The mterdependency of the vanous mecha
nams and modifying influences makes this the pnme vanable, Thus
Io 1b and I15 depend directly upon Ila Also Ic Id and Is depend
directly on I¢ which in turn depends on ITa Even with this simphifica
ton the heterogeneity of the skeleton 1s such that structural umts at
all stages of development are always present Thus the mte of sheletal
Incorporation of an injected radioisotope is an over-all average of an
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infinite array of rate processes varying from mstantaneous to ex
tremely slow most of which are more or less ureversible (10)

The earliest attempts to analyze data obtained by means of 1sotopes
in terms of mte of rencwal of the skeleton have been reviewed by
Hevesy (48) The more recent attempts to develop useful systems of
data analyms mll be discussed here.

150TOPL DILUTION CONCEPT

One of the mmplest applications of a radiolsotope to the study o
bone metaboham is the utilization of the concept of isotope dilution.
If one assumes that two compartments are in equilibrum then S4, =
SAy where SA Is specific activity in counts per munute per milhgram.
By determining the mtio S4 uee/SAucsa 00 might hope to estmate
durectly the fraction of bone that s 1n rapid eqoilihrium with serom.
We have avallable or can obtaln labeled phosphate, calcum sodium,
hydrogen hydraxyl carbonate, and atrate Unfortunately the last
four cannot be used 1n vivo for our present purpose because of problems
of extreme dilution, raprd exhalation or mprd metabolism. Attempts
have been made to employ radiophosphate and radlocalaum but it bas
been the general expenience that no equilibrum point is ever reached in
vivo Because of the wreversibility of recrystallization, intracrystallme
exchange crystal growth and new-cryatal farmation, the rtio St/
SAwrum contmuslly nses and ulimately excesds unity Actmlly the
SA of bone nses to a plateau, while the SA of serum contimues to fal
with passing time There are practical applications of this ratlo nader
specl experimental circumstances, and these will be duscusted subse-
quently However for the straightforward application of the concept of
1otope dilation following a single injection of isotope, radiocalefum and
radiophosphate are not useful

The only remarmng lebeled physiologieal bone-seeking won is radio-
sodrum. Fortunately the necessary assumption of & two-compartment
equilibrium appears to be reasonably valid for radiosodium. Far ex
ample, the work of Armatrong ef ¢/ (9) may be aited. In 2 hours the 54
of the blood 18 essentially stabilized, a8 13 also the S4 of bone As dis-
cussed previously (chap tv) sodium 1s a surface limited 100 and cannot
participate m recrystallsatson or wtracrystalline exchange, Nor can it
be buried by the scquuntion of additionsl mineral during maturatiod-
Tt can be trapped of course, as the umt of structure approaches ful
matunty and this probably accounts for the ‘unavailable” sodrum of
bone Ths process ts quite slow however and, overa 2-24-hour period,
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the exchange of sodium in the available skeleton can be considered
completely revensible for all practical purposes. Thus the simple ratio
S 4iene/S 1itowa at 2-24 hours after administration of radiosodium pro

vides & simple and fairly precise measure of the available mineral so-
dram in the bone taken for analvux. Whether this 1s a valid measure of
the available skeleton itself depernls on how representative the sample
5. A number of such studies have been made and the observed results,
m terms of exchangeable bone sodium vary from 80 per cent in very
young to about 30 per cent 1n adult animals (¢f Table V § and Fig

V 12) As expected the pereentage of avaiable sheleton is directly
related to growth rate It is perhaps surpnaing that only 20 per cent
of the skeleton of a weanling rat has fully matured It is definitely
surphsing that the adult mt possesses u skeleton 30 per cent of which
is “young ” New bone formatlon resorption, and remodeling must
occur at a rate which has frequently heretofore been gromsly under

estimated.

This use of radrosodium has provided much useful mformation on
gross skeletal reactivity in ammals. From the chinical standpeint 1t 15 of
Emited vatue however Biopsy or autopsy matenal is required a few
bours after 1otope admmistration. One mght ask why thus awkward
ntuation cannot be circumvented by merely calculating the dilution of
the radiosodrum 1n the blood after correcting for the extracellular so-
dian. Here the dufficulty 13 8 matter of distnbution Roughly one third
of the body sodiam is 1n the skeleton and in the adult about one third
or less of this 1s available 0r 0.3 X 03 = 0.09 Assuming that one can
Gstimate extracellular sodum with about a 10 per cent error (0 66 -
0066) the error in evatuating the contribution of exchangeable bone
sodium would be enormous (0 09 + 0.066) It s hopelesst

What is needed here is a relatively non toxic son which is surface
Limited like sodium but unlike sodum 18 rapldly cleared by bone from
blood and the extracellular fluds. Ideslly it should have a short lived,
euly measured radioactive 1sotope.

KINETIC ANALYSIS

Recognizing the difficulty 1n attaiming an equilibrium 1 vivo
number of warkers have attempted to perform a kinetic analyss of the
tme course of the duappearance from the arcalation of an injected
ndionotope Almost mvarnbly the curves of radroactivity 1n blood or
serum versus tume have been expressed as a composite of exponential
decay curves, This standard method of curve analysis involves an
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extropolation of the last linear ” portion of the over all curve (semdog
plot) subtraction of this from the early part of the curve, end repetr
tian of the proceas with each new calculated curve os of ten a3 necesary
to reach zero time. The method 15 fraught with uncertainties Tt wfre
quently eard with some justificatson that any curve can be expresed
s a series of exponentials, It is necessary therefore to suppart such a2
analysis with corollary data. One obtams by this method

C(l) = Adev + B+ Cet Zet,

where C 18 the concentratron of the radsolsotope m serum or plasma at
tume ¢ the cxponents represent rates and the coefficlents are coampart

ment sizes. It 15 o difficult problem to be certain that each expovenntl
represents o phywological process and not just an arbitrary subdiviven
of & lot of overlapping rate processes.

One real advantage of the method is the large oumber of radw-
active ons that can be studied Any radioactive jon that selectvely
deposits in the skeleton is suitable—ihe more selectively, the bettss

In 1954 Thomas, Litowitz, Rubin and Geschickter (83) determinad
the Ca*® levels in plasma for 6 hours followmg an mtravenous myechod
and expressed their results as & series of four exponentuls

Adult rabbit C(f) = 0483¢~1 ™ - 0 264 V1
+ 0 1136~ =1t - 0. 1447400 ol

Young rabbit C(¢) = 0 448s1 ™ 4 0,314~
40 1665~ 2% - 0074~ > (TD)

where C(f) 18 the percentage of the injected dose 1n the plasma gt tume
t These authors also determined the uptake of isotope by the femurs
and obtained the followmg relaton

Adult B(H = 0023 (1 — ¢t o) [
Young B(f) =005 (1 — %9 W

From these resulty and other conmderations, 1t was concluded that
the first two expenential terms in equations (I) and (1) e governed
by rates of Tminng time  transcapillary exchange into extravasculer
flud soft tissue pickup etc. The third term was ascribed to bono up-
take and the fourth to exeretron From our previous discoaslons it 4p-
pears questionable that s smgle exponentlal term can accurstely de-
scribe even the avernged rates of all the skeletal processes. Actuslly ;-'
determined on femur (83) and on long bones (63), the bone upteke
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curve 13 not truh exponential in form and there 18 reason to believe
that such samples are not representative of the skeleton asa whole (71)
1t is surprising but hope-intpinng then that the averaged rate as ap
peoumated by the exponent was the tame in both young and old ans
mals whether the exponent was denved from the  blood curve or the
“bone curve

Alsa m 1952 \rmstrong and collaborators published & mimilar ex
ponental analysis of the blood disappearance curves of both Ca® and
N\a? uung dogs (9) While these authors did not defimitely ascnbe the
third exponential term to skeletal reactions, such can be inferred and
thetr results were gratifymgly similar to those of Thomas ef of

Clldum, C, - 0 T L 212,810 1 {05 81 - 1026 2t
Sodium, C, ~ 163 = 319¢= ¥ - 188~ 141 - §0e—t o1

where C, s gven In counts per minute per millilter Only three terms
were required to describe the Na® data,

Such blood disappearance curves deserve further study In expen
mental anmals where compansons can be made with bone uptale
because, if the technique should prove useful, it could easily be devel
oped 1nto a rontine clinical procedure. A major advantage 1s that no
blopaies are required. However at the moment the likelthood is poor
that this approach will develop clinical usefuiness. In a later study
Thomas, Litovitz, and Geshickter (82) demonstrated that the coef
fiaent and exponenthal term (ascribed to bone) was markedly mflu
enced by the level of calerum in the gut Since large vanations in skele
tal metabohsm (young versus old) (83) showed smaller changes in this
term, it 1 obvious that the third term 1s not unkquely determmed by
the metabolic state of the skeleton. Furthermore, Arnold, Jee, and
Johnson (10) claun that Ca® depomition in establshed bone 18 nearly
complete in § hour If such s the case the first and second exponentmal
terms must also contain significant contributions from skeletal uptake
It would appear then that depomtion rates m the ekeleton varying
from extremely fast to extremely slow overlap hopelessly other non-
skeletal rates, such as muang time absorption, and excretwon.

A few analyses of Ca® dismppearance from the blood m man have
been made, but as yet, the short term disappearance from the blood
has not been studied adequately Despate the animal studies just de
sabed few 1f any determinations were made in the early tme Inter
Va3 (16 21 50) These curve analyses are concerned mth events wiuch
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take place after the bulk of skeleta] deposition of isotope has oceurrec
events such as bone resorption, dilution by dsetary calaum and um
and fecal excretion ete, One report (30) caleulsted caleaum *pools”
using the concept of motope dilution. The undetlying (not 30 stat
assumption in such a calculation 1s that the system is completely
veraible, 1.6 Sdurum ™ SApoor, Where SA represents speafic actm
Since this assumption is mvalid after 2 hours when Ca9 1y emplo;
(9) ali such aalculated ‘pools are of doubtful sgmfieance.

THE BAULR, CARLSSON LINDQUIST ANALYSLS
The kinetic approach (exponential analyms) has thus far not p
vided much useful informatlon on bone even in experimental anim
As a varlant of tlus approach, Bauer Carlsson and Lindquist (.
have attempted the use of a simple mathematical device for drvid
the radioactivity found in bone after & sungle mnjection of Inotope b
three fractions. Their assumptions and development are quoted bt
Cafh, = Caff + Caft — Cag? (
Cast, = total amount of Ca® present In a calafied tusve.
Caf® = amount of Ca*® present m the exchangeable fraction
of the bone salt
Ca,} = amount of Ca® incorporated Into the non-exchange-
able fraction of the bone salt through accretion.
Cag! ~ amount of Ca® removed through resarption
Under the assumption that the speaific activity
Ca®
Ca® + Ca®
of the exchangeable Ca fracton repidly attawns the same valuc as the spec
activity of the plasms Ca and that these two specific activitfes can then
regarded as equal we get
Caf' ~EX S (
E = amountof Ce (Ca**+ Ca%) in the exchangeable
fraction of the bone salt.
5 = speafic sctivity of the serum {plasma) Ce.
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Since It mrust be ascumed that Ca®and Ca® are depouted In the bone salt
m the same proportions as they simultancously accur in the blood we get

Call = A X T X Sy )

A = nate of Ca accretion

T = interval of ime between administration of Ca®and
obeervation

Sy = average peaitic activaty of serum Ca dunng ths
trme interval

Combination of equationt (1) {2) and (3) gives
Cafl, = EXS+AXTXS,— Caff (€))]

At suficenth short intervals Cag aan be diregarded From obeervations
made at two dufferent intervals Ty and Ty we then get

Calla =EX Si+ AX Ty X S,y (1
Caffn, = EXSi+AX T X Sy 12)
From these two equations we obtain
Cﬁ"ﬂ!—r\XTIXSu RN (5)

Gl —AX T X Spm 5t

After A has been caleulated F can be obtained by introduang the cal
cabited A value in equation (3 1)

In view of our previous drscussion of the heterogeneity of processes
and rates, 1t would be surpnsing if any one of these three terms could
be poutively linked to any sngle fraction function, or structure The
authors do state for example that the exchangeable Ca of the skele-
ton conmts of a [probably large] number of subfractions. However
this may prove to be a helpful 1f necessarily simplfied analyns of the
many interrelated processes of isotope fixation, ¢f the terms employed
and the limuts of apphcability of the method are chearly defined In this
method, E is a measure of the rerersible exchange only The term 4
inctudes, besides new-crystal formation and arystal growth ali wrre
ventible processes (10)—the entrepment of isotope by recrystallization
(Ca%) intracrystalline exchange (Ca®) and maturation (Ca* and
') The term R represents, m addition to resorption and remodeling
Any errors in the estimation of E and 4

As we might expect then, there are important limitations to the
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applications of this approach. For example it 18 stated that m the nat,
resorption, K, becomes significant m 16 hours (12) vet m the youeg
human it {s stated that R ard E can be ignored at 6 days (14) Further
in the derrvatlon given above, relation (2) 1s based on the assumption
that SAg = Sduwca yet a recent publication (12) states that Sdr ok
most never equals SAui 4. In other words these workers are findimg
that If 4 is assumed constant (at short time intervals where R can be
ignored) E 1s found to vary and conversely if E were assumed con
stant, A would vary Inoneof the latest applieations (14) It samumed
that PR, = PP To assume that a aingle mte proctss governs sotepe
fixation does not seem Justified (10) regardiess of the tme mterval
chosen. If one 1s willing to accept smmphficatlon to thw degree, it
would be simpler to measure the total retention of an mjected dase of
radiocalcium over the 6-day penod. This would obvrate the necesnty
of o bone biopsy and would be more representative of the akeleion a3
o whole, We may expect interesting developments m thus field. Ter
haps electronie computers will aid mn solving problems. In any event
we can predict, from these interesting beginnings, that the kmetic £p-
proach will become more involved not further simplified.

REVIVAL OF HEVES § CONNTANT SPECIFIC ACTTVITY

Some of the complexities of the problem can be nmplified if 1a old
trick 13 employed This tnick was often used by Hevesy (48) who kept
the 54 of the blood constant” by frequent injections of :otope. A
mrodernuzed version 1s to feed animals & diet of constant S for an ex
tended period as first reported by Kon and associates (84) With ths
innovation the SA of the blood the extracellalar flud, the exchang®
able fraction of bone, the new liratson and the lyzatson £1
re-formmg Haversian systems are all appraximately equal after an inf
tial equilibration period of 24 hours. The problems of mterpretation ar
greatly umphified especially if adult anymals are studied Thussnot (0
say that the interpretations are smple accurate or definitive, as wilt
be seen. W

Recently Stoll (80) employed the long lived radiosodrm
dieta of constant S4 m an attempt to determine m the disphyses of the
young adult rat the magmitude and rates of some of the processes by
which bone takes up this radiomsotope Since sodium Is hmuted 0 the
cryutal surfaces, some of the processes defined at the beginning of thu
section— ¢ recrystallizabos, intrecrystallme exchange, and crptal
growth-—are not operative and can be ignored, permittmg & more 3¢
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curate delineation of the remaining processes. This is not possible when
ndocalcum radiostrontlum or radiophosphate is used

In such an expenment  the RS of bone the 13110 S {ene/S foram
1 governed s illustrated In Figure V 11 by the following processes

A. Rapid exchange of extracellular radiosodrum with sodum in the
surfaces of the crystals of the available sheleton. The contribution of
this process to the total RS 4 of the bone will be constant after an initial
equilibration period and can be evaluated separately by extrapolating
the observed curve of RS versus time to zero

§

8

TIME

Fio V11 —\ diagrammatic fllmtration of Stoll & analysis of data obtained by
feeding rats diets of constant 54 (radiosodium) for 3 monthe (sec text for explana
tion of termas) The black bar represents the exchangesble sodium in control ani-
ks (0ot fed radsosodium) injected at the end of the experiment. The curve ind!
ated as RSA = 1 s the total bone sodium which, |f completely labeled, would
tive an observed RSA = |

B Remodeling of establshed bone (In rats, primarily growth re-
wodeling) with the replacement by new mineral of RS4 = 1 of an
zqu.ivxlmt amount of mineral of lower RSA Unfortunately we must

foesstimate the RSA of the resorbed mineral. The nef contribution
of this process to the total RSA is gtven by the difference between the
fmal, observed RSA and the contrilnitions of processes A and C

C The net acquisition of new mineral. In the long bone diaphyses of
"“““hu'st'mcncwmlncnlunddcdbvmml formation
(RSA =~ 1) than 1s lost by resorption. The contribution of this process
Lo the tota] RS 4 can be determined by the increase 1n ash wesght of the
bones during the experimentat period.
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It follows, then, that

RSAy = RSA4 + RSAs + RSAc,
whese RSA is the rtio SAvess/SAerun and where thesubscrpts F, 4
B and Crefer to that finally observed after 3 months on the radwacire
diet the sum of the fractronal contributions of exchange of remodeling
and of net acquisition, respectively With only one sssumption that the
Na/mineral does not signuficantly change (71) in old and pew ba
throughout the experimental period sirmaple algebra grves us (30)
’
RSAr = [EXRS4r] +RS Ant 1 -
where RSA, » the final observed RSA RSA; 13 the vatue ghven by
extrapolatfon of the RS curve to ume zero and IPrand 11 uremtial
and final weights of ashed bones. The RS 45 can thus be caklated

But RSAs = RSAreptsont — RS Anasted Where R Anpiucnt =1 T
rate of turnover from remodeling therefors depends on an sxsmmpee
as to the degree of labeling of the bone resorbed. A mmimum rate
obtauned If one assumes that the resorbed bone contamed no radw-
sodrum If one assumes that the resarbed crystals were of RSA = 1,
the resorption rate could be infinite. The moat reasonable assumpton
for these bane samples is that the resorbed bane had an over-al RS 4
equal to the avernge RS4 of the whole chaphysis.

Stoll also determuned the bane sodium unavaflable for exchange a
the end of the experiment by mjecting control litter mates (mot on the
radioactive dreta) with radsosodium and, sfter 24 hours, determizizt
the value Dy = (1 — Sduuas/SAwra)(IVr/TWr}) From thes could be
subtracted the bone sodiam ynavailsble st the beghning of the ezpert
ment Dy = 1~ RSA; to gtve D thendntoofmntmtmﬂ(mﬂ
maturation rato mmus rata af resorption of mature bone) o the rateof
growth of the unavailable skeleton

“There was a large standard error 1n Stall 8 values, and m any &
ference aalculation the errors of each term are shared with the others.
Stoll 8 chief problem was concerned with sampling Because sodium had
an extracellular distribution, 1t was necesmary to uss ooty mazrew fee
shafts to reduce the contamination with nan-skeletal sodmm. Thrs m-
troduced 8 sampling errar and at the same te, prevented & direet

ntro-
ony With Ca® this problem fs obviated but other problems ar¢
duced The results of Stoll s analyms are asscmbled m Table V-3 The
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obrerved percentage of bone sodum available for exchange agrees well
with published data (cf Table V 5) The calculated rate of remodeling
scems reawonable If the assumption that bone resorbed had an RSA
equal o the over all average RS 1 is correct, about twice the net incre-
ment in bone growth is actually deposited and about hall of this is
resorbed again in remodeling

Two reports have appeared in which diets of constant caleum spe
aficactivity were employed That of Tomlin ¢ al (85) In which It was
found by quantitative radioautography that the radioactivity of corti
cal bone m the mrd shaft regions (cf bovin Fig V-8) increased almost
lmearly with time F vtrapolatron of the curve to zeto time gave the per

TADLE \ 3

ProcEssEs OF IsOTOPE I'IXATION 15\ DIAPIDSES OF
Lo\G BOYES OF RAT AS DEDUCED BY
MEANS OF RADIOSODIUNM (80}

Tor Ceat Tetal
Bome Sedmm
Initially avulable sodrum RSA; A 51
Finally available sodrum R 45 .
Remodeling B 0 13//$;:f
Net acquusition of mineral C 0 31/day
\et maturation D 0 38/day
Av wt. of rats [mtually 180 gm
Av wt. of rats finally 220 gm.

Ammmg that resorbed bose comtabmed 5o rdosodm
lA-.-ﬂlhllrr—rbdbo&m-hL-:d verage R34 of whole

centage of readuly exchangenble calcium as 0.2 per cent of the total cal
chim, and the slope of the curve gave a measure of the continumg mm
ealiaton and mtracrystalline exchange, 1 per cent/week (remodelmg
1n this area can be considered mummal) Weikel has reported (89) a
preliminary study of whole femur usmg standard counting procedures
for Ca® He also found an almost Linear merease in the radicactivity of
whole femur with time The rendily exchangeable fraction by extrap-
olation was about 4 per cent and most of the radiwactvity found 1n
the femur after 68 days could be attributed to growth—the net acquisi-
uon of new mineral
For the mast part these three studies are quite comparable the
mafor dufference 1, of course the percentage of the akeletal pool that is
;“‘myﬂchmzad 51 per cent of shaft sodmum 4 per cent of whale
emur calclum and 0 2 per cent of mid-shaft caleum Much of these
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analyses for sodium are also performed From the mtso S 4 vae/S 4y
the Iractlon of available bone sodium 1s obtained directly A numberof
such experiments have appeared in the recent hiterature, and the con-
plied results are given in Table ¥ 5 A series of values obtained oty
of different ages 18 presented graphically wn Figure V 12, These daix,
though scanty sugpest that a minfmum velue of one-fourth to ooe-
third of the bone 13 avaitable in the nduit anfmnal, regardless of speoes.
In the rat at Jeast there 18 a regular decline (log-log plot) in the per
centage of available skeleton with decreasing growth rate (mceaseg
age)
TABLE V5
COLLECTION OF MEASUREMENTS OF AVAILARLE

SKPLETON AS INDICATED Y
SopIUM EXCHANGE

Total Boas | Coystal™t
Species Ans x::h- Sodm el
(e Ceat) | (Per Cont)
Man 11-67 3y H 41
Mgn 867 yr 26 28 55
Man 24 S5
13:»{:': Adult 3; ;‘4
Adult +
Rat Y adalt 51 36 1
gm)
Rat Yomz:s 55 o
(120 gm)
.
Compeled by Dr G B Furbcs

aul e i, i b i, ROSTE AT
Frreirets (=
The results with radiesodfum are supported by other dats. H“?
permitted the reasonable assumption that the percentago of & Moi
2n miected 1s0tope that is raprdly fixed by the skeleton ba a reflection
the percentage of bane mineral available then there is good evidenseln
the hterature that the avaslable akeleton dechnes with increasing &7
This has been observed with Sr™ and Ca® (26) mith C0; (22) ™8
PO, (20), and UG (62) -
The svatable skeleton expreased as a percentage of tota} bone weighl
rmay be musteading, For example Forbes (39) bas found that, despite s
percentage decrease the actual sizs of the available skejetal poot of ®-
dum remains approximately constant (in mEq/kg bone) with wcreas-
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wpage Verhaps this seeming pardox cn e explaned in part by the
ercater total amount of mincral in the adult animaland n part by the
rate of Haversan remalching which apparently Is inverscly propor

tional to rate of growth (46) If these interesting findings are substant

ated we may conchlude that there exsts an approximately constant
skeletal pool of available muneral througheut hie

BUIFFRING VERSUS RFGULATION
In earher chapters we discussed the vanability inherent in the
apatite crystal because of its small size large hydration shell and

100
vof—3
)

ol —1
{

PERCENT EXCHAMGEABLE
4
/)'

10 #0630 30 100 P00 300 300 000
AGE - DAYS

Fro \ 12 —The decline of the available sodium of bone with increasing age of
the rat, Open circles taken from Forbe (84) sold dreles from Stoll {80)

adsptable crystal lattice [ts composition therefore reflects, to a hmuted
degree, the compoxition of the fluds which surround it. On this bas,
Dormal bone composition 18 only a reflection of the normal electrolyte
componition of the body fluids. Therefore, bone mineral cannot regu
Late electrolyte levels rather 1t merely resusts their alteration. If the
hustory of the Indivadual has been normal the composition of the bores
is pormal and in the event of & sudden disturbance in electrolyte hal
tnce the bones will tend to return the body fulds to their normal com
Positson. On the other hand 1f & chromic electrolyte disturbance which
resulted in the laying-down of bone of abnermal composition s cor
rected, the bones wall equilibrate with therr new »on environment, thus
renting and delaying the return of circulating levels to normal com
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position The skeleton, then by virtue of its large mineral content, acts
as a non regulatory ‘buffer’ to changes in the electrolyte compontin
of the body fulds.

The bone mneral itself can be considered to be an antacd. Are not
calerum phosphate preparations prescribed as such? In undergomy &
solution, the phosphate 10n of the bone crystal changes from the trk
valent state to & mixture of divalent and monovalent ioas (FPOY/
H;iPO;) To do this, the phosphate group must acruire hydrogen vos
from the medrum By means of mobilization of bone minezal, thex, the
animal ctn muster an enormous alkalme reserve with which to neutrek
1z¢ absorbed or metabolically produced acid. The converse Is, of comrss,
possible By tramsfernng Ca++ and POF to bone, 2 great deal of sod
(hydrogen ions) can be released Unfortunately, though we know thet
the skeleton can and undoubtedly does play an important role In -
base regulation and conversely that acd-base conditions effect ab
cium and phosphate metabolim the magnitude, the mechannms, and
the controls of these interrelated events are not yet fully spprechird

The passive non regulated response of the skeletal mmeral must
ultimately mnvoke regulatory responses. In sodmm depletian, for e
ample as sodium jons are drawn from bone, the,vu:mll‘i'el'fiﬂ"""(“‘n
part by calerum tons from serum Fnﬂmgmumlcvd:ufaldum'ﬂ]
stimulate the parathyroids to secrete. In other words, wo majw sbfi
declrolyles can be posinlated whick wonld mol affect, 1% soms woy e
servem levels of calcinm or phosphale Thus indirectly actiee
mechanisms are called sipos

TIME LIMITATIONS

Because of the continuing maturat:on of the structasal dﬂ:ﬂ‘“":
bone, the available osteones of today are the unavaflable osteones
tomorrow ’I‘humm.m,ofmthauhdeﬁmcyuflpﬂﬂﬂﬂ“m’
say Mg+ is of prolonged duration, aruch of the matured unavalsbe
bone will be abnormally low in Mg+ content. Evenif Mg 18
to Lhcdkt,thhmxmmdbomwi]lmuhowmincmmmwm"'
tent only the available skeleton can respond. Conversely, it 80! P
xible by overloading to build a permanent labile reserve in the skeletod
because of its ultimate burial in the unevailable structures.

This trme limutation on the availability of skeletal depots bas &%
mmrdmmparnnaoimmomd;mﬂominaurnudﬂrmhf‘”y
of the fisnion products, whether produced by peaceful power reactoTs
or warlike bomb explosions, concentrate in the skeloton.
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strontum ) is the mowt hazardous in this class of radinclements It
would be highly desimble 1o develop methods by which these radio-
elements could be  wa<hed out  of the skeleton Unfortunately, be
cawse of the continuing maturation process only bone structures
formed in recent weeks are in contact with the circulating fuxds. With
passmg time, the bulk of the rdioactivity resides in the unavmlable
skeketon—out of reach of any conceivable therapy short of massive
skeletal demmeralization

It 18 this maturation of sheletal clements which explains the failure of
chelating agents such as ethylencdinmunetetra acesc acid (EDTA,
\ ersene) and its congeners to mobilize radioclements from the skeleton
These agents do indeed increase unnany excretion of skeketally depos-
1ted radioelements from a very very small percentage per day to & very
small percentage per day But in terms of a reduction of the body bur
den, these agents have all proved to be resounding  flops” (46), par
ticularly if tine has clapsed between exposure and therapy

EXAMPLES OF SLCLETAL NUFFERING

It is only quite recently that the partiapation of the skeleton 1n
electrolyte balance bas been fully apprecated Therefore there 1s &
very limited literature upon which to call to illustrate the preceding
discussron mith documented data

The rapidity with which the skeleton responds was illustrated sorme
time ago by transfumon expenments which demonstrated that an
wnount of clgum three times that n the extracellular fhids was
quickly mobilized from bone (47) Conversely 1t has been shown that
the skeleton can remove from the circulation 27 mg of injected calaum
withm 15 minutes (24) The bone carbonate has been shown to be re
Sponaive even to short exposures to atmospheres of altered pCO; (42
67) A 20 per cent decrease in bone sodium and 12 per cent decrense in
arbonate have been shown to result from a 4-hour Intrapentoneal
dalyss aganst ammonium chionde (17)

The nan-regulstory nature of bone buffering is well illustrated in
even the older Lternture In 1932 Irving and Chute (49) found that
substanthal amounts of carbonate were lost from the bones of rats and
fumen pigy undergoing acute acd loads. Aore recently it has been
shown that the PO/CO; ratio of the bone 1 a reflection of the PO,/CO:
o of the serum (77) An acute lowenng of bone magnesrum has been
N 10 occur m convulsive magnesrum-deficient rats (69) All these
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observations wdicate that the compositton of bone 18 not fed bt
merely reflects the internal electrolyte balance.

The influence of maturation in rendenng bone changes irreversbie
has been ilustrated by Duchworth and associates. When magnesam
was restored to the diet of depleted rats (33) the skeleton reqamed
magnesfum at a rate much slower than the origlnal rate of beatix
(32) Similarly, McCance (54) suggests that skeletal sodfum can be
drawn upon to remedy a shortage, but it is reported (79) that attempis
to restore the ¢ lost sodum  of adrenal insufficency fasled to result b
sodnim deposition 1n the md shaft of the femur of the dog The very
fact that the excretion of a sleletally deposited radioisotope does mot
stabilize at o fived percentage shortly after admumistration bat confz
ues to fall to ever decreasing values is perhaps the best evidencs 3¢
have that more and more 1s0tope 18 becomung buried with passug tme
(10) A good example of the importance of the mineral maturaton
pmcmduwcnmnckela.[nmmndﬂuthcmumpﬂdmv
[Ca*] [total phosphate] falls to low levels. Pre-emsting beoe fals to
continue to its full mmeralizaton and newly syntheused osteoxd a5d
cartilage fail to mitiate mineraliztion. In such « atuaton the avalabe
skeleton represents a greater proportion of the total than ngrmnlly be-
cause of the fmilure of csteones to mature. Therefore a greater P
centage of injected wsotope is deposited imtially than is observed m
normal animals. Thisapplies to Ca® Sr™(26), and UOJ* (61) Despite
greater depomtion the radiowsotopes are not retained. Becaust of the
failure of normal accretion and mineral maturation, the isotopes are ot
buried irrevensibly but continue to be reversibly washed from the
skeleton by difution with absorbed minerals and subsequent exer=U®
(26)

The magmtnde of 1on transfers tumdfmmt_helkelctwhuﬂc"b“;
extensvely studied. Duckworth ¢f ak. (33) state that about e thhdd&
the skeletal can be bilized 1n severe
fisency ond Blaxton (19) adds that only the skeletan responds. Soit
tissues show a remarkably constant magnesum content. b
found that no more thanzgl;:erocntofthebﬂntsa:lmmcommtmed
mobihized by any procedure studied thus far (18) He also c-lcuh:lr
that bone provided 28 per cent of the total sodum lost during the i
pletion These values for sodmum and magnesmum are &
magmitude the proportion of the skeleton which we have seen '“‘ﬁ]'
sble Bone has been luted as one of the tissues to show 8 dfferes
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nee in sadum concentration in reqponee to sodium loadmg™ (44) and
Nichols arv] Nichols (66) have summanzed results obtained in adults as
follons 6 to 13 per cent [of sheletal sadium] can be mobilized  in
respon<e to vanous simul: Bone can also act as an acceptor of sodium
tong, up to at lcast & per cent of the normal crystal content.

One of the problems in evaluaung the magnitude of jon transfers to
and from the skeleton is the contnbution of growth If, in a depletion
study m rats, the sheletal content of a particular fon—say, sodnm—
13 decreased by 30 per cent what proportion of this decrease resulted
from actual mobilization of sodium from pre-cxisting bone and what
proportion resulted from the lay ing-down of new bone defictent in 30~
drum? It is obvious that the study of young growing animals, rats in
particular which may be adding to their sheleton at a rate of more than
10 per cent per day may amplify the apparent hbility of the skeletal
mmeral depots.

Susiary

The three son-transfer mecharusms charactenstic of hydroxy apatite
in vitro—(6) diffuston in the hydration shell (3) jon exchange at the
aystal surface and () intracrystalline exchange—all occur m the ani-
mal Lut they are modified under the influence of physiological condl
Uoms new growth vascularity remodeling and maturation of bone
and the regulation of absorption and excretion of minerals in the mtes-
tine and kidney At the histological level the nge of the bone structure
Is the pnimary determinant of its reactivity The newly formmg osteone
very quickly mineralizes to nearly 90 per cent of {ts maximal mineral
content displacing the water of hydmtion in the process and thus in-
hubitung the penetration of 10ns. At full mineralization, phymicochemical
rexctions grmd to a virtual halt Such old unreactive bone elements
comprse the metabolically mert unavailable skeleton which m the
adult arumal 15 about two-thirds of the total

The contmumg maturation of bone imparts an irreversibility to the
exchange of 1003, and, while injected crystal-sceking radioisotopes show
t hirtologucal dustribution reflectmg the patterns of growth and re-

modelmg, the complenty of the overlapmng rates of exchange new
growth, remodeling and maturation has frustrated etiempts to analyre
these processes quantitatively At present, it can only be saxd that the
exchange process predomunates 1n short term (24+-hour) observations
od that new growth remodeling and maturation domunate longer
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penods of observation The maturatron process is also responsible b
the permanence of sheletally deposited body burdens of radwstopes
and the fuiture of therapeutic procedures to mobilize them.

There Is, however a contieuous supply of voung reactive booe made
available by growth and Havershin rernodelmg This comtrtutes 8
mineral reservoir which acts as o buffenng system for such esentnl
electrolytes as Nat CO7, and Mg+ as well as partiapation in bomeo-
static control of Ca*+ PO7, and pH Major shfts in electrolyte bebmet
must be presumed to invoke regulatory mechanusms which are poody
understood. The secretions of the parathyrold glnds and vitamin b
can be considered to have mmportant functions wn these regulitoy
mech and are conaidered in detafl 1n the following chapter




CHAPTER VI

Plysilogical Regulatory Mechanisms

We have discussed the participation of bone mineral m buffering
against changes In the distribution of electrolytes 1n the circulating
fluids. We have sakd that these events cannot be separated from the
active homeostatic mechanisms which are working contimuously to
mantain normal levels of calerum and phosphate in blood It is now
time to consider these homeostatic mechanrsns, to describe, insofar as
present Information permits, the sites of regulatlon the regulating
agents, apd the underlymg metabolrc events involved The prnnapal
sites of regulation are three the portal of entry (mtestine) the store
house (bone) and the portal of exit (kdney principally perhaps also
mtestine} The princapal agents are two vitamin D and the secretions
of the parathyrord glands. The underlying metabolic events appear at
the moment to be changes in carbohydrate metabolim in cells at the
ntes of regulation. Undoubtedly, a3 our knowledge increases, the mare
subtle effects of other tisues and other agents in the homeostass of
serum calaum and phosphate will be understood. For the present, the
fAps In our information render it difficult to delineate the roles of even
the prmapal participants.

One fact stands as a Leystone to our understandmg of homeostatic
control. Thrs fact was first developed 1n chapter {i, where it was shown,
on physicochemical grounds, that the ciradating fuids are mormally
Supersalurated with respect to bome mineral 1f the serum 13 supersaty
rated, then so also s the extracellular flud. It follows, therefore that the
ﬁ\uﬂ bathing the bone erystals must differ in compontson from that of

the extracellular fluids. We have seen that this difference Lies not so
much m the gy  ampo 28 in the concentration of sons which tend to
solubilize bone mineral 30 as to maintain the oe,»  agro At norml
scrum levels. Stated another way there 18 a gradient of spectfic fons
*hich tends to lower the degree of supersaturation of the serum prod
uct, dca~ @m0 As proof one can aite the rapid decline in the
Uct ea- @myo m serum followin th orm
b - g parathyrodectomy

137
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The supersaturation of the arculating fuids tmposes & similar prob-
lem on the intestine Some solubilumg mechansm must be postulated
by which the mtestine can tranafer calclum and/or phosphate to the
already supersaturated circulaton., Sunilarly the kidney orust actovely
resorb both calerum and phosphate jons, to prevent their Joss to the
urine

First to be consdered are the secretions of the tiny parsthyrod
ghinds. These small bits of tizsue by evolution, have come to dominate
calcium and phosphate homeostasis 3o completely that they are neces-
sary for health—even for Life itseli

ACT10¥8 OF PARATHYROID SLCRETIONS

Much has been wnitten on the nature the effects, and the stes of
action of parathyrold secretions, though the chermcal nature of the
active principle(s) is still unknown. Dommating thought for meny
years was the concept (1) that parathyrold hormone caused increased
unnary excretion of phosphate as jis primary effect. Secondarily this
phosphaturls caused s hypophosphatemba thus inducng dssolution of
bone mlt, which, in turn, raised serum calcium levels.

Gradually this older concept has given way to the idea of a duat
action of parathyroid secretlons. Currently it 1 believed that the prm
cipal and primary effect is an bone iteelf resultmg in a transfer of cal-
crum and phosphate from bone to serum. Secondarily and independ
ently there is & decreased reabsorption (or active secretion) of phoe-
phate m the kidoey tubule leading to phosphaturia and hypophospba
tera. At least three authoritetive reviews have appeared quite re
cently (5 38 53) summarizmg the evidence for these concloyiont. The
tranntion in vicwpownt has prompted McLean (53) and Howrd (48) to
speculate concerning the mechanisms fnvolved 1n the transfer of cal
cum from bone to serum. Based on our physicochemical development
of the blood-bone mineral relationship and new evidence for a metabol-
ic actwon of parathyroid extracts we shall propose a possible meche
nism.

MECHANIRM OF HYPERCALCEMIC EFFECT OT PARATIVEODS

Both McLean and Howard though differing in details, developed
the followmg thems (a) removal of the parathyrold glands canses &
sharp drop m seram calaum from a total of 10 mg percent to6ar 7
mg per cent (3) skeletal mineral mantams serum calchim at 6-7 mg
per cent wikont paratkyrord intervention (c) parathyraid activity then
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causes hone mineral to support higher levels than expected from simple
solubility considerations.

But how can a hormone affect a solubility equiibrium? McLean has
this tosay (53) There Is no way in which a solution of a salt, In con
tact with the solid phasc, may become supersaturated by simple equi
librum with the sold. Supersaturation requires some sort of active
mtervention not merely the dissolving of the malt In the fhud  While
Howard s1y3 (48) * Since many types of environmental changes, both
local and genernl can alter the relationship between the skeletal crys-
tals and the extracellular flulds, it is difficult to escape the concept that
thus relationship 15 guarded or supervised by a living mechanksm 7

It must be! How otherwise could it be that in the normal animal
werum cakerum remams one of ¢ nature s physioloic constants  while
serum notganic phesphate varies with the absorptive state, We have
saud in chapter ii, on physicochemical grounds, that no K, exists for
bone mmeral, and here is the phymological confirmation Some cellular
control of bone-extracellular fluid 1on transfers must be operative But
what is this “lrving mechanum  and how does 1t respond to the secre
tions of the parathyroid glands? McLean speaks of & dual mecha
nsm  refernng to simple dissolution of bone sait and active celhular
disolution. Hownrd refers to a “membmne” or ‘barrier or ‘grad:
ent.” The concept of a gradient resulting from cellular activity under
hormonal control seems quite reasonable It is probably not necessary
to pestulate that a continuous membrane covers the bony elements
even though such may extst—n gradient could be established without
it

In compact bone at least It has been shown that nearly ail the water
present can be attributed to the Haverman canals, the cells, and their
canaliculi {chap v) This means that the ratio of cell volume to fluid
volume {4 very high Would 1t not be easy for the cells to alter the fluid
environment of the bone crystals borderng thew canalicult by meta
bolic o secretory activity? Inspection of Figare VI 11s very reassunng
Compact bone 13 thoronghly {nterlaced with nterconnecting canalicul:
Hamns and Ham have emphasized recently (41) that, whil these cana.
liculi permut the cells to survive and account for the transfer of nutn-

ment and waste, they provide a ruther poor system for diffusion
throughout the bone which requires that  even m dense bone no
cell 18 generally more than a small fracton of & millimetre from a

eandllamy BTt el £ vt
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swamp water or bone fhud is determined not solely by the fast flowmg
stream but also by the sofl and the bife in the swamp 1tsell or fn thy
case, the mineral composition and metabollc activity of the cells. Tha
relatively slow turnover of fhurd m bone Is readily seen In the blood du-
appearance curves of bone seeking isotopes discussed earler (chap. v)
The curves consisted of a series of exponentuals of which the thrd rate
term described 1n part at lenst isotope pickup by bone Transcapillary
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cxchange and moat of the extracelfular mixng dormated the first nd
second rate terms. In view of the relatively slow fluid intercbange and
the ratio of high cell volume to fluid valume mn bone, it seems reason
able to postulate that Jocal conditions and concentrations differ some-
what from thote expected of & sumple ultrafiltrate of plasma.

How might celfular actvity under the proposed condttsans of relt
tive rolation of bone fhuid, alter the a;pa::n’: malfubd?ety of thi:bd

or decrease the degree of supersaturation BETUM GCat

Ef‘n:? Since circulating serum 13 supessaturated with respect to bane
muneral in vitro the net result of cellulsr activity must be to maintam
@ fluid composiion n which bone mineral 18 more soluble or the serum
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product a¢c  @uro- fs just sturated Three mechanisms by which
this might be accomplished seem reasonable

a) The presence of a Jocal high concentration of a solubilizing fon
As discussed in chapter it certain fons which participate in surface ex
chanpe increase the apparent solubility of hydrov apatite (Mg,
CO7 citrate™) or decrease the degree of saturation of a grven product,
Gear+  duro”

B) 'The production of a locallzed high concentration of a chelator of
claum Such a substance would reduce the concentrtion of calaum
ions locally preventing the crystals from growing or actually causng
the crystals to dissolve The calcium in chelate form would then diffuse
mto the venous circulation But only a small proportion of the calclum
in the blood 18 1n the form of a chelate (chap 1) Therefore it must be
postuhated further that the chelating substance produced 1n bone is
raprdh oxdized extraskeletally to keave free 1onfe calcium in the ar
culation One might also postulate an analogous mechanism for render
g phosphate non 1onic A chelator seems unlikely but it would be
posible to postulate a local synthens of phosphate esters which would
be hydrolyzed upon reaching the circulation.

¢) The locahized production of acid, Such an acxd production would
produce Jocally a pH lower than that of the general clrculation Bone
mineral is more soluble the lower the pH These alightly acid flusds, In
diffurng back into the airculation would be brought back topH 7 4 by
the blood buffers. Agnin 1t must be postulated that extraskeletal oxida
tion of the acids produced in bone must occur Otherwise the blood
buffers would soon be exhausted

That the secretion by bone cells of acids (especually citrate) would be
o means of maintamning serum calclum levels has been suggested by
Nordin (61) There has been o long hustory of speculation on whether
in bone a local pH gradient might exist. Most of this speculation has
concerned the induction of the preciprtotion of bone mit It was as-
sumed that the serum was fust saturated and that a locally clevated pH
would cause precipitation. The postulate presented here Is quile the
reverse since we know serum to be supenaturated normally, it is neces
Ry to propose that a locally depressed pI prevents the growth of bone
aystals at the expense of the circulating fluids. The fundamental basis
for this postulate is the Inverse relation between pH and the solubility

of hydrory apatite which was described and fllustrated fn chapter 1i
Figure I1 §



142 The Chemical Dynomics of Bone Mineral

bone salt more sohuble locally 13 the secretion of metabolically derrved
organic acds, atrate in particular Of all possible anons, citrate
exerts a most powerful influence on the solubility of hydraxy apa
tite. This can be fllustrated by the results from the study of a model
system presented In Figure VI 2 (cf also Fig. IT 7) It 15 scen that the
solubility of apatite expressed as the product ac,+ ampo- even after
correction for chelation effects, nses sharply throughout the physiologi-
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FIMAL CITRATE  CONCENTRATION
Fia V1 2.—The solubilhing actlon of citrmte koa on kydroxy apatite, Taken
from Strates and Martin (75) Conditions x =016 pH =74 £=28C,
equilibration time 10 days aotid-solution ratio = 5 gm;/], solid plase = Lapatite.
The physiojogical range In serum [s 3-5 my. per cent; bone flukds may contain 8¢
much as 9 or more mg. per cent, as shown in subsequent sectioes. Actmlly In e
periments In vitro soch a3 thess (3 75) the canse of the increased sotubility Is the
large increase in exro7 a3 phosphate lons are dirplaced from the crystals by ditrate

ioms (f chap. ir)

cal range with mareasing concentrations of atrate Also of possible
chelatmg substances, citrate 13 ideal for our present purpose. It formsa
Ighly associated complex with caleram (cf Table I2) It 8 readily and
rapldly ondized by extraskeletal tismes (kidney in particular) In
terms of acxd production, atrate has three carboxyl groups, and all
three are wonized at phynological pH Fimally in terms of carbolydrate
metsbolism, atrate 18 the product most efficient in all three respects.
A companson with lactate for instance is shown In the accompanying
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table. It must be presureed that parathyroud seeretwn induces the bone
ctlls by synthesis to produce one or mote of the following solubilizing
jons, chelating substances, or & lower environmental pH Todo this the
hormone must alter metabolic processes by affecting some enzyme or
enzryme system Thus kind of postulate 1s generally sought as the
mechanism of action of hormones even though no hormone has yet
been shown conclusively to act by speafic regulation of an enzyme
system.

Lactate Curate
EIf solubili N Pronounced
ect on sofid-phase solubility \::Bg{b\t?
Hydrogen fons prodoced /mole ghucose ; 3

DIRECT EVIDENCE OF INDUCED CITRATE PRODUCTION
To our knowledge only one bnef report (57) has appeared which
direcily supports the development just given. It 18 %0 brief that much
can be quoted here

It was hypoth, d that celtular el of bone normally secrete atrate
(or atnc acad) in response to parathytold actnaty Thu citrate carnes com
Plexed calerum to the serum where extrskeletal tissoes (the kidney prima
rily) omdize much of the aitrate leaving an cxcess of calqum bon m sotution. If
cltrate were secreted as the ackd & Jocal pH gradient would abo contribute to
the transport of wnized ealctum to gerum,

It was techacally very difficult to teat the hypothess directly However
by simply drilling & small hole n the spongios of the femur of an intact dog
it was ponihle to coflect blood directly from the spongoml dreulatson for
comparson with simultaneous arterl samples. While thr sample was onhy

contamiated” with venous flow from the bone cells, the output of atrate
from the bone was o great dearcut analytscal differences were easily shown
Forthermore Aramatic increases m citrate cutput from the bone were ob-
served almost immediatety followmg Injection of parathyrod extract. Simul

tancom measurements of the dearance of intravenously administered radio-
strontmm gave a measure of the proportion of collected sample which was
actually yenous flaw from bone A typleal expenment Is summanzed (in
Fig. V13

Thus direct substanthation of the {nitsal hypothests was given strong sup-
Port by entyme studics tx witre It was found 1n confirmation of Dion and
Perlms (24) that mmture bone lacksy ;socitne dehvdrogenase which Is needed
for atrate atilization. Furthermore, parathyroud extract was sthown spectro-
phototnetrically to destroy the chromophonc group (310 my) of reduced
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lactic, oxalacetic citne, Isoaitnie and acomstic, Such & Limited utilim
tion of carbohy-drate would be quite meffisent and one would predict a
rapid depletion of cellular glycogen stores, as has been observed (46)
Qualitatively similar effects would be expected from & portfal destruc
tion or whibition of coenzyme II, but there would be quantutative vart
2tions m response from cell to cell depending on comparative enzyme
coenryme and subsirate Jevels.

‘The morphologists have brought to Light & questson for which it is
difficult to find a brochemical answer \Vhat changes an osteohlast inte
an osteocyte into an osteoclast? The rate of mitosis of the bone celis s
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quite fow yet a few hours after Jarge doses of parathyron! hormone
there 13 a large increase :n the proportion of the bone cells which appear
to be actively resorbing bone (45) Other thomny questions come to
mind Why are bone cells so responstve to parathyrord hormone? Do
other tissues respond similarly? 1f 80 why are bone and kidney target
organs? Why do the histologsts sec in a smgle resorption cavity bone
resorption and deposition occurnng simultancously and in close ap-
proximation? How can erosion and formation of Haverszan systems oc
cur sumultaneously ?

It is much too early to speculate on the answers to these questions.
A large number of pessible explanations come to mind and these are
worth listing However there exnts no experimental baws for choosing
which may be likely which unlikely
Target Organ

Thrs may be explamned on the basis of (s) an unequal distribution of
the hormone (unknown) (b) unequal permeabilities among organs
(unknown) () unusual enzyme composition (low Isoaitrate debydro-
genase m bone and cartilage) or coenzyme levels or rathos of coenrymes
(unknown) (d) umusual substrate relationships (kidney seems the pnin-
apal site of oxsdation of circulating citrate, bone may turn out to be the
penapal site of formatwon) and other less obvious varables, such as
oxygen tension blood supply etc

Variability in Cell Response

On statustical grounds the indrvadual cellular response can be ex
pected to vary a great deal. At & given hormone level senmtive cells
would be hard-hut, insensitrve cells hardly affected. Statistics, however
do not explain the organized activities of groups of cells, such as are
sten m erosion cavities (all cells predommantly lytic) and i new
formng Haversan systems (all cells predominantly synthetic) Here
local factors, such as oxygen tension substrate supply pH, blood flow
Ur unsuspected vanables, must be operative For example we are not
even certain that blood flow through a given Haversn blood vessel is
contimuous. Bone may be like the kadney m that only certaln struc
tural units, the nephrons (in bone the osteones) are active at any
gwven moment If such were indeed the case, a nephron even momen
tarily mthout & blood supply would sccamulate citric and other acids,
with a resultant dissolution of mineral



148 The Chemtcal Dynamics of Bone Mineral

Inlercoxversion of Cell Types

Tt scerns reasonable to suppose that the osteoblast 19 a healthy cell,
well endowed with nutnment, oxygen and an optimal fonic enviren
ment and free from the stress of metabolic inhibitors. It akso seems rea
sonable that umder less optimal conditions, the ostecblast would lose
first sts speclalized matnx-syntheslzing functions conserving its ac
tivitles to those required for the mamtenance of 1ts Integnty as a cell.
Under further duress, it would be expected ultimately to die, but m 8o
dolng would for a time pour metabolic acids into its environment and,
unable to maintam its peripheral membrane, leak proteolytc and other
ensymes and finally coalesce with dying cells. That parathyroid hor
mone as a metabolic inhibitor could markedly Influence the dustribu
twon of bore cells among these three states of well-being seems clear
Tt would be nalve bowever to presume that this hormone is the oaly
determmant invelved

REVIEW OF LITERATURE FOR SUPPORTING EVIDENCE

Smece Dickens finnt showed that bone contams relatrvely high
amounts of citrate (20 21) there has been & contimung mterest 1n thus
jon and its possible role 1n calaum metabolism. The hierature docu
mentmg this interest has been reviewed for us quite recently (24 42)
Wo need here only recount those papers dealing with the interrelations
among parathyrord citrate calchom, and phosphate as outlmed m our
metabolic concept of parathyrod action.

Effect of Parathyreid on Calcixm oxd
Citrals of Blood

It has been repestedly demonstrated that hyperparathyroidism (47)
ot parathyroid extract mjection (2 52) Increases serum citrate and that
parathyroxdectomy lowers serum atrate (26 27 33) We have cod
firmed these results m our own laboratory in dogs and rats. Admit
tedly this evidence 18 quite mdirect but 1t certalnly cannot be regarded
as contradictory to our metabalic hypothests.

More direct evadence has been brought forth by Freeman s labor2
tory In 1950 1t was established that the kidney is responsible for the
major share of the axrdatian of circulatmg dltrate m several species and
that nephrectomy caused an elevation of the serum citrate and a tren
sient hypercalcemia (31) A companion paper (32) demonstrated thet
the citrate and calcium increases followmg nephrectomy were depend
ent on normal thyrord parathyrod function Recently three papers (26
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2¢ 33) have appeared which indicate quite conclusrvely that serum eal
cum serum citrate and parathytod functlon are interrelated van
ables. The authors summanze (26) thetr results as follows

1 \ephrectomy produced a transient hipercitnicemia and hypercalcemia in
the rat mbbit and guinea pig bLut not in the baboon and monkey

2. Panuthyroidectomy 4 days prior to nephrectomy abolshed the transient

hyperditncerna and hvperaaleemia that followed nephrectomy i the

normal rat and rablat.

Panthyrodd extract restored the caloium and dtne aad response of the

panathyroldectomized rat to nephrectomy

Vitamm D in amounts adequate to restore the plasma acalaum values

failed to restore the reyponse of the parathyvrold insufficient anlmal to

nephrectomy

While the authors state At the present time there 18 no adequate
basls for deciding what may be the source of circulating citrates  the
discusnon ends as follows “The most plausible explanation seems to be
that parathyroid hormone has some direct effect on citne acid metabo-
lism.” Actually smince parathyrold hormone has a direct actlon on bone
ard on aitrate production 1t is not unreasonable to presume that the
increased citrate production occurred m the skeleton itself

If as our metabolic concept indicates, bone is 2 primary source of
arculating citrate and if among the possibilities suggested above, the
response to parathyrold secretions mught be inversely related to oxypen
tenuion, it is interesting to dearn that acute expenimental anoxm causes
a variable, though generally stimulating response in circulating citrate
(36) In some amumals atrate levels were raised fourfold! Increased
lactate levels were also noted.

Efect of Parathyroud en Cutrate 1x Bone

It is important to recall that the atrute content of bone 18 necesmarily
& reflectson of 1ts concentrofion n the fludd bathwng the bone crystals,
unce citrate exchanges for phosphate groups in the surfaces of the
wvailable erystals (¢f chap v) The citrate content of bone then, 152
mare direct measure of the concentration of crate 1n the bone fimds
than it is & measurement of citrate m serum. One might expect that
model systems m vitro would indicate what flusd concentrations are
required to account for the citrate found m bone. Unfortunately these
data are not yet available! It 1 reapsunng however that Dickenn

1 Armstrong's data (3) do mot qulte settle thiy cracial point. Bone guve up fair
quantitles of citrate at plrysiologscal concentrations of cltrate when phosphate was

[

-
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showed that prolonged adminstration of parathyroid extract to a
puppy gave a 27 per cent increase In bone citmte (20) Since only the
aroilalle skeleton could respond the actual nise m the atrate m the
bone fluld muat have been much grenter than 27 per cent,
Carbokydrate Metabolism su Bene and Iis
Relalion lo Paratkyrosd Actson

‘Thanks to Dixon and Perkins (23), we know that the enzymes neces-
sary for citrate synthesis are present in bone and cartilage. They dem-
onstrated the presence of citrogenase

chrogesase
Acetyl CoA + oxalacetate Z—— citrate

and aconitase

sabetrate
Citrate = complex == isocitrate
1

aconitate
On the other hand the ensyme necessary for citrate utilustion—
isocitric dehydr was defiaent ( rable in bome very

low in cartilage) This would suggest that the atrate cyck does not
function mguificantly it oxdatson in bone ceils, though Diron and
Perians did not draw thys concluslon. They did suggest that the cirate
found in bone mineral could casily have been formed by the bone cells-
Perkins and Dixon (65) also studred the effects of parathyroldectomy
on rat bones. Citrogenase levels fell but slawly (4 weeks) while bone
atrate Jevels did pot change measurably The authors could not inter
pret these results neither can we.

A study (51) of the respiration of metaphyssal boe slices from
yuung rabbits suggests that the Krebs cychke in bone cells exther 18 rot
fimctioning or is operating at a low but maximal rate becanse of some
rate limitmg step (perhaps wocitrate dehydrogenase insufficency) The
authors drd not draw this conclusion but they reported that the addr-
twon of glucose pyruvate, citrate, fumarate a-ketoglutarate, and mal
ate did not affect respiration! With the exception of glucose all these
acuds, as members of the Krebs cycle, ordinarily act catalytically to
mnaxuxygmcnnmmpﬂnndthecvdclsopu-ammdmmm

peesent I erge excem when phosphate was ebeent, a Lttls dtrate was taken op.
Stmdlarty data obtatned with & moded system (75) give only an Indication that booe
contalns mors cltrate than predicted from seram concentrations Addltonal work
on this Is needed.
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and strongly in support of the metabolic concept as outhned above
were their results obtained after injections of parathyrold extracts,
1000 units over 42 hours. Endogenous, anacrobic glycolysts (lactate
accumulation in Ny atmosphere) was the same in both control and ex
perumental slices. Unfortunately the rates of aerebic glycolysis were not
studied Our metabolic concept predicts an increased aerobic glycolysis
(defined as lactate accumulation) after parathytold injectron Respira
tion however was reduced to nearly half rormal i the hormone-
treated group The authors also report a loss in - dehydrogenase activ
ity * uung succinic ackl as a substrate This fs difficult to interpret
because succinate can serve as a hydrogen carrier quite apart from its
role i the Krebs cycle In any event, the authors were prompted to
suggest that perhaps some carbohydmte Intermediate might accumu
late under such crcumstances, thus facilitating the transfer of bone
s1lt to the arculatron

Mineral Dusselution versns Matriz Altack

From the complexity of events involved in the deposmition of 1sotopes
m bone (chapa. 1v and v) one nught expect that very little could be
added to our knowledge of parathyroid action by the use of Ca® or
radiophosphate However a recent report (82) gives quite conclusive
evdence that parathyroid extracts induce the demmemalization of
wuanailable skeleton The success of this experiment rests on the time
allowed to elapse between isotope myectson and parathyrosd treatment
By waiting 72 days after the Ca® administration these investigators
msured that nearly all the remaining Ca® was residing 1n fully mineral-
ired, unavailable bone (4) The large Increase in the excretion of Ca®
observed after parathyrord extracts could mean only a dissotution of
that folly mineralized labeled bone Areas so fully mmernlized that
Ca*® could not diffuse in and out were suddenly rendered avaflable to
the arculation. Some change in the fluld environment adjacent to these
unavailable crystals must have induced this dmeolution. This evidence
Is quite convincing support for o metabolic concept of parathyroid ac
ton, though not necessanly the one outlined here. Certamly some cel
lular activity must be postulated to affect the bone ffuid in such » way
45 to cause thrs extensive mineral disolution

These rexults alo cast doubt on suggestions that the primary action
of perathyrox hormone mught be the degradation of the bone matrix,
which, 1n tum, “releases calcum (28) If radiosodum ons cannot
penctrate the fully mineralized unavailable bone areas (chap v) how,
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then could enzymes diffuse in to attack the matrx? At the present
moment 1t scems best to conclude that at least a partial deminenli-
zatlon of the unavailable bone must precede any attack on the matrix,
In our own laboratory hyalurontdase collagensse trypsm, chymo-
trypan pancreatin and papain were all mithout messurable influence
on powdered cortical bone srless & partial demineralumtion preceded
enxymatic attack (56) Apparently in keepmg with the extremely low
content of water there are very few reactive groups (measured as free,
eamuno groups) in intact bone (49) If parathvroid extracts mobited
caleium only from the not folly mineralized available bone then matrx
attack might be considered a primary event, The Ca® results, however
show a parathyroid action on unavailable bone where demmensiization
must be a primary actwon

Finally there s some histological evidence which supperts the
metabolic concept One would expect to find the first signs of pan
thyroid action to be a dissolution of bone mineral around the osteocytes
and their canaticult Careful histological study (46) reveals, 1n the not
mal untrented animal “reactrve boae mineral outhining the canslculi
and the osteocyte After mjections of parathyrod extract the “resc
tive” zone aromnd the asteocyte becomes enlarged, so that anly the
dustal portions of the canaliculi are seen short and stubby but enterged
in dameter Reactive muneral 1n this case signifies stalnmg with
silver mitrate In the normal ammal interstitu} bone does not so stain
Simultaneously with and corresponding to the perceltular loss of min-
eral, there appear poaitive signs of retachromast of the matnx. This
lustological evidence s certawnly consistent with a metabolic coneept
of parathyroid action.

Renal Effects of Parathkrreid Secretion

That parathyrowd secretion increases phosphate excretion by the
Krdney 13 an ofd observation but debate on this effect cantimues to the
present (5) 51t @ pnmary eflect & secondary effect, or an artifact? Is
1t due to lack of resarption and/or secretion by the tubules® Certamly
in the hyperparathyroid patient serum calcium 1 elevated, snd serum
phasphate 15 quite jow conversely in hypoparathyrordism, serum
phosphate is likely to be elevated. The phosphate clearance by the kid-
ney has been shown to be high in byperparathiyroid states and low m
hypoparathyroid states (5 60) Also m hyperparsthyroid patients (60}
calcum wfusons (which presumably ‘@hut off” the parathyrouls)
cause the phosphate clearance to fall while citrate infumons (presumed
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to stimulate parathyrokd sccretion) cause the phosphate clearance to
nse In hypoparathyrotd patients, such infusions were wathout effect
This kind of exdence may be more valuable than phosphaturic effects
caused by varous extracts " Since Stewart and Bowen showed that
extracts of spleen and of thymus were capable of Inducing phosphatuna
(74) crude extracts are subject to suspicion. On the other hand 1t does
not scem unreasonable to assume that the parathyrold hormone acts on
more than one organ system and that the changes m kidrey function
followmng parathyroidectomy are quite real (76) Insulin does not act
sokely on the liver An mhibitor of eellular oddation such s we have
visualized might have o number of target organs. The kidney is the
prmapal site of oxidation of arculatmg citrate If renat citrate oxda
tion were inhibited {t scems reasonable to assume that an active proc
3, sch as tubular phosphate reabsorption might also be inhituted
Unfortunately, this attractive speculation runs contrary to & gromng
body of evidence that the calcium mobilizing pninciple and the phos
phaturle pnnaiple are separable (19 38 39 55) However all these re
ports base their conclusions on an asmy ratio hypercalcemic/phos-
phatanc effects. Since degraded protemns can affect phosphate clearance
and since the hypercalcemuc effects are varble (cf next section) such
evidence is not entirely convinang

Perhaps logic 13 our best weapon In heu of cntical information.
Homeostatic control requires the operation of & kind of servomecha
num A servomechanism requires a means of increasing and decreasing
the vatiable under 1ts control. In the present case the hormone 1n act
ingonbone can increase serum calaium levels only tadirectly by rusing
the product ge,+ agro- Actuslly as stated previously (chsp v
ko Fig VI2) citrate production in bone would by displacement,
tend to rame serum phosphate even more than serum caleium To ob-
tain a truly effective nise 10 serum calcrum, phosphate must be excreted
‘The parathyroxds, by ceasng their secretion, must also be able to lower
srum alaum. The logical and available means is the elevation of
phosphate in the serum If phosphate continued to pour out into the
urine, the hypercalcemia would continue unabated even m the absence
of pamthyroud activity

On this basls, the parathyroids must exert a dual action (a) on
bone they act to increase the product aea~ Gmra; in serum  (5) on
kxdney they act 1o repress ameg- 1n serum Thus calcium is mobilized
from bome to serum while phosphate 1 mobilized from bone to wmne
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THL NOMEOSTATIC CONTROL

From the viesrpoint developed above 1t follows that the para
thyrouds Influence calaum levels most effecuvely 1f phosphate evels
are also influenced. Sumilarly the level of parmthyroid secretioa i i
fluenced by the concentrations of both ealctum and phosphate in seram
(70) This results from the reciprocal relatton between the two Jons
1mposed by the solubility of bone muneral, mof from a direct effect of the
phosphate concentration on the parathyrord glands themselves The
bulk of the evidence (1 § 48 53) does indtcate that parathyroid glands
respond directly only to the concentration of fonired calaam in the
serum and extracellular fluds This 1s & reasonable conclusion After
all the activities of many cells, nerve and muscle in particuler are very
sensitive to small changes m calaum son concentration (9) The fonda
mental basts of hameostatic control then Is the relation

Geam 11 eTUm ~ K @

where K 18 normally 0 5 X 107 (cf chap ) as set by the normal para
thyroid conditron, Secondarily phosphate is controlled because of the
operation of the second fundamental relatron

aca+  dgro- of serum = R (1)

where R represents n range depending on the 1on gradients beiween
boae and serum normally R = 1 X 107 In the absence of gracsents
(parathyroxdectomy) K appears to be about 06 X 10~ Under para
thyrord stimulation R can reach a value of 2 X 10-7 ar perhaps more
Thus we find that [Ca*++] 1n serum 13 one of nature s physiological con-
stants, while inorgamic phosphate is somewhat varmble. The Limuts of
varbility can be estimated by substituting relation (I) 1 relation
(ID) from which we obtam an dmro- in serum of fram 012 X 107 to
04 X 10~? Canverted to total inorgamic phosphorus, this range is
19-6.5 mg per cent phosphorus, assuming a constant Jevel of serum
cakcham at 10 mg per cent.
CO NCLUDING TIIOUGITS

Ttus description of the homeostatic control by parathyroid secre-
tions 18 derived largely from a lberal spplication of logic to & rather
small core of eatablished fact and clintcal expenience. Logc is Indeed »
powerful taol but it 13 no real substitute for experimentatsan. Unfor
tunately m our opimon the comphcated effects of parathyroid secre-
tion will pot be finally settled until one or more pure chemically denti-
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fied hormones are isolated from parathyrond tissue and the tissue
soups or extracts of todvy are properly relegated to history

When wll the soups be displaced by pure components® Tomor
row perhaps. Perhaps not for ycars. The problem of punfication has
been rendered mest difficult I the lack of a reliable and sensitive as
sy Desprte clalms to the contrany there 11 at present no satisfactonly
reluble assay method What function should be assiyed the hyper
cakeemic effect or the phosphaturic cffect? The U S P assay Involves o
serum calcfum nse 18 hours after subcutaneous injection in dogs Yetin
rats the serum cakrum falls to low levels 6 hours after parathyroidec
tomy (55) Thus sugrests that the absorption of crude extracts 1s very
slow If absorption of a puntied component were rapid the standand
UST test would give negative results with the very best {ractions.

Why not inject mtravenously ? It1s sometimes sawd that parathyrord
extracts are ineflectne when given intravenously In our laboratory
doga, 1,000 units mtravenousty caused an initial small nise 1n serum cal
crum at 4 hours, followed by a shght drop at 18 hours, while a smaller
dose, 60-90 units, gave good hypercalcermic effects (30) st 2 hours
some dogs and not in others. One could go on and on.

Tt all adds up to the fact that the hterature cannot be evaluated
criticalfy Quantitative comparisons are of doubtful mgnificance Nega
tive results might be meanmgless. Posstive hypercalcemic activity 1s
meanungful, but the time-dose response relation 1s too varmble to assess
quantitative relations accurately

In view of all this, we are not really sure of anvthing Ve are not
even mre that the hormone 13 of a protein nature It coald be o carbo
bydnate, a ipid or a complex of some kind

Finally the metabolic concept presented above, though attractive
and In seeming harmony with much of the data currently available 18
really quite tentative and msecure It 18 presented only as a working
bypothess. Opinion which runs contrary ta the hypotheals has heen
deliberately omitted though contrary evidence was sought Doubtless
the concept i much oo mmple to be correct yet it should prove helpful
n designing future experiments.

Actions or Vitaxax D
Today many vitamins have been asagned specific metabolic func
o4 a3 coenrymes or coenzyme precursors, Yet, despite the fact that
the major features of the D-deficiency syndrome were well outlined
Bearly fifty years ago and that vitamin D was the first vitamin to be
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identitied the mechanusm of action of this vitamin remains an emgma.
There permst uncertainties concerning even 1ts gross physlological ac
tions. Everyone agrees that vitamin D fs necessary for normal iotes-
tinal absorption of calcrum, but there is no unanmity concernmg &
direct skeletal action Everyone can understand how jncreased n-
testmal absorption favors elevated serum levels of cakeum and phos
phate and also how such elevated levels favor deposition of new bane
minernl As a consequence many experts have felt that skefetal ab-
normalities seen In vitamun D deficency are merely indirect conse-
quences of the intestinal defect, and this view 18 difficuit to refute ex
pernentally Nonetheless, from the preceding drcussion of the requk
tory actions of the parathyroid hormone it should be clear that serum
levels of calcrum and phosphate cannot be erther rised or lowered un-
less some alteratwon 1n tie compasition of the fluids bathing the bone
crystals has occurred Indeed 1n the most recent Literature, there has
been a growmg recognition that vitamin D seems to mobihize caleram
and phosphate from bane to blood as well as from ntestine to blood.
This shift m emphans 1s well Mustrated in the writmgs of Nicolsysen
and Eeg Larsen who in 1953 (§8) stressed intestinal absorption and,
three years later placed additional emphasts on the local actron Jon
bone} of vitarun D (59

DIRECT EFFECTS OF VITAMIN D ON BOVE

Much of the recent evidence for a direct solubilising action of vita
mim D on bone has origmated m Carlsson s laboratory Ths fs a revival
and extensmon of evidence and views now over twenty years old (69
70) Beginnmg m 1952 Carlsson demonstrated (10) that vitamin D
tuwed serum catonm levels o Tats on & diet almost devord of caloum
(0 04 per cent) In 1953 an extra intestmal effect of vitamin D was pos-
tulsted (14) to explam (a“retention dats. In 1954 changes m the
ciirate content of bone and serum wert found to be among the carllest
effects of the vitanun when given to deficient animals (12) Tt was sug
gested that vitamm D msy stunulate atrate production 1n bones and
that ths could be the cause of the mcreases in calcium and phosphate
10 the serum which paralleled these of atrate (12) The lowered serum
product, [Cat*] X (POT] of D-defictency was ascribed to a failure to
mobilize stored bone salts (11) By varying the leved of vitamin D dos
age, ntestmal and skeletal effects could be differeniated in rats. Maxi-
mal intestinal absorption was observed after only 10 LU while bone
galt mobtlizatian was said to incresse with doses up to 1000 LU (1)
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Other laborntones have reported similar findings (70) Talmage and
Dodds concluded that AT 10 (dihy drotachysterol) raised scrum levels
m parathyrokdectomized animals by ‘removing ealaum and phosphate
from bone (77) DBy mampulating levels of calaum in low-calctum
rachitogenic diets Nicolavren and Leg Larsen found (59) that vitamin
D treated rats exhilnted higher scrum calerum levels than did deficient
rats, despite the fact that the deficient animals were absorbing more
aalcrum! 1t 1s difficult indeed to explain such results exclusively n
terms of intestinal absorption Vitammn D then not only improves in
testina] absorption of calcium 1t seems also to increase the jon gradi-
ents in bone fluld resulung in higher products, dca+  gmpo- 1n the
dreulation. Vitamin D may also have a direct action in promotmg cal
cification {cf chap vii) but this gross action may be merely a second
ary result of the clevated calclum-phesphate product

TSTERRELATIONS OF VITAMIN D AND PARATHYROID ACTIONS

If vitamm D can mobilize calclum and phosphate from bone to
blood, should we not consider the vitamin to be an mtegral part of the
mechanisms responsible for normal calcium and phosphate homeosta
a? Local dissolutions of bone mineral and the resulting transfer to
scrum 13 precsely the role we have asuigned to the secretions of the
parathyrold glands. Are the vitamin and the hormone Interrelated 1n
some way ?

The idea of an interrelation between vitamin D and parathyroid
bormone fs, of course quite old. However the old concept proposed a
direct stimulation of parathyrold secretion by vitamuin D (8 34 54 64
68 78) which was easily disproved by the effectivencas of large doses
of vitamin D In the gbsence of parnthyrosd glands. Justifiably this con
cept fell into disfavor 1n the early 1930 5 (70) But we should not 1gnore
a1l possible interrelations merely becausc one suggested mnterrelation
has been disproved. Obviously the interrelation between the vitamin
and the hormone, if a direct one exists, 18 complicated and subtle be
caume the phymologmical actions of these two principles are in most cases
quite dismmilar

Important differences are found in the hustological changes seen In
bone whether these changes are induced by excesses or deficencies of
clther principle The pathology of hypervitaminosts D duffers from the
osteitss fibrosa observed In hyperparathyroidism the osteomalacia of
ckets differs markedly from the pathology of hypoparathyrosdism
Perhaps the most striking differenices 1n action of these two regulatory
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princsples are their extrasleletal effects. Vitamn D promotes the i
testinal absorption of calcfum parathyrokd extracts may have such en
effect but it has never been demonstrated. Parathyrord secretions ap
pear to mhibit reabsorption (or stimulate secretton) of phosphate m the
Lidney Vitamm I» of 1t has any direct renal action shich 1s doubtful
does just the opponte promoting phosphate rezbsorption (44) and
retention (70) except perhapa, In excessive dosage (17)

It is obvious that the vitamin and the hormone gre different sub-
stances with different effects, acting at different sites. However mone
respect these two principles have paraliel or synergistic actions. Both
rofse the serum level of the product ac,+  aror

This combination of differences and similanties 18 summarized m
Table VI 1 where 1t Is seen that the action of the parathyroids aggrs-
vates the rickets of D deficsency with high calchum diets (70) white
they render rickets difficult to produce on low calcium duets, posyibly
by hyperplasia (37) Conversely vitamin D probably aggravates bypo-
parathyrotdism with high phosphorus diets but helps to control the
disease with high calenmm deets (7) With proper dietary adfustments,

TABIE VI

A SIMFLIFIED COMPARISON OF ACTTONS OF YITAMIN D
AND PARATIIYROID HORMONE
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then each pnnaple can compensate in part for a defiency of the
other The question immediately aries Do vitamin D and the secre
tlons of the parathvtords rie the serum product ac qiro by the
same o similar mechanisms? Does vitamin D like parathyred hor
mone Induce citrate production in bone? Indeed 1t 1s well recognized
that the aitrate content of bone amd serum is low 1n nickets and a nise in
bone citrate s one of the earliest changes seen in the treatment of rick
ets with vitamin I) (12 44 58) Two new questions come tormind Why
does the pamathyrodd prmeiple fail 1o induce citrate formation 1n D
defiaency, and if citrate is not bemng produced in this condition how
do the parathyroids so frequently maintain serum caleium at near nor
mal Jevels in rickets? It appears that both vitamin D and parathyrod
secretion are required for the normal production of atrate in bone. The
metabolic effects of parathyrord though unsuccessful in producing ait
nate, cause some mobilizatron of calcium from bone to serum though
less efficently than normal

1 we put all these consideratrons and facts into one over-all concept
we armve at the following analyns

Vitamin D and parathyroid hormone must act 1n bone at different
ates in carbohydrate metabolism each with an independent effect so
1 1o induce cltrate formation synergustically Since we have proposed
that the parathyroid hormene blocks the oxdative cycles and promotes
gytohms and the accumulaton of pyruvic lactic and atric acds
vitamin D must exert jts action on some enzymic renction between the
begmning of glycolyss and the final condensation of pyruvate to give
atrate. If itamm D acts only on the condensation reaction and not on
glycolytic reactions, the parathyrox hormone would still be capable of
indeang pyruvic and lactic acd production and consequently some
mobilization of bone mineral even m D-deficiency

PROPOSED METABOLIC ACTION OF VITAMIN D

It must be emphasized that in propoung a metabolic mechanism for
the action of vitamin D that 1 related to & aull hypothetical parathy
ol action the authors are fully aware that they may be indulging
merely in mental exercise It is fascinating however to fit together the
following fragmentary bits of cvidence to form an over all picture that
makes some physlological sense

The finst clue is provided by Tulpule and Patwardhan (80) who
Teported that cartilage 1n prolonged D-deficiency is unable to oxidize
Pyruvic acxd added as & substrate The fuilure of D-deficient cartilage
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to oaduze pyruvate 1s & most significant metabolic defect. Accordmg to
current biochernrcal concepts, pyruvate 18 metabolized by converson to
citrate through the medintlon of enzymes which require the followmg
cofnctors  cocarboxylase (thuamn pyrophosphate TPP), lipoke scid
(ipothumide pyrophosphate LTPP) coenzyme A (CoA) and co-
enxyme 1 (d;[ﬂ]mpbo{ryﬂdme nucleotide DPN; Thus

IJFP
DPN

weetyl Cod o oxelacetale —p civame

O-C~COOH

A

cu-x—c +.o-‘c mou-—»cwn+h‘o—c COOH
l

cu.- cu, CHy
|
COOH CcooN

Oxalacetate 18 also derived from the citrate cycle but acetyl CoA 18
denived from pyruvate. Onutted in the diagram of the Iatter reaction
are the phospharylation steps which require ATP

The second report to be considered 1 the s yet uaconfirmed and
controvernal paper by Zetterstrdm and Liunggren (83) wherein 1t was
shown that phosphorylated vitamin Dy actrvated oxygen uptake when
added to kudney mitrochondna metabolmng glutamate as & substrete.
Glutamate, upan oxdative deamination yelds o ketoghutane aod.
Significantly the next metabolic step 18 the oxidative decarboxylation
of a ketoglutarate s reaction thought to involve coetusyme A, oo~
enzyms I, cocarhoxylase and/or Lipore acid a3 cofactors (63) Is vita
min D mvolved in the synthems or activation of one of these cofactors?
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It may be more than coinexdence that Rifhi and Forsander (67)
have reported a stimulating effect of vitamin 1D on the phosphory lation
of thamin Thexe authors studied only the arculating levels of co-
earboxy lase (thumin pyrophosphate) after infections of thiamin and
vitamin D Unquestionably a real effect of vitanun D was observed
but how plasma kevels of cocarboxy lase relate to tissue levels particu
larly in bone remains to be estabhished Despite this uncertainty it is
signficant that the thiamin pyrophosphate in cocurbaxy lase and lipaic
aad s required for the formation from pyruvate of hoth oxalacetate
and acety! Co

The pyruvate to<itrate reaction has been shown in cartilage to be
scraitive to the dietary level of vitamin D Dikshit Joshi, and Pat

TARBLL V12

STIMCLATION OF CITRATE PRODUCTION IN
CARTILAGE Bt VT3t D (22)

Crmaate Prnogemon
{y Cltrat /G T b

Cartlag M)
Controls ( Iefickent) 1847 23+6
Treated (4,000 U) 47+12 52+6

(24 br) (96 hr)

The axthors termed Lha  maemars of the Uvoas content | the
%’ﬁ’:m S TR
wardhan (22) have studied D-deficient rats and demonstrated o sharp
Tse 10 atrate productton within 24 hours after admimstration of the
vitamin (an enormous dose 4 000 1 U /rat) The galient findings are
summarized in Table VI 2. The authors concluded that the mncreased
atrate production was evidence that the concentration of the con
densing enzyme citrogensse had imncreased suddenly in response to
Vitamin D admmistration This, of course s a possible explanstion.
However the speed with which the change occurred makes one wonder
Ingeneral enzyme levels shift rather slowly to most phy=ological stim
ull. An example of the case in point 13 the work of Perkins and Dixon
which showed that atrogenase levels declined slowly over 2 4 week pe
tiod after Parathyroidectomy (65 A more attractive mterpretation,
then would be that a deficency 1n o required cofactor such as co-
rboxylise or lipoic acid was atalytrcally rebeved by the admmustra
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tion of D In this connection it 1s highly mgnificant that the incubating
solutions employed by these authors contaned Mgt ATP cysteme
etc,, CoA and cocarbaxy lase were not mcorporsted.  However, the in-
terpretation of these results fs not straightforward. Tissue slices, not
homogenates, were studied. Since 1t i doubtful that ATP can penctrate
mtact cells and aince no control experiments were reported (omuttmg
ATP) these results, though signtficant are somewhat unclear

If vitamin D 1s required for the activation of the decarboxylation of
pyruvate or one of the several reactions by which pyruvate enters the

TABLE VI3

ErrECT oF VITAMIN D 0N CARTILAGE METABQLISM
RO PICARD (66)

MraaLma SoLrmos Arrcazne of Moo
(MrcxomoLr /Cxt) (¥/10 M Casmiiscx)
C xrmacx
_____J [ P ATP Lactate Cltrats
- et

25 0 083 66 &0

Normal {13 166 | 0 %
25 0 088 124 100 20 4
Rachitic 23 166 0 47,47
23 1066 083 100 i
Rachitlc 25 0 o8 125 140

+

0 5 7 caldferol 28 166 9 100 18
fn medhmm 28 166 083 125 121

Kreba cycle, pyruvate and Iactate wonld be expected to accumulate in
D-deficrency Citrate levels, on the other band, would fall. Prcard bas
reported (66) mteresting date on fust this polnt lactate and dtrate
production by rachtic cartilage shices. Though somewhat prelunmnary
in nature this study lends support to tbepreviomdevdapnent.m
results are summarized in Table VI 3 Compared to normal, D-defient
cartilage produces more lsctate and less citrate The additon of ok
aferol had no marked effect on lactaze output, but 1t Increased citrate
formation by 200-300 per cent

Such a catalytic role of vitamin I could hardly be expected to be
limited to & mngle tissue however Would not citrate synthesis In or
gnmomumanbonemda:tﬂagebelﬂcctcdmnmedcgmebyvlm
fions 1 vitamm D ftake? As of to reassure ua, Steenbock and Bellin
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(¢2) have reported that the administration of calciferol to deficlent am
mals increases the aitrate content of all organs examined with the ex
ception of the iver They studied blood bone heart kidney intestine
and Inver
In developing this ston ™ of the metabolic action of vitamin D
certain publications were selected from many The scientific literature
1 1o the would be theoretian like the Bible to the theologun By the
selection of certain passages out of context a case can be made for al
most any viewpoint. In this case where an attempt has been made to
select the critreal step in a complex cychc senes of events, the margin
for error is very great. At the present tme our knowledge of the
metabolism of cartilage cells s inadequate (35) The metabolam of
bone cells has been eamined even less thoroughly There are some indy
ations that there may be a deficrency of hrebs-cycle enzymes in both
tissues (cf above) For any tusuc the enzymes and cofactors particl
pating in the decarboxy lation of pyruvate and a ketoglutarate are not
fully eluesdated (63) We cannot predict in any detall therefore how
vitamin D might promete or activate these reactions. Nonetheless
with the background furnished by these six papery, it 1s easy to see how
the actions of the parathyroids and vitamin D coxld be metabolically
mierrelated Tn D-deficency falling blood levels of calcium sumulate
panathyroud secretion The hormone, exerting its inhibition of oxda
thon (through its proposed action on reduced coenzyme IT) causes the
cells of bone and cartilage to glycolyze. The resulting accumulation of
PyTuvate and lactate cannot be converted to atmte because of the lack.
of phosphorylated thiamun or lipoic acid or other vital cofactors. Thus
atrate levels in bone fall, despite the hyperactivity of the parathyrosd
glands, Conversely in the absence of the parathyroids, most of the
carbohydrate would be oxudized through the pentose shunt, wth httle
*ecumulation of pyruvate. Thus vitamun D which promotes conver
sion of pyruvate to citrate would be less effective than normal, Tn this
scheme, illustrated in Figure VI § the parathyroid secretions shunt
te metabolism to the production of pyruvate and lactate
vitamin D favors the production of citrate from theso two acids, and
the parathyroid secretson then mhibits the oxidation of atrate. Both
Panthyrod hormone and vitamm D can be expected to act independ
ently of each other However the absence of either factor renders the
other much legs efficlent and normal levels of aitrate 1n bone can be
Ipected only when the diet contauns vitamin D ard when the pars
are mtact,
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ACTIONS OF VITAMIN D ON CALCIUA ABSORPTION

We have stressed the action of vitamin D on bone yet the Impor
tance of this vitanun in mamtaining normal calcium absorption I of
paramount Importance Does the metabolic concept, which explains
the course of events in bone prove equally effective in expluning the
vitamin s effect on the intestine?

The problem in absorbing calaum from the intestme Is, in many
ways, analogous to the problem of mobilizing calewm from bane. By
whatever mechaniam the mucosal cells absorh caleum and phosphate,
an efficfent absorption cannot be obtained unless the two ious are n
soluble form. We have seen earlier that the solubility of precipitates of

PARATHYROID GLUCOSE 6 Po,
HORMONE
BLOCKS

PENTOSE
OXIDATION oLYCOLYSIS
SHUNT
‘/FYRUHTI‘——LAUW'E
VITAMM D ——, \
BTIMULATES . A

6LUT,
| viraun o
STIMULATES

and
Fra. VI 5 —The proposed synergistic production of ditrate by vitamin D
pantiyrold hormone. Parathyotd harmane, by blocking axidation cyches, promates
#cid sccumulation from glyrolysia. Vitamin D by promoting moro rapld comvenisn
of pyruvate (o citrate, favors the eecumalation of dtrate.



Phyziological Regulatory Vechanisms 165

cakrum phosphate is very low under phy«ological conditions of piland
tonic strength we have reen too that serum is supermturated n this
respect What fs to prevent preapitated calcium phosphate from pass

ing through the intestine without dissolving? In fact why Is there nota
constant drain from the body as the cakerum and phosphate rons secret

ed into the gut in the digestive fluidsare entrapped by the insotuble cal

aom phosphatesin the intestinal lumen? It scems reasonable to suppose
that as in bone some ccllular induced gradient normally renders the
intestinal contents favorable for the dissolution of calaum phosphate
precipitates, As with bone the most hikely mechanisms would be sotu

bifimtjon by exchange chelation and local acid production. Certalnly
anything that promotes an acid condition in the intestine will incrense
the solubility of calcium phosphates and favor their absorption. Simi

larly high concentrations of atrate or any other chelator of calclum
¥ill also provide a favorable gradsent for transfer of both calcium and
pbosphate to the portal airculation.

Pethaps 1t is no colncidence that orally admmustered atrate 1s antl
rachitic (71) That its effects are indeed Jocal 19 indicated by the ob-
servatlon that parenterally admimistered citrate does not cure nckets
(60) Ifvitamm D 1n promoting citrate formation mcreased the atrate
content of the intestinal mucosa or its secretrons 1ts action on calaum
bsorption might be accounted for As in bone, we would again have an
operation of a citrate gradient by which calchum could be transferred to
the arculation The threefold action of atrte—solubilization com
plexmg and depresmon of pH—would be operative in the gut. The
resaltant elevation of serum caleium concentration would then deact:
vate the pamthyrod glands lowenng the cltrate gradients 1 boxe and
thereby woald promote skeletal deposition. Unfortunately despate con
sderable interest 1n caloum-citrate interrelations, few data bearing
directly on this problem are available. The increase in the atrate con
tent of intestine following administration of vitamm D to deficient ani
maly, mentioned above (72) was not impressive but the entire intes-
tine, mucosa and musculature, was analyzed Preliminary analyses of
ntestnal contents, too failed to show a significant amount of citrate
12 4 Many crucial expeniments to test this pomnt remain to be done
but the problem of the role of dtrate in intestina] absorption may prove
difficult 1o eluadate. Under some circumstances, dletary citrate has
been thown 10 be rachitogemsc (16) and sodium aitrate 1s less effective
thas some amino acyds m promoting Ca® absorption (81) In these two
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studies there is some questlon concerning comparisons of dietary addi-
tives when the diets also vary in their acid-bas= balance

Very little 13 known of the metabolism of the intestinal mucoR, and,
without such knowledge 1t 13 not posible to evatuate properly the
metabolic concepts denved above for the actions of vitamin D If the
intestinal mucosa, like bone, lacks a complement of enrymes required
for normal operation of the Krebs cycle vitamin D might markedly
augment citrate production At least, the metabolic concept suggesiaa
number of pertment expennments. For example one nnusual prediction
suggested by the metabolic concept relates to the importance of thn
mmn If vitamin D is somehow responsible for the activation of reactins
requiring phosphorylated thismin one should expect that thus vitamm,
too would be important in calanm absorption and metabolsm It bs
true that the primary defect 1 thimin defictency does not involve
muneral metsbolism but rather nerve degeneration Nevertheless, it
quite encouragng to find a number of papers (6 18 25 30) all of which
clalm to show that thitmm increases the absorption and retention of
aloum This relationship betwesn thumin and vitammn D
somewhat obscure at the moment deserves intensive study

There has been some indication that vitamin D lowers the pH of the
intestnal fluids and of the feces (73 84) However it 1s difficult to de-
duce whether this is a canss or a result of improved absorption of cal
clum and phosphate. Unabsorbed calcium phosphate can be expected
to render the intestinal contents more alkaline 1t 13 an atkahne st
Anything that favors its absorption will automatically render the in-
testinal contents less alkalime Under these arcumstances, winch s

cart and whichis horse cannot be emaily declded.

It seems reasonable to postulate the extence of a caldum ‘pamp
m the intestine whatever the mechamsm may finally prove to be.
Afterall the amount of calcrum transferred from the gut to the crcaa
tion seems to vary within surpnsingly narrow limits, of the
calerum content of the diet, from & little less than § gm. to perhaps 13
gm. m the human * It gives one the {mpressian that the mtestine pas-
sexses a mechanism of very Lirmted capacity to absorb calamm and tht
operation of this mechanism at & rate near to capacity requred fox
the mamtenance of pormal skeletal physology At the present Hme,
there seems to be no reason to postulate an intestmal pump” for pios:

L Even when thero s oo aet abaorption from the dlet, everal hundred silli-
grams of calctum derived from fiuide secreted Into the gestrointestinal tract must be
abeorbed
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phate (8) though the exi tence of an active abrorption process for this
fon cannot he densed

CONCTUDING THOLCHTS

As xith the metabolic concept of the action of parathy rox! secre
tions, the scheme propoed here for the physiolomical actions of vitamin
D s mtended as a working hvpothesis to and in the design of future ex
permentatron The authors are enly too painfully aware of the meager
expenimental foundatron upon which a rather cumbersome theory has
been constructed Homever the complex interrelated system descnbed
for the regulation of serum claum by vitamin D and parathyroid se-
cretrons s consistent with present information and 18 inherently lomeal
In these respects the svstem 1s remumiscent of the Albnght Reifenstein
concept of parathyrod action. Their scheme was consistent with data
then avaflable and was aleo logical. Regulation was presumed to result
from renal mduced phesphaturia calcrum was affected only indirecth
In the present discussion emphasis has been placed on the regulation of
calcfum, while phosphate regulation has been left dangling so to speak.
Actually, this 13 more apparent than real In the present scheme the
dual action of parathyroid secretions on bone and kidney provides for
smultaneous regulation of both cakrum and phosphate though cal
cum s the more ngorously controlled Thus, acting on bone, the
mnthyrods mobilize both caleium and phosphate to serum by strmu
lating ditrate production. The hudney effect however 13 to reduce
serum phosphate by inducing phosphate excretion. The net effect, then
1 8 transfer of phosphate from bone to urine of calerum from bone to
setum. Despite all that has been said concerning the lack of a fired X',
for boae mineral, in the absence of cells there 13, as we have seen a re-
aprocal relation between caloum and phosphate 1n a sohutfon n con
fact with bone mmeral or hydroxy apatite On this basis, elevated
*Tum phosphate levels repress serum caloum activatmg the parathy~
rords to induce phosphatuna ( onversely falling serum phosphate ley
&is permit greater amounts of calcium to dissolve from normal bone
and the resulting hypercakemia turns off” the parathyroids, inducing
Phosphate retention There 1s only one commonly cbserved phenome-
Bon which seems contradictory W hen one infuses calcium, serum phos
Phate nacs. Since this rise occurs even of parathyroud extract 13 given
ith the calcium infusion (62) 1t cannot be attributed to renal reten-
a2 Nor can we attribute thus nse to dissohution of bone for it violates
Ul chemcal experience. Phosphate should be depomted 1n bone dunng
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cakcrum infusions. The only explanation in the authors opmwon, must
be given in terma of an extraskeletal celtular response. Do high caleram
levels induce cells to lose phosphate? There s no adequate expenmenta]
evidence upon which to base an gnswer at present.

The metabolic concept of vitamin D action presented bere suggests
that vitamin D might have direct actson oa bone cells, which would
favor mmeral deposition. If the vitamn 18 a part of or is requred for
the syntheais of & cofactor needed in the decarboxylation of a-keto
acids, 1ts presence would promote efficient celtular omdation of carbo-
hydrate 1ts absence would make the cell more dependent on ghycolyms
But gly colyns is synonymous with acid production and the aceumuls
ton of acxds renders the normal product gca+  dmro- less superatn-
rated. By inhibitlon of glycolysis, vitamin D would promote mmeral
depositon.

Another puzzhing problem may be expluned in terms of the blood-
bone gradient, namely the demineralization that occurs in mmobdiiet
tion. For a given level of parathyrold hormone and viamm D we
should expect a fairly steady production of atrate in bane. With ¢
fixed production however the gradient of aitrate will be inversely pro-
portional to the rate of blood flow A sluggish arculation will leave the
bone cells steeped in accumulating metabolic, acid end-products, re-
sulting 1n A demuneralization of the affected llmb



CHAPTIR VI

Mechamsms of Calafication

In chapter i it was established that the activity product, ac -
am; of normal serum hoversaround a mean vahue of about 1 X 10-7
In chapter #, it was establushed that this mean value 15 both under
wturated and supermturated at one and the same time. This paradox
w4, of course easily resolved in chemical terms. We are dealing with
two different solids (a) the rohid phase which precipitates initially 1s
secondary calcium phosphate (3) the only sohid phase which is stable
at physiological pH is hvdrovy apatite Normal serum then is under
mturated with respect to secondary cakaium phosphate but supersatu
rated with respect to hydroty apatite. Thisis all very clear and easily
understood. Physiologically however the problem remains paradon
@l In the formed bone the cells are faced with the problem of beng
literally engulfed by a surfett of colaum and phosphate. They must
actively renst the pressure of the supersaturated fluds, which tends to
Increase mineralization to the exclusion of water and the ihibition of
bomeostatic lon tranafers. At the same time 1n areas of forming bone
nd aartilage, the cells after laying down matnx are faced wath the
problem of completing their task—mmnernlizing the matrix they are
®pplied with flulds contaning cakaum and phosphate 1n concentra
Gons now Insufficient to induce precipitatzon of #ew crystals (preaipita
ton of CaHPO, with subsequent hydrolyss)

Thus is the heart of the problem. Even though the circulating fluds
Are supersaturated with respect to bone mineral, new crystals do not
form spontanecusly How s this accomplished in growing bone and
artihige? Evalutionary processes could have selected one of two pos
ble mechanims to induce new-crystal formation The first 1s obvious.,
A booster mechaniam could be developed by which local concentrations
of calctum and phosphate are raised above the cntical ton product
needed for precipitation The second possible mechanism 18 much less
wwonmepnm[ﬂeofl)!my or sceding rather than on
Precipitation, a crystalline substance (possibly organic in nature) may

169
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be elaborated This material, by virtue of its crystalling structure,
which 18 sufficently simar to the structure of hydroxy apatite, 1 able
to mduce the aggregation of  nucleus of cakcrum and phosphate wos
Given a crystal nucleus of hydroxy apatite, the body fhuds are sufs-
aently supersaturated to form a complete crystal spontaneously
The differences betsween these two possible mechanisms may be fllus-
trated by analogy (Fig. VII 1) In Figure VIT 1 1, we have plctared
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Fro VII 1 ~The analogy between the catalyeis of chemical reactions and the

catalysts of crvatal i jon (sec text for exp 5

the conversion of compound X to compound Z a reaction which is
energetically feashle becanss of the lower energy content of the peod-
uct Z In practice, however we fnd that the reactzon does not

spontaneously We must put energy into the system (E, the energy of
activation) 1o bring compound X to an activated state, whereupon it
converts to Z more or less spontaneously We can however avoud the
nput of energy by the iiroduction of a catalyst, asin Figure VIT 1 B
In this case the catalyst (in biology the enzyme) activates ¥ permit



Vechanivms of Calaification 171

tmg the spontancous conversion to 7 By analogy  the product a¢
axra \7 of ecrum 1e saffickentls higher than the dissolution solubility
of hydroxy amatite 7 #0 that this solid should form spontancously In
ractice, however we find that the reaction does not occur spontane
oush Wemuut asin Figure VIT T C put calerum or phosphate into
the svstem to brng 1t to 1 the minimum product for spontancous
preapitation the A o we (the  activated state”) This would re
qurre a booster mechanmism \\ e might avoid raising the activity prod
uct by the introduction of a surface catalyst as in Figure VII1 D
which mduces the aggregation of fons to form a crystal nucleus The
formation of hvdroxy apatite 7 would then proceed spontancously
»ith hittle or no increase 1n the peoduct a¢ aney  \ normatly
found in the body flowds

The former uncatalvzed reaction we shall term the booster m cha
nim The latter catalyzed reaction will be termed epriasy seeding
mechanism or crysial nxcleation

Energetically the seeding mechanism 1s the more cconomical and
efficient. Control of rates of crystallization and onentation of the crys
tals which form is implicit in erystal seeding but difficult 10 errange in
in ouinght precipitation of CaH ™), and s hydrolyss to apatite The
orranx portion—collagen fibers and polysacchande—s a necessary
Part of the over all bone structure If some part of this organic frame
work can induce crystal-seeding then crystal growth will occur spon
taneowsly mnce the flusds are somewhat supersaturated However to
mduce precitation by a booster mechanism large extracellular gradi
ents of calcium and /or phosphate must be postulated In pure morganic
solutions at 37 C an fon product three imes that of normal serum g
requred In the presence of the solubilizing foreign tons and the crystal
Pomons of the extracellular flunls, the required 1on product would be
even higher

On teleologlcal grounds, therefore, we should expect the minerahza
thon process 10 Le 2 biologically controlled crystal seeding wheren
ystal nuclef are formed as an end product of cellular actvity His
toncally however the investigators in ths field have almost invarably
titempted to demonstrate the presence of a booster mechanism 1n
raas of mineralization

Tur RoRisoN SCFur
The reason the literature is a record of perustent devotion to a single
*Precach 13 that Robison s phosphatase theory (43) dominated re-
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worl (24 43 45) However thete are three pettinent obwervations in
the bitcrature which mudt be expliined before any alternative propoal
an be expected to i place the Rolnon schemean the minds of men
Thexe are the following

A The invanable pre<ence of phosphatace at the site of minerahza
tion, ay first shawn 1y Robion We might ask why phosphatase is
feand m non mineraliring arcas but this1s hardly an adequate answer
1o the queatron “What 1« it doing in the mineralizing arcas?

I The improved calafication in vitro of lices of epiphyseal car
tilige from rachitic rats scen when equivalent concentrations of ester
phocphate ate substituted for inorganic phosphate 1n the fluxl med

€ The clo<e correlation between cakafication n vitro of rachitie
cartilage slices and plycolvas and ats phosphate ester intermediates,

Later on when we have bullt a frame of reference we shall discuss
more fully these three findings which we may regard as the heart of the
case for Robuson s theory N\ow we must turn to the crystallographers
Tor the rules poverning crystal induction and crystal-seeding These
rules are of interest even if one subecribes to some modified form of
Robison s phosphata«e theory

Ertraxy
Royer in 1928 fntroduced the term eputaxy’ to describe the phe
oomenon of crystalling intergrowth or onented overgrow th (+4) From
Greek, this term translated hterally means on armngement  Today
Pitaxy s & branch of mineralogy with thousands of examples of on
nted overgrowths that have been anmalyzed structurally No general
quantiative theory has yet been evolved but the field hay been sys-
(eatially reviewed for us by Sexfert (46)
. When a drop of 2 hot todium mitrate solution 1 allowed to cool ona
reahly cleaned wurface of calate sodium mitrate crystals form on the
it gurface and are otjented 5o that the crystallographic directions
Tutrate are parallel to the corresponding directions 1n the cal-
Qe aryrtale. These two crystal types are isomorphous. Epltaxy 18 not
L‘:‘-‘"ﬂ’ confined to 1somorphous cryatals. For example, fresh cleavage
. of mica will orient Nal KCI, hBr KI RbCl, RbBr RbI
HL.CL, NH,Br and NH.I but not the remaining alkals halides. Cubic
“Ptaxy on hexagonal calcite. Even KyZn(CN)4 8 onented on
1. The examples run into the tens of thousands.
Royer (49) concluded that any two of the follomng three conditions
st be satisfied for gn induced onentation
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1 The Iattice spacings (or the distances between two fons) kn (ke
two erystal faces in contact must be almost identical or be m 2 smple
numerical ratio the lattice apacings in the other directions are ir
relevant

2 Tons, which in the growing crystals are mtuated along an exten-
sion of arow of say xionsin the host crystal must be of the stme sgn
s are the £ 10ns.

3 Chemlcal bonding of crytal elements must be identical in the
two crystals.

Pio VIT 2—The eutaxy of NH,Br on AaCl after Royer (44)

Of theac three the first condition 1s the most frmportant. An example
m Figure VII 2 1llustrates this point. In the presence of urea, NHBr
crystallizes on NaCl with fts cube edge parallel to the diagonal of the
cube face of the NaCl In the NH,Br lattice, the distance between t¥0
armmonium (or two bromine) fons 13 3 98 A. In the NaCl latte t%0
sodrum (or chloride) fons are separated by 563 A but parallel to the
diagonal this distance 18 only 398 A, Le. (V2/2) X 563 = 398 A
The NHBr crystals thus assume an onentation in which the ammo-
nfum 10ns ‘match the positions of the underlymg sodium network.

The match between the lattice of the formmg crystal and the host
crystsl need not be exact, but the degree of permussible tolerance is not
known with certanty One mathematical discussion (19) predicts &
critical value of mufit of 9 per cent above which eptaxy becomes les
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lilely Uptoami fit of 14 per cont the possilility of epitaey existsif the
temperature f« relatively Jow Alove this value the forming cry stal em
bryos diddocate pontanenusly and while onented overgrowth will not
occur there still exiets the possilihity that the host cry stal may provade
for the growth of ery stal nuchel Thesc nucles would then seed the super
satunted smlution giving unonented crystal growth

Where the lattice constants are well matcher! crystals of one sub-
stance may seed a supersatutatal snlution of another substance very
eSaently This s the properts of epntaxy shich interests us most We
bave sasd that the hody flunds are supersaturated with respect to cal
oum and phophate. Y et we must explamn why crystals normally form
oaly in the gkt places. Epltactic induction of onented crvatal nucles s
22 clegant mechanism by which to meet nature s needs

Errraxy or Hiproxy Apamim

Weknow that hydrox, apatite and bone mineral can serve as thar
own host crystalsin epitaxy Thus if such cryvstais are added toa stable
bt supertaturated solution of cakcium and phosphate rons, new-crystal
formation is indoced This is allustrated with bone by the lollawing
mple expenment (38) Twenty milligrmm samples of bone ashed 1n
EQiTand glycol were suspended in a solution the pH and composition
of which corresponded closely with an ultrafiltrate of normal serum
Ths solution by itself, was stable for months. After the suspended ash
Raples had been agiated for 24 hours, they were centnfuged the
®pematant solutions aspirated for analyss, and fresh ultrafiltrate
1dded (0 the ash residyes, This process was repeated daily for 17 days.

renults are flustrated in Figure VII 3

The ash removed calaium and phosphate every day for 17 days. The
mount of solid phase ws increased by S0 per cent and exhibited a
ks calefum to-phosphate ratho of about 1 5 While 1n this particular
SPeiment {t was not established whether the crystals grew or new
ystahiformed the latter seems most likely Asdiscussed in chapter it

‘hﬂ:nf}'luh of hydroxy apatite do not grow beyond colloidal dimen

Brushite crystaly (CaHPO, 2H,0) can also induce apatite forma
tion if the PH s high enough This is probably not properly classified as
Ptaxy however At neutral or alkaline pH brushute crystals dmn
e, and the dntegrating pleces form bydroxy apatite (52)

n (%0 examples of seeding of hydroxy apatite crystals, though
teresting are hardly applicable (o our basic problem—mineralization
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mn the animal In the eartilage and 1n new osteord, crystals nmust be
induced to form in an area where no crystals pre-enst. If eputary bs the
mechanism of calcification the host crystal must be organic, not in-
organlc, in nature

The only crystalline matenal of organic composition yet described
to be present 1n cartulage gnd bone fs, of course collagen This protem
1s crystalline m 1ts native state and gives an \ ray diffraction pattern
more ar less charactenstic of all collagens. Here s a most intereating
amlogy to the hydroxy apatite systems. In chapter iii we found the
maln stumbling block to the understanding of the crystaliography of
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apatite to be the awkward fact that & famuy of solids of varymg co®
poution exbibits the same structure by X-ray analysis. The yanom
collagens, too vary in compowition (amino scids) yet all exhibit the
same sirucinre

Can collagen produce an epltactic growth of hydroxy apatite ¥
tals? The weight of evidence indicates that 1t can For example ditt
assembled in Table VIT 1 (52) show that while gelatin and fibrin were
unsuccensful, reconstituted collagen fibers ar apatite crystals could I
duce cryntal formation from otherwse stable solutions of calerum 20d
phosphate 1ons. All three protein preparations had been exhaustively
dialyred agamst versene and proved to be freo of morganic wns &
checked by analysis for calcnmn and the collagen fibers had been twic®
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recrystallized (23) Ttmu the admitted that theee olutions were much
more superriturated than serum normalls ¢ but it must aleo be recog
ruzed that the collagen fiberx mere denved from a 1 wue which does not
normally mincralire Twa questions immediately anwe () Do collagen
fibers denved from different sources van an therr ability to induce
mmeralizatikm? and (8) Is it the bare collagen molecule or 13 1t some
thing aswociated with the molecule that is reponuble for the nuclea
ton of crystals?

TARLT AT L
CRTITAL-SEFDING OF CALCTUM PHOr PHATE MIXTURE S (29)
Fre 1 Cmawm o
Coxrores

Asars
\ene {control)
Apatite
Gehitin
Fiorin
Collagent

Sobations baflered tpl 74 M epmlbrated 10 da 125 C Sltered through moberals
S bl ke Torii] calirm w4 [Aeupbor e et emtrs 1ia 1he At 12 48 o ooms o et belo

e bave attempted in our own labaratory to prepare reconstituted
eollagen from skin, tendon and bone. Good yields were obtained from
dinang tendon, but the collagen derived from bone falled to dissolve
™ the umnl reagents, Tt Is possible that this s a reflection of fundamen
%Ch:mhl differences 1n collagen from different sources. It 13 also pos
s, that dunng the long demineraluzation process (uming approxi

tely nentral solutions of versene) some essentlal mucopolysaccha

s lost. The presence of A mucopolysacchande is apparently nec
1y for good crystallizuon of the fibers (22) This failure to obtam
"eCmstituted collagen fibers from bone leaves the first question unan
:“d and underscores the second question. It fs doubtful that crystals
ollagen have ever heen obtained which did not contain some poly
Rechande (31)
tthe present time, then, we cannot be sure whether collagen itself

E
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or some molecule structurally assoclated wath collagen (nracopoly
sacchande) is responsible for crystal induction There s prehmlnary
evidence that demuneralized bone sections will remneralize in serum o
serum-like solutions to give an apparently normal orrentation of e
tals (20) Thismay mean that inits native state the organic osteod n
actively epitactic in solutions having the same degree of supermtm
tion as normal serum.

It is of Interest therefore, to examine the crystal structure of cob
lagen for spacings that might correspond to the spacings of the apatrie
lattice This information {s summanzed in Table VIT 2. Indexing the

TABLL VII 2

COMPARISON OF X RAY REFLECTIONS OF
CoLLAGEN (12 31) AND APATITE

Sricooe Dr Sr ey T e
Teorxar Foxrx Douxcrury 10 Frare Douxeveox
An L Reer t
(Cozeaora) Collagen Apatht Coflasen Apathe
78] (A) w )
[
0 20 104116 958
2 9 55 5
4 5o 688 46
M 397
7 2863 26 kR
_

reflections of collagen in terms of & mmple umt cell is by oo meany
straightforward the only clearly apparent layer lme corresponds toan
axial spacing of 9 55 A but nether of the promunent merdional a7y
(axaal spacings at 2 86 and 3 97 A) will fit o unit cell of 9.55 A. Some
investigetors feel that an axial pertod of about 20 A gives the best
indexing o
Axcanbemthucbmcmctcmpondmcemthzm‘dng’ \
the two crystals, but some are tantaliringly close A20.~\axll-|l'tl1""f
1n collagen 18 very close to three times the umt-cell distance (c-ans) o
apatite 20 6A. It has been found that the meridwonal mﬂctm:‘
286 A which is perhaps the most relinble and most c.hamﬂﬂ'm’ct
collagen 1 increased in the strefcked state to 3.26 A (ll)—vﬂ'yd"::
correspondence with the column calcrum positions {n apatite; 3
apart The transverse reflection of collagen vanes with the state 9
bydration—116 A hydrated and 104 A dehydrated. Caghott (¢ A
was probably the first to pomt out the possible relatron between
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collagen and the apatite structures and while no final statement can be
made &t the present time 1t appears that the collagen structure is close

both awally and transversely to the structure of apatite Tt is certarmly
concervable {xince the periods have been obeerved to be vanable) that
a minor structural alteration could transform a filer of collagen just
outade the tolerance himuts for epitaxy to one within the muts of toler

ance in both directions—a and ¢ aves—of the apante structure

Thus is the crux of the problem in its pre<ent stage of development
(a) Can cells secrete protofibrils of collagen that aggregate spon
wuneousty into fibrils which are active in the epitaxy of hydroxy apatite
crystals® (3) Do the collagen fibers act secondanly by onenting a muco-
polysacchande in such & structural way that 1t becomes epitactic?
(¢} Do the complex fibers require some activation mechanism such as
phosphony lation to render them epitactic? (d) Is epitaxy enly an e
dental event suleequent 1o a true precipitation a3 1n some of the
schemes based on the Robison theony ?

There are no final answers to these questions. In fact there may be
mare than one mmeralization mechanism Certamly as we shall show
there are many differences between the mmeralization of cartilage and
that of osteotd

STRUCTURAL INTERRELATIONS DFTWEFN (ORGANIC
AND INoRGANIC CONSITIUESTS
I epltaxy were indeed the prncipal mechamsm in the mineralization
process, then we should expect to find co-onentation of organic and
g constituents m the bones and tecth Bemnming in 1926
Funacka (21) demonstrated preferred onentation of the crystalltes
emamel. Thereafter Clark (11) showed fiber orientation in the long
boney, and Stuhler (53) found that the c-ares of the muneral crystals
Panlieled the fiber direction. Recently the close relation between the
direction and the crystallogmphic c-ats of the mineral has been
demonstrated concluuvely at the ultramicroscopic level (17 54) The
mmoat comprehensive discussion of crystal fiber interrelations has been
£7en by Robinson and his assocntes (41 42 54) A summary of their
FECERt views (41) may be quoted
The eollagen fibers of bone as observed after verene decalcification
it aad frxation and plastic imbedding increase in sice as the bone tissue
tares. The five smaller band regions in each major perrod of collagen fbery,
Leoe., @ nenly formed bone give way to two-band regions in more mature
The w0 bands are descriled asa 3oublet " The inorganic component
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of bone 13 deposited 1n the band reglons of the collagen At a “aalaficzins
front very small inorganic deponits about 20 A, to 50 A are seen. Itmonr
impression that these deposits are assocaated with the small penod bands.
Bits of other Inorganic matenal of a more obviously crystalline form, are
obserned They are about 200 A, to 300 A. long and about 20 &, thuk, They
parallel the long collagen axrs and appear to be definitely amoaated with the
doublet hand areas that recur about every 640 A. along the fiber ans. In gen-
eral the smaller crvatal and collagen sices are assocated with a more by
drated and less fully ealcified matrix, The lcss distinct electron diffraction
pattern obtained on recently calafied bone matrr suggests that the crystabs
are not only smaller, but that some of the observed inorganic components b
newly formed bone may not be 1n a crystalline form. It is pointed out that
both tanning agents and the bone crystals are associated with the band re-
glons of collagen It scers likely that some of the Inorganic compocent i
insrde the collagen fibers at the band regfons as well as on the perphery of the
fibers and in the Interfibrillar areas. Electron micrographs suggest this pos-
tion for some of the inorgamc material in the fibers.

The intimate structural Interrelntions between the cryatals and the
collagen fibers 1n bone are strongly suggestive of active epuary How
ever the structural situation in cartilage seems to be vastly different

Calcification In cartilage appears after the degeneraton of the oy,
whereas In bone it occurs close pon the laying down of the callagenoas
trix by osteoblasts, Secondly the crystals are Ind down at a distance from
the edge of thcceﬂuptuleincanﬂagnbutwim!nlfnnhnohmlcmudﬁ*
bone cells.

This delayed potential for calcification 1 further emphasixed by the spact
between the level of cartilage matnx formation and the level of its caldifics
ton. Thurdly the nidus of calification appears to be on or closely related 2
tho fibery in osteold This may also be true in cartilage, bat it s pot demon
strable. The sitial crystal arrangement in bone at the eplphysesl e Is a8
uregular as that in eartilage bat the arystals m Lhzo-tcoidwonflh““o‘!
pattem of orientation in relation to the collagen fibers. This coalignment
inorganlc crystals and fibers is pot observed at any atage of cartilage nairix
calcibcation., The fibers of osteold are 2 to 5 tues the dumeter of thos I8
cartllage and have an obvious periodic structare not seen in the cartilage
fibers.

Apother difference in Lbeomnhtmoflheatcaﬂlndwﬁlhﬂ“lw
tilage matrix s the packing of the fibers. Those in cartilage are wrdely spt
rated before and after calafication bat there is & marked change m the &
raogement of the osteold fibery a short time after arystal depesiton lwz:e

From a volume standpoint, in the cartilage matnix, the space betweez 3
fibers Is greater than that occupied by the fibers in osteoid within 2 ®0
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muiTa of the estecHast the rvere fluation obtaine Sinee thicis the qpacein
which the cement sulmtance is beliey of to be located there 15 reasan ta pre
rume that there fea greater volume of coment subatance in a umit volume of
epiphvreal cartilage than i an cqual volume of osteokl

In previous studicson bone (42) it was suggester! that although the buik of
the inorganse crystals was hetneen the fiber there may have been some
mmeral [n the fibers at the band region Tt beenmes obvinus from these in
restigations that in epmphywcal cartilage the erystal deposits occur pnimarily
betireen the fibers in the cement sulstance rpace U ing microradiograms
(uen o a! (39) found aldfie] eplphs scal cartilage remnants in the du
phveeal scctions of long bones of the hint The clafied artilage had more
aldum mass per umt volume than even the most completely calafied bone
tissue and thercfore was di tingus halle becau e of its greater absorption of
T rays. The explanation would appear to be that there o more space for
eryrtal deposition between the fibers in cartilage matnx than there s be
tween the fibers in an equal volume of osteond

These two quotations from the work of Robinson and Cameron are
Presented as support of collagen-crystal interrelations. The two state
ments could be presented to support just as well a polysaccharide
@yvalinterrelation Inosteold much of the ground substance i3 assoct-
tted wth the fibers and probably therefore orented with respect to
the fibers, as the crystals are in cartilage there 18 more ground-sub-
siance space” which 18 not oriented with respect to the fibers but

which nonetheless appears to be the bocation of the unorented crystal
formation,

MINERALIZATION OF (ARTILAGE AND BoxC IN VIrRo!

In view of Robinson and Cameron s conclusions, 1t 1s advisable to
cander the mineralization of cartilage as possibly different from the
mmenalization of osteoid While the case for fiber-crystal epitaxy in
bone s strong cartilage the connection between the organic and the
morpanic components 5 much kess clear From the electron micro-
Enphs it would appear that from sngle, 1solated, embryomnic crystals
0 nucled, mineralization of the interfibnllar space occurs as & self
Seedig, welf perpetuating process with little regard for the arrange
ment of the protesn fibnls,

Dexpite the obvious resemblance of this process to an uncontrolled
Preapitation there are atill good reasons for beleving that epitactic
T lted from thls section are the srudies oo the dignlficance of glywiyds

Lmportant reses: ) Gutman and by Shorr and their asociates,
i oy 2 rearch,princlpaly by Gatman
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seeding 18 operathe The prncipal reason 1, of course that propedy
preserved non vital sections of mchitic cartilage will mmenlire nor
melly in vitro when placed in sohitions below the point of spoatanse
preapitation.

Once crystal nuclei have formed the cartilage will mumerslize spoo-
taneously even after much abuse This was shown by Sobe! (49 asd
DiStefano (14) The work from these two laboratories ascribes a pan-
daxieal labiity and stability of the nucleating mechanfsm m mchitx
cartilage. The respiration of cattifage slices rapdly declmes after r¢
moval from the anumal If the siice 18 1n & non-mmeralizing or nov-peo-
tectsve medrum there 15 a sapid loss of cakafiability, presumably dueto
autolyns (14) On the other band, calelfisbility can be ‘protected by
placing the shice in a salution of CaCls (49) or of ester PO;ar maak
afying medmm for a short penod {14) Thereafier the slwe will mix-
emlize 1n the presence of metabolic inhibitors, after Jong penods of coid
storage ar other abusive tactics certain to insure cell destruction (14
49) The paradox may be explained as follows If the cellnjar mtegnty
of the shice 13 not maintained irreversible autolytic destruction of the

sceding mites  promptly occurs If crystal nuciet bave formed, bo¥
ever or if the site is protected by combination wath caleram Sons, xif-
seeding will take place irrespective of the condition of the cartige
cella

These results and the reversible, competitive whibition of the o
alying mechamsm by cationic substances substituting for calcmm ¥
(26, 50) stroagly suggest that the actlve nucleating site i anonic 203
combmes with cations. Sobel feels thet this kind of evldence imphes™
chondrostin sulfate as & component of the mechanum (50) Two stodes
of the wom-binding properties of chondroitin sulfate from hvalint A
tiage demonstrated (I 20) that divalent cations are preferentally
bound by this mucopolysacchande, but 1t fafled to mduce crysual for
mation at physological concentrations of calehum and phosphate o
(1) From this we may conclude that if Sobel is correct In asmgois
chondroutm sulfate & place in the actual seeding mechansm the cho
drottin sulfate of mmneralining cartilage must differ structarally or st
combination with collagen from the chondroitin sulfate of n
wung hyaline cartilage.

Canrcurrmg with Sobel that the muneralizmg nte 13 anioasc, DISt®™
f2n0 of af (16) have suggested a phosphorylated polysacchande as &
posible nucleation wte based on the chromatographlc lrcianon of
substance having the properties of an amino sugar-phosphate eie
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Tts preence maattilige was hown tocorrclae wath the ability of cir
tilage tomineralire invitrm 1 aterthe forceof thr ugrestim waswneak
ened by the demondration of a widepread i tabunon of this sl
wcharacienzed e<ter 1 vanaus non mineralizing 6 ues of the rat
(51
Another view of the seading process 1a cartilage has been gaven by
Cartier and Prcand. Charging that hypertrophic rachinc cartilage 1s not
“permal " these Investigators chowe embm enic matenal for study The
validity of this charge may be challenged on the grounds that rchitic
artilage will mineralize of placed 1n normal serum (55 while em
bryooie cantilage does not mineralze at comparable levelsof (2 and
PO7 The difference may lie in the fact that most of the embryonic car
tlage is not yet ready 1o muneralire —1 ¢ the seeding sites arc not yet
prepared—a prrocess these workers muet accomplish 1 vitro before
mmerafiration takes place Rachitic cartilage mav not be a  normal
tme bat the seeding mechanism reems to be present and ready to
fancton vormally Nonctheless, any argument concerning the nor
maey of rachitic anilage 1s somewhat irrelevant F mbryonic cartilage
B good matenal for study in any event
The development of this work is remuiniscent of Robison s theory to
the extent that 1t begins with a clear concept but grows m complexity
“ith further study Inithally they reported very poor mineralizmtion of
aniliee taken from lamb embryos when the calafying medum con
taled inorganic phosphate or hexase phosphates, but very heavy min
erfization if adencsine tnphosphate (ATT) was added to the mednm
(® Next they demonstrated the presence of a non-extractable en-
Tyme, ATP as¢ differing from alkaline phosphatase n histologcal dis-
tributson, which had a pH maximum of 8 and was activated by mag
Demnn fons (7) It was then shown that under the influence of this
curyme, ATP was converted to adenosne monophosphate (AMF) and
the pyrophosphate appeared fixed In the tissue i aseocation with
laum (8) The phosphate depouted In the slhice was cstimated as 80
PeT cent pyrophosphate and 20 per cent orthopbosphate. Next an at
was made to demonstrate the peesence of pyrophosphate in new
bone mineral, but 1f present it was undetectable by the meth
ot waed (estimated <1 per cent of total pbosphate) (9) This led the
1o presume that ATP is used only m the 1ai/zal phases of min-
el formation Most recently  publicaion appeared (10) 1n which
d““-mt, hexose phosphates, and vanous inhibitors were tested both on
mhenalization and on glycolysls m vitro The results were very compli-
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cated and confusing. For example the presence of glucose (ane-uxth to
one-third of normal serum levels) markedly inhibited the mmeralin-
tion caused by ATD It is impossible at the present tune to pass fodg-
ment on the possible sgnifiennce of ATT In mineralisation procemes.

Cur present Lnowledge then, of the cakafication mechanhm of ar
tilage is quite meager W e do not know whether the seeding mechanism
Is Inherent in the collagen or in the carbohydrate fraction whether the
enzymatic phosphory lation of the matrix 15 a required step ot whether
some other yet unnamed tngger mechanism 15 operative, The role of
the cells is not clear Actunlly, the cartilage cells may prevent mineral-
zatlon. If the cartilage ceils secrete citrate and other metabobc gods 13
bone cells do, one would expect mineralization to take place only witk
difficulty whether a seeding template fs or 1s not present In thu con-
nection it 1s important to Lnow whether puneralisation occurs m the
vicinity of hypertrophic cells which are nich In glycogen or m the vici
1ty of the hypertrophic cells just after the glycogen has
It is & difficult point to settle (18) but there 18 some evidence for the
latter view (36) Rarely does mineralization occur nesr young ma@
ng cartilage cells. On the other hand the cartilage cells may wds
muneralization by activating” a seeding site on already secteted m-
trix. Finally it is possible that the cells do not actvely participete in
the mmeralization process per se. Their sole contribution may be the
secretion of calcifinble matnx.

Studies on mincralization of bone osteold in vitro are practically
nonenstent Here where the case for epitaxy of the inorganc
by collagen is strong on structural grounds, we bave advanced very
little wince the earliest muggestions of proteln-crystal Interactioa ()
Howard ¢ a! (29) recently showed that histological sections of
becular bone could be demineralized by versenc at pH 74 These de
minerahired sections (pr bly non-vital) r lirs spontanc:
ously in vitro to reproduce their arlginal histological state. In our labo-
ratory demineralisation of bone sections at alkaline pHl 0910 destroyed
the nucleating mechenism. This procedure s certain to extract muc>™
polysacchandes to some extent, but we cunnot be sare that the collagen
structure remaws unsltered ander thess copditions.

MODIFICATIONS QF ROFISON'S SCAIME
ROLE OF PHOSPIIATASE
Asstated earlier the Robison theory Is being supplanted by the ‘-h:;
ory of crystal epitaxy or crystal-seeding Yet a role must be
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phophatate and certain ankwand f1cts must be explained before the
ghost of Robrean # thenn « propetly laid
In recent vears an important function has been assigned 1o phos
phatase a function which explains its occurrence in tissues other than
bone and oscifvmg cartilage Tt s suggested that phosphatase 19 in
vohed 1n the syntheus of extracellular matnx On histochemual and
chemical grounds, a numbser of imvestigators have related phosphatase
to the formation of filirous prtein (2 3 30 40) to matrix formation
(37} to mucopotyraccharule synthess (32) and toa transphosphoryla
o0 of some phosphate acceptor in the matrix (8 25) \ny one of these
tasks would constitute an sdequate explanation for the presence of
phosphatase In reas of mineralization but yet another poasibility has
been suggested Cranting that the hydrolysis of ester phosphate 13
benefical to erystal formation what about the converse? Are unhy
drolyzed esters harmful? That the answer is an emphatic Yes 18 sug
gested by the commercial use of organic or inorganic polyphosphates to
prevent boiler scale production. The added phosphates act like crystal
Ponons, peeventing the formation of CaCO, crystals. That thisisnota
removal of Cat+ by chelation s shown by the fact that relatively 1nsig
mfcant quantities of phosphate are required in relation to the amount
o Ca™ present Moreover direct tests have shown that a representa
Bveester a glycernphosphate chemisorbs on hydraxy apatite crystals,
mhibiting the wsual induction of new-crystal formation from calaum
Phosphate solutions. This ester will also potson the mineralization of
nchitsc rat cartilage in vitro if phosphatase 18 first inhibited (15) Thas
view sugrests that the hydrolyss of ester phosphate at muneralizing
fites bt important not by locally increasing inorganc phosphate (neg
lighhle) but rather by removing a crystal poson from the mmediate
m‘;‘mﬂmﬂll (only negligible quantities are necessary for ths

ROLE OF ESTLR PHOSPHATES

Why then do ester phosphates gv e better mineralization of rachitic
Qrtilage than do equivalent amounts of inorganic phosphates? How
@n 2 crystal poison be beneficua! when present in high concentrations?
o mequivocal answer can be given at the present tme. Even Robr
¥4 8 enginal proposal does not explan this strange finding There is,
ox explanation, When rachitic cartilage is sliced and placed in
solutions, consderable quantities of phosphatase are leeched

the tisue and can be demonstrated In the medium If ft is as-
fumed thet the crystal-seeding mte 15 a phosphory lated compound
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(consistent with Sobel e a/ [50] with DiStefano et ¢f [16], and with
Cartfer and Preard (8]) 1t would be in danger of attack by the now
solubllized enxyme The additlon of ester phosphates to the medizm
would provide a competitve substrate to protect the sceding site from
attack. Once crystal nudlet have formed the seeding centers are either
protected or not needed. With pasung time the phosphatase ultimaicly
hydrolyzes the ester phosphate completely and its inhibitory achoaen
crystal growth 18 stopped. In this view the presence of ester phosphater
is both benefiaal and harmful benefical in the enrly penods by pre-
venting autelytic destruction of the sceding site and exly lesporsrily
karmfud by 1ta action as a erystal poison All this may seem Iike fir
fetched speculation but it was demonstrated that the unchasacterlzed
amino sugnr-phosphate ester 1s destroyed when rachitic cartilage £ies
are incubated 1n saline but is stable in the presence of & medmm co-
tamning ester phosphate (16)

How many of these problems anse from the artdficality of them
vitro experiment and how many are pertinent to physlologice! events
are ymportant but unresolved questions

ROLE OF GLYCOLYBIS

There remains the mtimate connection between the mieralumaten
of cartilage and glycolyms. First suspected by Creghton In 1896 (19
and later incorporated into the ‘second mechanbm” by Robison ths
nterrelation wes given a firm experimental base by Gutman and &+
soclates (24 25) and later extended by Shorr and co-workers (27 B,
34 36) The gist of this relationship may be summarized thus

a) Glycogen which accumulates In cartilage cells, dusappears [ust
prior to or simultaneously with minerahzation.

& 1f an inhibutor of glycolyss is added to the mneraliang mednt
(contamnn, eifher morganic phosphate or glycolysls Intermediates
sbove the mhibtted reaction) mineralimtion does not occur o

¢) If o phosphorylated glycolysls mtermediate dow the Inhibi
reaction is added to the medrum mineralization of the cartilage st
occurs.

Because of these findingy, Gutiman (25) has suggested s modricat
of the Robison theory Instead of functomng a3 & hydrolytic zget to
furnish morganic orthophosphate phosphatase, according o Gatmsty
may serve in the enrymic trander of & phosphate group from & meth
bolic ester to an acceptor m the matrix. This suggeation bridges beaut™
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