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ERRATA

FOR THE TRANSACTIONS OF THE THIRD CONFERENCE ON
METABOLIC INTERRELATIONS, NEW YORK, N Y,
JANUARY 89, 1951

The Editor regrets that the name of Dr Harold C Hodge was tncor
rectly spelled 1 the Tahle of Contents (page 2), 1 the title of the
presentation (page 190), and in the runmng headings of thus presenta
tion (pages 193, 195 197, 199 201, and 203) The name was cotrectly
spelled in the hist of Partiapants and elsewhere 1n the discussions

N

The address of Dr Frederic C Bartter was mcorrectly giren 1 the list
of Partiwpants The correct address 15 U S Public Health Service
Hospital, Wyman Park Drive and 31st Street, Baltimore 11 Md



8 FOURTH CONFERE\CE ON METAROLIC INTERRELATIONS

JOSIAH MACY, JR. FOUNDATION
CONFERENCE PROGRAM

FRANR FREMONT SMITH
edical Director

As an mntroduction to these Transactions of the Fourth Conference on
Metabolic Tnterrelntions I should lihe to outline what 1t 1s that the Founda
tion hopes to accomplish by 1ts Conference Program e are mterested,
first of all m furthering knowledge about metabohc interrelations and to
this end the participants were brought together to exchange 1deas, expert
ences data and methods In additton to this particular goal, honeter
there 15 a further and perhaps more fundamental aim which 15 shared by
all our conference groups Thus 15 the promotion of meanngful commum
cation between scientific discrphnes

The problem of 10n between discpl we feel to be a very
real and a vers urgent one, the most effective advancement of the whole of
science being to a large extent dependent npon 1t Because of the accelerat
ng rate at which new knowledge 1s accumulating and because discoveries m
one field so often result from information gatned 1n quite another, channels
must le established for the most relevant dissemination of this knowledge

The increasing realization that nature tself recognizes no boundaries
makhes 1t evident also that the contmnued 1solation of the several branches
of scrence 1s 3 serious obstacle to scientific progress Particularly 1s 1t so
m medicine that the hmted view through the lens of one discipline 1s no
longer enough For example, today medicme must be well versed i nuclear
physics because of the tracer technics and the mjury which can result
from ridiation At the other extreme, medicine 1s certamh a soctal science
and through mental health, must be concerned with econoruc and social
questions The answer, then, 15 not further fragmentation mto increasing
Iy 1soluted specalities, disciplines, and departments, but the ntegration of
saience and scientific hnowledge for the enrichment of all branches This
integration we feel can be encouraged by providing opportumties for a
multt professional approach to given topics

Although the fertthts of the multi disciphine approach 1s recogmzed, ade
quate provision 1s not made for it by our unnersities scientific soceties,
and jourmb And perhaps the presence of other hindering factors must
be adnutted Partly semantic m nature, they may also to some degree be
psichological  Admuttedly 1t 15 oftentimes d:fficult to accept data derned
from methods with which one 1s unfamiar By making free and formal
discussion the central core of our meetings, we hope to achieve an atmos
phere which mumimizes as much as possible these emotonal barriers
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Ihus our meetings are m contrast to the usual scientific gatherings
They are not designed to present neat solutions to tidy problems but to
ehiait provocative discussion of the difficulties which are heing encountered
1n research and practice  For this reason we ask that the presentations be
relatnely brief and that emphasis be placed on discussion as the heart of
the meeting Our hope 1s that the participants will come prepared not to
defend a single pomnt of view Lut to take advantage of the meeting as an
opportunity to speah with representatnies of other disciplines in much the
same way that they would talh with tleir own colleagues m their own
lal oratores

1le have now thirteen groups functionmg under the Conference Pro
gram on the followmg topics adrenal cortex agmg blood clottmg cold
mjury connective tissues consciousness <ybernetics infancy nd child
hood bver mjury metabolic mterrelations merve impulse renal function
and shock and arculatory homeostasis When a new conference s or
gamzed the Chairman 1n consultation with the Foundation selects fifteen
scientists to be the nucleus of the group and every effort 15 made to mclude
representatnes from alt pertment disciplines From time to time new
members are added by the group to fill gaps 1n viewpomnt or techme A
hmted murmber of guests are 1mted 1o attend each meetmg but for the
purpose of promoting full participation by all memlers and guests at
tendance at any meeting 1 linuted to twenty five It 15 mewitable that i
10 topic can we possibly include more than a small fraction of the key
imestigators 1n the field and one of the difficulties in forming a group hike

this 15 that 1t 15 necessary to leave out so many people whom we would like
to nclude

The transactions of these meetings are recorded and published Ths 1s
done because the Foundation wishes to make current thinking 1n a field
available to all those worhing 1n 1t and because 1t believes that conveving
to those 1n other fields who are concerned with saence for example gov
ernment officials administrators and so forth the essentral nature of scien
tific research 1s also an important problem m communication Logc s a
vital aspect of scrence but equally essential 1s the intuitive or creative aspect
Research 1s as creative as the panting of 1 portrait or the composing of a
symphony  Although logic 15 of course necessary in order to rearrange
to test and to validate research thrives on creativity which has its source
n unconscious nonrational processes Unfortunately however mn the
finished products which are presented to the world through research reports
this ntegral part of scientific endeavor 1s shriveled by the cold white hght
of logic By preserving the 1nf of our conferences in the publish
transactions we hope to give a truer picture of what actuallv goes on
the minds of scientists and of the role which creatrty plays
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CARTILAGE AND BONE MATRIX

CHEMICAL STRUCTURE, FORMATION,
AND DESTRUCTION*

RICHARD H FOLLIS, JR

From the Department of Patholagy The Johns Hophins Unuersity School
of Medicine and the Johns Hophins Hosprtal Baltunore Marnland

Armstrong  Dr Follis will you begin?

Follis  ‘When Dr Armstrong ashed me to lead off this discussion on
cartilage and bone matrix uts chemucal structure formation and destruc
tion 1t did not take me long to realize how andacious I had been n accept
g But in placing my head on the block 1f I can arouse discussion and
also set a foundation for the conference today I will feel I have accom
phshed the purpose Dr Armstrong had 1 mind

Before proceeding 1 think we have to define cartibige and bone matriz
T Jook on 1t as a material between the cartilage cells and the Lone cells
which 15 made up of fibers and interfibrillary materral In our presentation
we are gomg to take up first the micro and molecular structure of these
matenials and then go on to discuss what little 15 known of the tormation
and destructton of them This 1s putting the cart a little Lefore the horse
but I think it 1s the best way to proceed

The Structure of Cartilage Matrix

When one examines a paraftin section of cartilage say that from a nb
with the hght mictoscope one sees cells which vary in size from those
which are very small and und:fterentiated to those wluch are very large
(the so-called hypertrophic cells) and lined up n rows at the cartilage
shaft junction Between all of the cells there 15 what appears to be a
homogeneous material which 1s blush staiming with hematoxylin  Closer
nspection however particularly 1n certamn areas such as those between the
Taws of Iy pertrophic cells reveals famtly staming fibers (Figure 1) Such
fibers and others elsewhere may be more clearly brought out by spectalized
technics such as enzymatic or alkali digestion tollowed by silver impregna
tion  They also become more promunent in polarized hght 1 certam
stams such as toludme blue are apphed to ordimary formalin ficed

*Certain of the mvestigations reported here n were supported by grants from Mead
Johnson and Company and the Florida Citrus Commussion.
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Fig 1 Cartlage Treated to Bring Out the Structure of the Matrix

Cartilage stamed with hematoxylimn and eosin 1o bring out the defin te though
mdistinct fibnllar strocrure of the matnx B Castilage which has been digested with
thrrm\m and then sta ned with sihver to bring out the fibeillar pattern more distincily

an n

paraffin seetons the matrix that 15 the fibers and interfibrillary material
15 found to be metachromatic diffusely so save that one can stal see the
funt outhnes of fibers However f one exanunes a frozen sechion of
unfixed cartilage one finds an smportant difference  the matrix between
the cells fails to take the dve as readily as do the capsular portions of the
cells This 1s partrculary strlang i the area of hypertrapluc cells and was
commented wpon by Dy Rulwn® at thus meeting two years ago, at which
time 1ts possible bearing on the calarfication mechanism was conjectured
Ve shall have mwore to say hout the phenomenon of metachromasia a hisle
later

1f one now passes from the hight to the electron microscope, one can
with appropriate preparatons gamn further mformatien concermng the
fibers Those which have been ssolated from cartilage and phowgmphed
v W olperst conform wath the structures isolated from sham collagen which

2Rybon, P S and Howard J £ Hastochemical Studtes on the Role of And Visco-
Pot des 1 and C: Trans Vacy Conference ow Ueta
Lolic Interrclanons 2 155 166 (1930}

s Striation of the Connective Tissve Fibrsd § srehot, s Arch
94,

M\atpers . The Cros:
f path Anar 312 292 (¥
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have been so tensively stucied by Schmutt Gross and their associates®  ©
Til ers from shin collagen have 1 banded appearance with a persodicity 1
the range of 640 A Each period conststs of a bight and a dark band  If
the preparations are swtably stamed a more detaled mtraperiod structure
may be revealed, for mstance sr< mtraperiod bands have been observed

Hastings Ths 1s shin collagen?
Follis Yes skin collagen

Prior to the utilization of the electron microscope a good deal of m
the structure of shin collagen had been
obtatned by the use of x ray diffraction Just before Schmutt ef al ¢ had
identified 640 A periodicsty m collagen fibnls Bear” had noted this sequence
1n x ray diffraction ymages We shall not go wnto the complexaties of this
techmic or 1ts interpretation It 1s sufficient to summarize that by means of
wide angle < ray diffraction one can mterpret the fibers observed m the
electron mmeroscope as aggregates of polypeptide chams each hwving a
thickness of 10 te 11 & and being not over 800 A m length e shall
come back to this problem agam shortly

Current evidence® based on chemical analysis appears to indicate that
there are two prmcpal components of cartilage matrix  a protein (col
lagen) and a polysaccharide (chondroitin sulfuric acid) Certain amounts
of lipotd and mmerals are also present but these need not concern us here

Because of therr sumlar amino aaid content the collagens dernved from
shin bone cartilage and so forth wonld appear to be very closely related
1f not dentical It 1s because of this that we feel one 15 justified in trans
Jating observations made on shin collagen to cartilage and bone  Collagen
15 a umque protemn hecause of its ammno acid pattern® In the first place 1t
has an extremely lugh glycine content (approximately 25 per cent) Sec
ondly 1t contans lrge amounts (approximately 30 per cent) of the twn

iSchmutt F O Hall C E and Jakhus M A Electron Microscope Investigations

of the Structure of Collagen J Cell & Comp Pinsial 20 11 33 (1942)

sSchmtt F O and Gross J  Further Progress m the Electron Microscopy ot Lol

lagen J Ar: Leatier Clem sts Assoc 43 658 675 (1948)

Gross J and Schmtt F O The Structure of Human SLm Collagen as Stud ed

wath the Flectron Microscope J Evper Med 88 555 568 (1947

Ta 5:3;27R(S Long A Ray Diffraction Spic ngs of Collagen J Ari Chent o

b Bear R S X Ray Diffraction Studies on Protemn Fibers 1 The Large 1 iber
Axis Perwod of Collag:n 4 Am Chem Sec 66 1797 1305 (1944)

SPartridge S M he Chemistry of Connective Tissues I The State of Combna

tion of Chundromn Sulph:\te n Cartilage Bioel m J 43 387 397 (1943)

“Neuma; The Anuno Acd Compositson of Gelatins Collagens and Elastms
from Dlﬁerrnt Sources Arch Biochem 24 287 298 (1949)
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imino acids, prohne and hydroxyproline Hydroxylysine 1s smd to be
found only 1n collagen * In addition, it lacks cystine and tryptophane and
contans only small amounts of tyrosine and methionne ®

A good deal of attention has been given to the possible configuration of
the anuno aads 1n the polypeptide chams which make up collagen Because
of certain regularittes tn the distribution of amino acids co'lagen (gela
tin}), Bergmann'? formulated what has come to be hnown as the ‘periodicity
hypothesis and suggested possible repetitrve arrangements of amino acids
mn the polypeptide chain It 15 doubtful however, that any umform pers
odiaty prevails The presence of the 1mino acids prolime and hydraxy
prolme does change the spacings along the fiber axis In an extended
peptide chain, the length of one ammo acid residue 1s 34 A X rav analyses
of collagen show a shorter spacing of 286 A which 15 thought to be due
to the presence of so many 1mno acd residues' (Figure 2) To conform
to this Pauling™ has recently formuiated a structure for the collagen filni
which he postulates 1s comprised of three poly peptide chans bound together
by hydrogen bonds each of the three polypeptide chains bemng colled mto
a helix so that a cylindncal molecule 15 formed (Iigure 3) These mol
ecules are arranged 1 hexagonal packing to form a fiber of tendon or
connective tissue

In addition to the hvdrogen bonds referred to above, there are doubtless
salt hinkages between polar side chains It 1s the configuration or pattern
of the amino acid residues which gives the < ray diffraction image and the
mtraperiod bands in the electron mucrophotographs Addiional study may
elucidate this fine structure further smce the side chains mav be modified
by certamn chemcal procedures *®

The other smportant component of carhiage 1s chondroitin sulfuric aerd
a long chain polysacchande composed of residues of glucuromc acd and
acetyl-galactose amimne sulfunic acid which accordmg to Dr Kurt H

19Bowes, ] H and Kenten R H  The Ammo acid Composition and Tutration Curve
of Collagen Brochem J 43 358 365 (1948)

1Rees M W  The Estimation of Threontne and Serine m Protetns Buochem 7
40 632 630 (1946)

1#Bergmann M Complex Salts of Amn
I Proline with the Aid of Rhodanilic Acx
110 471479 (1935) -
13Astbury, W T Croonan lecture  On the Structure of Biclogical Fibers and the
Prohkmr’;( Muscle Proc Roy Soc London Seriex B 134 303 328 (1947)

Hagen
1Pauling L, and Carey R B The Structure of Fibrous Proteins of the Col
Gelatm Group Proc Nat Acod Sc 37 272281 (1951} et
15 , R S X Ray Diffraction Studies A Review of Recent Researches whicl
aneca:" Collagen J ({m Leather Chemsts Assoc 46 438-43 (1951)

mo Actds and Peptides 11 Determnation of
d The Structure of Gelatn J Biol Chem
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Fig 2 The Effect of Imino Acuds on the Fiber Avis Spaang of a Poly
peptide Chain

A Polvpept de chamn compnsed of am no acids m which the fiber axis spacing 1
34A B Proline cortamng peptide chan m which the fiber axts spacmg 15 reduced
to 286 A by the presence of 1mmo acids

Fig 3 The Structure of a Collagen Fibril Proposed by Pauling

of cha ns held together
by ‘nyeogen bonds n Tt coliagen geatin theee chair e 5. DIsgr st e
setation of the collsgen three cham belix according to Pauing, [Reproduced by
permission from Paulng L and Corev R  Structure of Fibrous Protems
OF the Colagen Getatin Groy Proc ot dcad S 31 5 19511
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COoH CHOSOH COOH
~.. . H 0, OH 0. H
L H O 41 0. H o Ol
HO n H ¥y mo L
H oH H r{m H on
c=0
|
CHy

Peg 4 The Structure of Chondrattin Sulfuric Aad Proposed by Rurt
H Mever

The long polymerized chains are composed of alternat ng molecules of glicuronmc
acid and acetyl galactose amine sulfuric acid_ [Reproduced by permission from Meyer

Odier M and Siegnist AE  The Constitution of Chondrottm Sulfuric Atd
Hele chom acta 31 1400 (1948)]

Mever®® of Geneva has the configuration shown m Figure 4

Inasnwich as Dr Karl Meyer 15 gomg to discuss this pelysacchande at
length I shall not go mto the 1mportant subgect as to the possible combina
tion of chondroitm sulfuric acid and collagen However, mention should
be made of certamn very mmportant recent observations by Schmntt, ef ol **
In brief 1t has been found that 1f the corium 13 extracted with citrate buffer
(pH 30 to 45) the extract after dialysis agaimnst water yrelds materral
which on electron microscope exammation reveals two types of fibnls
those having 2 period hhe collagen (640 A) and a second and new type
averaging 2000 3000 & in periodicity This they call the ‘long spacing or
LS fibril It was found further that tf mucoprotemn from plasma or shin
were added to an acetic acid filtrate of rat tail tendon (rat tail tendon
dissolved m acetic acid) a heavy fibrous prectpitate appeared after dialysis
agamst water This precipntate conststed almost entirely of LS fibrils Such
abservations suggest that mucoprotemn or a coniponent of mucoprotein may
be concerned with the formation of colfagen fibrils

Now cartilage hns one property which 15 common to materials which
contam mucopolysaccharides—it 15 not umque 1n that respect—and that 15
the property of bewng metachromatic Thus if you stamn eartlage after
fixation with certan dyes (the one usually used 1s toluidme blue), certain
components of the tisstie stain blue, but the cartilage takes a umform red

16Meyer, h H Odier, M E and Siegnist A E  The Constitution of Chandrottim
Sulfuric Acrd Hely Chun Aeta” 31 1400 1419 (1948)

1THighberger, ] H Gross J and Schhutt F O The Interaction of Muco protein
wlltholuble 'Collagen an Electron Microscope Study Proc Not Acad Se 37 286
291 (1951)



Fig 5 The Effect of Luzymatic Digestion on the L of Meta

chromasta m Cartrlage

4 Unfixed frozen sect on of costal cartilage stamed with tohndine blue Note the
aggregati n_of metachromatic stamng_material about the carfilage cells B Section
similar to 4 meabated with frypsm  The metachromasa has decreased and the pers
cellular aggregation seen 1 A as dispperred

stan If you take fresh matenal, that 1s a frosen section of unfixed carts
lage, and stam 1t with tolwdine blue vou will see that there 1s a little
different distribution in that the metachromasia tends to be much more
aggregated abont the cartilage cells themselves (Figure 5A) One can
change this tendency by enzvmatic digestion <ay, with trypun or pepsm,
so that the entire matrix loses the localized metachromatic stam (Iigure
5B) ™ Now, whether this, as we are gomng to mention again ndicates that
the cartilage cell has sometlung to do with the formation of this meta
chromatic matenal, I do not know

Hastings  May T ash a question® Are the cells m Figure 5 normal cells
after freezmng? Have they been destroyed?

Tollis They have shrunk some That 1s all I can say 1f you make 2
free hand shice, without freezing you get the same picture

Foll;s R H Jr Effect of Proteolytic Enzymes and Fixation on Metachromasa of
Stan Collagen, Proc Soc Exper Brol & Med 16 272 273 (1951)
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Armstrong  The spaces represent the areas occupied by the cells?

Follis Yes The black staiming matersal 15 matrix, which stams more
deeply than the matersal in between

Hastings  \Will the components take the stam 1 z1z0 before you ll the
amnzal?

Follis 1 have never done that, but I would rmagmne that they would

We have been studying shin in scurvy and following corttsone treatment
One way of observing shm 1s to study the shrmkage temperature  This is
something that has been used by the leather chemusts for a number of years
as an mdex of the adequacy of tanming, that 1s, 1f you put skin i water
and heat 1t at 65 or 66° C, 1t suddenly contracts This 15 an 1nteresting
phenomenon to watch The preparation 1s set up m a modified Dale bath
and recorded on a smoked drum (Figure 6) You can sit there, and as the
temperature reaches 65°, you can say, “Contract,” and the shin contracts'

Hastings  Does 1t mike any difference what pH the solution 15 that you
put the skin in?

Follis Tt does 1f you go to extremes, but at neutrality, no  Salts have
different effects Formaldehyde and chrome, which 1s used 1n tanning, raise
the temperature of contraction to over 100° C

Kochakian  What 1s your defimtion of shin? That 1s, how deep do
you go?
Follis It 1s the epithelium and the corium, without the fat

This phenomenon 1s thought to be due to disruption of hydrogen bonds,
which hold the fibers extended, heating allows them to fold* ** Skin
which has been treated 1 this way just for your mterest, 1s like rubber
You can pull 1t out and 1t snaps back If one gets into the Lterature of the
leather chemists, one finds that they have done a tremendous amount of
work

Hendricks Is thus change i the skin a permanent alteration?

Follis Yes ell, we thought we would try st with cartilage, just for
fun, and I believe the results might mterest you The cartilage contracts,

19Werr, C E, and Carter, ] Rate of Shrnkage of Tendon Collagen Further ?ﬂf,ff,’
of Tannage and Liguid E t on the A tron Constants of
Leather Chennsts’ Assoc 45 421-439 (1950)

n Axial Movement Studies

«0Thets, E R, Wilson, C D, and Halpm, H  Proten
ll-{hglsanganon andl s(?;-.trlc!lﬂn of the Collagen Axis by Means of Acids Bases and
Heat, J Am Leather Chemists dssoc 45 610 642 (1950)
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HUMAN SKIN (ADULT)
25387

HUMAN COSTAL
CARTWAGE
1232635)

Fig 6 Companison of the Effect of Heat on the Shrinkage of Human
Shin and of Human Costal Cartilage

A Shrinkage temperatu ¢ cttnve of normal shin which began to contract at approvs
mately 66*C Time signal wterval 2 mautes B Sumiar corve of a preparation of

a shice of costal cartilage winch contracted less precipitously and at a higher tempera
ture than ¢ d sk

but contricts at 1 much lugher temperature \What that means I havent
the shghtest 1den  Perhaps one of you chemtsts will hnow W\ hether the
difference 15 purely physical or whether 1t 1s chemmical T doo t know

The Chemcal Structure of Bone

Like cartilge the organic component of bone (osteard) has a fibrous
structure when exannned with the Light microscope (Figure 7} The
argatc companents first must be removed by acid before this structure can
be revealed by appropriate digestion techmes  The collagen fibers making
up the organic phase of bone show a typical periodicity of approximately
640 & which vou will recall Dr Robmson?® showed us Jast year Collagen

“Robinson, R A Electron Mucrography al Pone Trans Macy Conferincetn
Metabolic Interrciations 3 271 269 (1951
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Frg 7 Bone Treated to Bring Out the Structure of the \atr
(Osteord )

Silver star of bone to show fibers entering a trabecula They are ohscured m the
trabecula by the presence of the morgan ¢ constituents

dertved from bone after decalcification has the same approatmate anuno
acid pattern as collagens from other sources ® so that st 15 quite Jihely that
what we have already said 1bout the protem content of cartilage apphes
equally well to bone

Bone also 1s metachromatic which may mdicate that chermcally it 15 close
ly related to cartilage And of course bone protein has the same amino
acid composition as does gelatin from cartilage shin and so forth

Arinstrong  To what m bone 18 the metachromasia due®

Follis Well T am gomg to get to that m just a mmute The poly
saccharide component of 1one has not been studied at all extensively, that
1s we do not hnow  hether or not there 1s chandrottin sulfuric 2cid i bone
The sulfate content of bone 15 lower than that of cartilage ** but hexosa
mine and glucurome aad have been 1solated from bone 1n appreciable quan

2\feyer K The Chem stry and Buology of Mucopolysaccharides and Gy coprotetns
Coll Spring Harbor Symp. Quant Bigl 6 91 102 (1938) edited by Ponder F
published by the Brological Laboratory Cold Spring Harbor New York
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tities * * This whole question of the composition af hone matrix has becn
tremendously retarded by the | resence of the Time safts

Tremont Smith Do we know what cruses metachromasia i iy tissue ?

Foths  Well mucopah sacchande 1s metachromatic  hyalurome acid 15
metachromatic and it 15 assumed by Dr Rust Meyer (I don t know whether
or not Dr Karl Meyer has data on this pownt) that chondroitin sutfunc acd
1s metachromatic

Karl Meyer The problem of metachromasia 1s still controversial As to
the metachromasta of hyaluronic acid some state * 1t 1s metachromatic and
others say st1snot There 13 no controrersy about the metachromsia of the
chandrottin sulfates

Bartter  May I ask a question? Can somebodv explamn briefly the chem
1cal change molved 1n the transiton from the red to the blue response®

Follis There 15 a shift 1n the absorption nd the change m the color
reaction 1s thought to be due to a polymenization or an aggregiton of the
dive molecule

Bartter  What 15 the dye?
Follis  Tolmdme blue or methylene blue

Tt 15 of interest that uncaleified hone (osteasd) which ss encountered
farge quantities 1 ricl ets 15 metachromatic™  Another orgame material
atrate 15 found m high concentrations 1 bone  We cannot go tnto 1its pos
sille significance which recently has been reviewed ¥

Well that <hout fimshes what I know about the chemcal structure « £
cartilage and bone

The Formation of Cartilage Mateix

Biochemical observations have reveated that metabohically cartilage 1s

#a Rogers H §  Concentraton and Distribution of Folyszcthﬂnd:s m Human
Cort cz\ Bone and the Dent ne of Teeth Matwre 161 623 626 (1940}
b Rogers H J  The Paly sechande Assocuted with the Orgame Matrix of Bone
Bnafhtm 7749 i an (1951
m gan A (mcumposmn of Carulage Bone Dentm and Framel J B ol Chem

J Conn mectine Tusue Fine Structure and Some Methods for Hts Anslysis
T 5343 360 (1950)
Prdls R H e and Benhwng M Justocher cat Stdes on Cart fage and Bove
I The Normal Pattern Bull Jolns Hopk ns Hosp 85 281 296 (199

36%27( (19511: Cittic Acid and Caleum Metabol sm J Bone ard Jrv o Surg 331
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not a very active tissue It does not seem to be necessary to summanze the
few studies which have already been recorded You will recall that Dr
Gutman went into this two years ago ** The cartilage cell contains neutral
fat and an increastng amount of glycogen as st becomes more differents
ated ® The mechamusm whereby the cartilage cell mfluences or promotes the
formation of intercellulr matrix 15 completely obscure  As we have al
ready noted 1f unhced frozen sections are staned with toluidine blue aug
mentation of the metichromatic reaction 15 found about the cells W hether
or not this mdicates that polysaccharide 1f thus be the cause of metachro
masa s synthesized closest to the cell can only be conjecttired  How the
molecules of glucuronic acid and acety! galactose amine are polymenized 1s
of course a complete mystery

The Formation of Bone Mateix

The formation of bone matris 1s mediated m some unknown way by the
osteord fornung cells the osteoblasts Before going on to a description of
the possible mechamsm of the formation of the bone matrix something
must be said about the histochemistry of the bone forftung cells In ords
nary sections the cytoplasm of the osteoblast 1s characterized by its baso
philia stained with pyromn this material 15 pink suggestne evidence that
1t 15 ribose nuclerc aerd (RN A) When ribonuclease is applied to bone
sections the basophuila and pyromm staming material disappear, mdicating
pretty defin tely that 1t 1s R N A *® The osteablast 1s rich 1n cytochrome
oxidase (as evidenced by the reactron to the nadi resgent) and exhibits
alkalime phosphatase activity ?° The cytoplasm of the osteoblast contamns
glycogen **

Shorr Has there heen amv demonstratian of the presence of the cvto
chrome oxidase svstem m cartilage cells?

Follis The cartilage cells do not contain 1t and I don t know why This
difference 15 one of the pieces of evidence of a considerable degree of disso-
clation between cartilage cells and osteoblasts In addiion we have a num
ber of examples 1 which you can mjure the metabohsm and functiott of the
osteobiast without clangimg the functron or the growth actssity of the
cartilage cell I am gomg to discuss one example 1 a minute

Shorr And yet there 1s some evydence that an oidative tipe of metal
olism does take place m cartilage
2Gutman A B a
Calatfication Trans Macy Confer
Bone II Ascorbic Acd
2T0s R H Jr  Histoc! emcal Studies on Cart lage and
Deficrency Buti “Jokns Hopems Hosp 89 920 (1921)

£ A Concept of the Role of Enzymes in Endochondral
e fer wes o Melabane uterrétatis s 2 167 190 (1950)
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Follis  Cytochrome oxidase has been studied manometrically in cartilage
shees that 1s not stochemcally but actually chenncally and has not been
found

Shorr The evidence that we have obtuned for an oxidative metibolism
m the hypertropluc cartilage cell came from work done with Dr Howard
Hutt*® using the reagent trij hemyl tetrazohum chloride This substance
1s water soluble and colorless and has the interesting property of acting as
2 hydrogen acceptor for intracellular reductases  Upon enzymatic reduction
1t 15 converted 1nto a deep red msoluble materal winch 1s dejosited ntra
cellularly presumably at the site of enzymatic reduction In functinning as
a hydrogen acceptor 1t competes of course with other systems m the cell
such as the cytochrome oxidase system which normally serves thus purpose
1t 15 posable to favor one system or the other by varying the oxygen ten
sion n the medium  thus 1f we meubate a tissue slice 1n an atmosphere of
oxygen the cvtochrome cytochrome oxidase system 1s fatored and there 1s
very little reduction of tetrazohum On the other hand under anaerobnc
cond tions the reduction of tetrazolium 1s maximal W hen slices ot rachitre
cartilage are mcubated s 2:tro with tetrazolum n 1007 oxygen there 15
wrtually no reduction of tetrazohum If however the same procedure 18
carried out under completely anterobic conditions there 18 an intense re
duction the tetrazohum being deposited as the deep red incoluble formozan
i the hypertrof hic cartilage cells Tlus means that some type of oxidatise
system must be operitive n the hypertrophic cartilage cell However tins
does not mean that st 1s the cytochrome oxidase syvstem

Follis 1t would be another oxidase

Shorr  Yes

Folhs  Thats true 1snt 1t Dr Gutman?
Gutman  Some other gxadases niy te present
Folhs  But apparentlv cytochrome oxidase 15 not

Armstrong  Is cytochrome present m cartilage tissue? One would not
xpect cytochrome oxidase to be present in 1 tissue unless the cytochrome
System were present would one?

Tollts No, I wouldn t think so 1 dnt know but I don t think that has
ever been stu fied

Gutman  There 1s very hittle cytochrome present as determined by spec

“Hatt H and Shorr F Unpubhsl ed data
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trophotometric measurement 1n cartilage according to Lutwak Mann 8

Follis Of course lthe certam other tissues which contain farge quan
tities of mucopolysaccharide such as cornea and umbilical cord cartilage 1s
very avascular and sts metabolism 1s distinctly not very hugh but 1t does
have a definite metabolism as you have indicated

We have done some tetrazolmm expenments also not paying careful at
tention to oxygen but 1t probably was not present We could not get any
reduction unless we added sucamc acid 1n which case a rather good reduc
tion was obtained 1n apparently the right areas

Shorr  The reduction of tetrazohum by hypestrophic cartilage can be
clearly demonstrated 1n the absence of added sucomsc acd It 1s question
ably mtensified 1n the presence of succmuc acid To measure this difference
and hence to pravide some quantitative mdication of the amount of succmo
dehydrogenase activity m cartilage cells would require a quantitative pro
cedure sery difficult to emplay with this tissue  This procedure consists m
the extraction with acetone of the colored formozan and measuring it m
a colortmeter This can be done readily with soft tissue

Follis  Of course cartilage does have succino dehydrogenase activity
You can show that with shces

Shorr  Oh yes

Follis 1 wasnt gong to go into the metabolism 1nasmuch as 1t was
covered here previously by Dr Gutman

Perhaps the most instructive matersal with which to study the formation
of bone matrix may be dernved from the early stages of healing scorbutus
You will recall we illustrated this two years ago® As you will remember
ascorbic acid deficiency 1s characterized by an mability of certamn speciahized
cells (fibroblasts osteoblasts and odontoblasts) to influence or promote the
formation of intercellular substances collagen ostead and dentin Scur
vy 1 the sheletan therefore 15 ol aracterized by an absence of osteord for
mation  Spindle shaped cells which one must regard as impotent osteo-
blasts are present and are perfectly able to reproduce In their vicimity
howeser there Is not 2 vestige of mtercellular matrx  As soon as healing
1s istituted by the admimstration of vitamiz C one encounters certam
dramatic changes ®® ¥

$\Lutwak Mann C  Enzyme Systems mn Atticular Cartilage Bockers J 34 517577
(1940)

Cartilage
3 Folbis R H The Influence of Essential Nutrsents and Hormones on
andoBLsne Tnm:J{Mn:y ECantrﬂk‘: on Metabolte Intcrrelations 2 221 257 (1950)
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Fine argyrophhic fibers {rebiculum) appear m the vicunty of the osteo
Vlasts  These fibers are metachromatic nd give a positive alhabme phos
phatase reaction  Certain changes also appear 1n the osteoblasts comaident
with the appearance of the fibers Citochrome ovxidase activity whuch
decreased or absent m absolute scurvy returns as does the phosphatase
activity (which also disappears as a result of vitamin C deficency) In
addtion the cells become plump and engorged with R\ A giycogen alsc
appears in the cytoplasm

Can any sense be made of such changes® Briefly 1t appears fairly well
accepted that RN A 15 assottated with protem synthesis > So too phos
phatase activity seems to be correlated with the elaboration of fibtous pro
tem® The partiapation of cytochrome oxidase and/or glycogen m the
production of fibrous protemn 1s as yet not established There are thus at
the moment some datn which implicate the osteoblast and certan of its in
traceflular constituents in protem synthests ** We can go no further with
regard to the formation of any other protems One recent ob ervation
should 1e mentioned because as we noted above the newh formed fibers
m healing scothutus give a positive phosphatase reaction Gold and Gould*"
have found that phosphatase combimes firmly with freshly precipitated
fibers of rat tail tendon, they postulate that posttive stawng reactions in
sections result from adsorption of the enzyme on the newly formed fibers
This observation would still not negate the importance of phosphatase in
the formation of fibrous protewns since the enzyme 13 reduced or ahsent
w scorbupie hesnes and does not reappear until vitamin C therapy 1s
stituted 32

The Destroction of Carutage and Bone Matrix

Cartilage matrix 1s destroyed at the cartilage shaft junction after bone
15 depouted upon 1t Capillaries wvade the columns of hypertrophic cells
aither because the celfs have died or because the blood vessels kit them
The spicules of calosfied matne encased i a thm layer of bone are then
destroyed doubtless both by osteoblasts as well as osteackists  The latter

SCaspersson T The  Relations Betusen Mudkore Aed sad Proten Symhess Symp
Soc Leper Bol Mo 1 Nucesc Aod pp 127 151 (1947 ed tsd by Damelt J ¥
and Brown R Macmilan Co. New ¥

“Bratield T K G Phosphatuse Cy\ul\tm\su) w Relation 1o Protemn Secret on
Isp Celf Kes sup,» 133 350 (109)  edesd by Laspersson T and Mo L
Acaderme Press fnc New York

*$These relat omeinps have been tecertly d scussed by Davidson 4

PDavidson J N The Biachemustry of the Mufac deds Jobn Wikey and Sons
New \m {1950y

2God N I and Gould B 5 Coftagen Fiber Formaton and Atkalne Pho phatase
Arch Boc wm 33 155 1(,1 (1931)
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cells would appear also te destroy uncaletfied cartilage, since one may ob
serve them on the undersurface of costal cartilage 1n cases of renal rrckets
assoctated with ostests fibrosa

The exact mechamism of the destruction of osteord 15 unhnown The
process 1s further complicated by the fact that some mechamsm also has to
be formulated for the simultaneous removal of the morganic materials
which have been deposited m the matriv  Destruction 15 doubtless mediated
m some way by cells, that 13, osteoblasts and asteoclasts

When we come to the destruction of bone and cartilage, T thipk we draw
almost a complete blank It 1s generally agreed—I think Dr McLean
agrecs with this—that osteoblasts and osteoclasts will destroy bone I can
demonstrate to von that osteoclasts appear to be destroying cartilage
There has been a great deal of discussion as to whether osteoclasts will
destroy asteard or whether the osteord has to be mmerahized but in our
large series of cases of nichets Dr Park and I hase ime and time agam
seen osteoclasts destroymg osteord Furthermore, Dr Carnes® a year or
s0 ago produced richets in rats and then gave them large doses of parathy
roid hormone and found that the osteord was bemng actively destroyed by
these cells In Figure 8A, there 1s an osteoclast night against cartilage, and
the only evidence thit one has that cartilage 1s bemng destroyed 1s the pres-
ence of these cells This 15 a case of renal richets m a clld, 1n which there
1s active destruction ostetts fibrosa  In Figure 8B from a case with dietary
richets there 1s a large chunk of osteard with just a httle it of mineral

and there are osteoclasts on either side

What do we hnow about the mechanics of destruction® I thunk, as far as
1 am concerned, we know nothing It must be enzymatic, or T thuink it 15
probably enzymatic, n nature e have been working on this problem for«
a hittle while using all sorts of different enzymes products from bactena,
and so forth If you take a piece of fresh, calafied bone, you cannot digest
1t unfess yon remove the munerals If you remove the mmerals you can
digest 1t The only other possibility we can s1sualize—and thus 1s pretty far
fetched—is that one of these cells nught contamn some chelating agent which
would remove the mineral component, and then 1t would he able, with some
proteolytic enzyme, to finish the process Ve use chelating agents to de
calify bone, and that 1s why the thought struch me

When one comes to consider first the stimufus to the formation of
osteoclasts, and, secondly the stimulus on this cell and the osteoblast, too,
which leads to osteord and bone salt destruction the problem becomes most

3%Carnes W H

The D of an Effect of Parathyrod, Extract on Bone
Mateix A 1 Path 26 736 (1950)
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Fig 8 Relationship of Osteoclasts to Destruction of Cartilage and of
Osteord

4 Osteoclasts 1 appos twn to custal cart lage 11 a case of runal richets (usteitys
fibrosa) 1 a clild B Osteoclasts m appos t on to osteard (dietary r ckets)

complex  Parathyror 1 hormone would ajpear to effect tone destruction

directly by cellular stimultion ® * So too 1t 15 quite hkels also that

humoraf concentrations of morgame tons are extremely wnportant ¢ ** It

would appear probable that Lone destruction 1s enzymatic m nature  How

ever can this explain the solubihzation of bone salt  No one to my hnowl

edge has seen tnorganic particles mn the osteodlast It weuld appear unlikely

that pH change could effict a solutton of bone salt

*Barncat N A The Local Act o1 of the Parathyruid and Other T ssuey on Bone

 Intracerebral Grafts § Anat 82 233 298 (1948)

(“lgl hd 1 Grafts ot Parathvrord and Gtl er Tissues to Bane fraf R 111 23-39
3t)

“affe J{ I Bodarwhy A anl Chandler J P Annomum Chloride Decaleibiea

101 a5 \lod fied by Calcum Intale The Relat o between Generalized Osteaporusss

and Ostets Throsa J Exper Ved 56 973834 (193°)

*Gomory G and Gulyas E  T'ffect of Parenterally Adn u teted Ltrawe on tic

Renal Fxcret n of Calowm /roc Sor Exper Biol & Aed 56 220228 (1944)
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I want to bring up ane other extremely mteresting observation agam
stemmtag from Dr Grass s Jaboratory 1nd that 15 the effect of tension on
the effectiveness of enzymatic activity Sgzers® has shown that you can
change by putting weights on sutures of tendon I believe the tume that st
tahes for digestion by trypsin T think that 15 the only enzyme he studied
Thus has some 1mplications as far as bone 1s concerned because 11 the re
modeling as a result of stress and stran there must be differences 1 ten
sion That there will be differences then 1 the effecttveness of enzymatic
actiity 15 a real possibility

Fremont Syuthi - Tension accelerates the rate? Y ou said 1f changes but
vou didn t say in which direction

Follis Accelerates

1 trust that this ratroduction will serve to indicate the many gaps i our
knowledge regarding cartilage and bone matsix  We are only begmning to
make progress i our understanding of these materials

Conference Discusston

Armstrong  You have certarnly reviewed the field i your usual capable
fashton Dr Follis T thank you very much I would bke to mite spon
taneous disctission now  If the discussion does not develop in the way that
1 expeet 1t to I will mwite speatfic discussion I would Dike to hnow if there
are any questions or brief comments

UcLean Dr Folbs did not bring out mn his discussion any differences
between a calcifiable and a non calcifiable matrax I hope that that will ap-
pear in some of the discusston which will follow

Follis Would you elaborate on what you mean by that? What do you
mean by non calafiable matrix

McLean Well cartilage matnix for mstance  Hyahne cartilage 1s asa
rule not ble \Where mtracartil ossification 13 gomng on the
cartilage matrix becomes calaifiable near the front at which bone 15 ad
vancing nto and replacing the cartilage

Follis However you can calafy it by artifical methods, that 1s, if you
leave 1t 1n contact with concentrations of ltme salts Jong enough they will

depostt on 1t
AfcLean Most connective tissue can be caletfied under very special con

ittons but ordinartly skin and the matnx of hyahne cartilage do not

exletfy

WSwer T\ Tie Action of Tryps nand Other Protcases on Collagen Ln 3 of 71

13 293 301 (1999)



FOLLES. n

Tolis No, of course  Aorta s somewhat simlar charactenstics and
so does cornea You can calafy the aorta 1 11tro Robuson'! did that or
one of tus associates hd  1f you Jeave it in contact with the mineral salts
fong enaugh under phy stological condetions 1t w2} ealorfy

McLean Refesring to the specinl affinity for calufication that certain
tisstes hie there must be either some chemical or physical explnation for
shat whech stdl does not appesr

Fremont Smuth In other words the smulanties ate vers mportant hut
the differences are alse very mmportant

Tollts Yes

Johnson  One pomt sught be added  Unless o memory s seryans we
false 1 bedweve thit the contraction of tanned collagen apphies to indsvidual
fibers as well as to sk which, of course 35 very impostant 1 1 namber of
the questions that hay e been ashed

Telhs  That has been Urought out with the electron mmroscopa by W 1
pers® I dont know whether vou have done any wurh on that Dy Gross

Gross \le bavent done very much but I believe that the lmkage be
tween the fibrls themselses 1s more an a histalogrend levet and 1 inportant
i tanming as well s the intrafibrillar penetration of the tan

Fellis \Well there are CH_ binkages with furmithin treated matersals and
there gre chrome hrhages which apparenth make 1t very auch mnre stalide
with chrome tannmg

Yeser  But tius contracture happens with untanned preparan. i

Gross  The heat cnsts contrachion yes Tha heat contraction wiif take
place with almost any tvpe of colfrgen and there are mam factors mvolved
Dormat caltagen which s wntanoed and untreated and m a wet state con
tracts at 2 refatnely low temperature and vaprous tupes af collagen con
tract at different temperatures  For example the tendon colfagen contracts
at 2 jgwer temperature thn hude collagen and collyen from the swim
bladder of the fish for example just goes mto solution at about 40° with
ot even contretmg The pH plavs quite 2 part 1 lowermg the <hnnkage
tenperature as do varwoys other reagents such as formumde or amvting
else whuch swelts the coflagen

folis 1t s very mterestng thit calun o unsjue ameng, most of the
cations i reducing the shrkage emperature wosoltiny - Celagen practs

“hwabe s 4 0 and Rul sm b The Calesfic con 2§ ttre af Racies Lun, and
Notta Fuachem ] 29 712719 (1934)
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cally contracts at room temperature m the presence of calerum 1ons
Hastings How much calcum s there 1 these solutions ?

Follis The calaum was present 1 fairly high concentration T cant tell
you Dr Hastings, in milfimols

Choucroun At what pH?
Follis Normal pH

Choncroun  Well, T thmk you could have st with less concentration 1f
you were working 1 a pH which would be a httle afkaline, because that
would facilitate the fixation of the calcium 10n on the cells Did you try
that—to change the pH?

Follis T am not studymng that phase of this phenomehon I wall lemve
that for the leather people or the hiochennsts

Sobel  But there are differences between collagens For wstance, gelatm
derrved from fish shin collagen has an 1soelectric pomt of the order of 94,
whereas gelatin denived from bone collagen has an 1soelectric point around
45

Follis Isntit true Dr Hammlton, that the amino acid content of gelatin
as derved from shin cartilage or bone 15 practically 1dentrcal

5 m o4

Hanulton T wish 1 felt competent to answer your question

Follis T think this observation 1s n the hterature

Hawulton T feel certamn that there 1s still work to be done to settle that
question I would expect that the fish swim bladder gelrtins would turn
up with a shghtly different composition from the ordinary gelatin as we
Know 1t because I would assume that 1t ss probably not made under the
arcumstances that ordiniry gelatin 15 made, which has an extensive liming
treatment

Meyer  As far as I remember, fish bladder coflagen the so called 1chthy-
ocol 15 remarkably different from mammahan collagen i tts anuno acid
composition  The definttion of collagen as given by the electron nucros-
copists and by the \ ray diffraction people, 15 purely a structural one and I
think that ought to be made clear here

Follis Of course, fish collagen 15 1n a different 10mc environment than
our collagen 1

Gross Well actually, the collagens differ a good deal one from the
other both physicochenutcally and chermeally The anahtical chermeal dif
ference of collagen 1n the mammals 15 very small, but the phystcochemical
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differences between one collagen and another may be quite large For
example 1n the rat the shin behaves quite differently from the tail tendon
Rat tail tendon will go 1nto solution very rapidly m extremely dilute aaid
of a pH of 4 and below whereas skin collagen will swell only at pH 1 and
still maintatn s crossbanded structure  Fish swim bladder collagen reacts
to acd and subsequent salting very much Iike that from rat tail tendon yet
the annno acid composition yaries m some particulars W hen you go down
to the sponges which give essentially the same wide angle X ray pattern as
collagen from the mammals the amino acid composition 1s almost entirely
different The amuno aaid pattern of sponges resembles that of an entirely
different protem n fact there 1s very little proline or hydroxyproline—
one of the distinguishing characteristics of mammalian collagen

Follis Tt 1s interesting that rat skin and ginea pig shan especially of
young animals will contract and then will 1 contract as the temperature
1s rased still lugher In other words as the temperature goes up the con
traction decreases

Tremont Smth  Ts thus response then reversible or 1s the whole process
fimshed?

Tolits 1 have suppo ed that 1t 15 reversible

Tremont Sunth 1f you bring the temperature down again you can go
through the sanse phases and obtam the same sequence agam?

Tollis Well we havent done that
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chain helix with a short pitch ratl er than the three chain helix with a lazy
spiral  Actually Pauhng and Corey suggested some such similar model
some ycars ago and then discarded 1t

The Peodicity of Collagen Fibrils

The work T would like to discuss does not deal directly with bone or
cartilage but more with fibrogenesis and the formation of collagen which
15 perhaps related to the discussion of amy connective tissue structures
This work represents a jomt effort of Dr T' O Schoutt Dr J H High
berger and myself Ve have been at 1t for a number of years

The experimentation on reconstitution of collagen actually began with
Nageotte*® and Faure Fremmet®® i France in the 1930s  They found thnt
certain types of colligen are soluble 1 dilute acid for example rat tail
tendon and swim bladder collagen which will dissolve  producing a clear
viscous solution at about pH 35 m almost any of the acids Upon the
additron of salt or neutralization a fit rous precipitate appears  These fibers
Instologically have a strong resemblance to collagen In the early 1940
Schnmutt Hall and Jakus*® were able to show that the fibnls as produced
by neutrahzing such a solution have an asial periodicity very much like
that of collagen—and I should at this point mention that the origmal ob
servations of periodicity of collagen fibrils 1n the electron microscope were
made by Hall Jihus and Schautt i 1942 and s multaneously by
Wolpers™ s Germany Bear’® and independently hratky and Sehora®
Just prior to thus had demonstrated the periodicity m collagen by means of
the x ray diffraction technic  Since then 1t has heen found that most forms
of collagen which can be identified as such by the wide angle « ray pat
tern have an axal periodinity averagmg G40 A& that 15 all the known
collagens of mammals fish reptiles lLirds on down through the Coclen
terita ® Recently we examumed t) e collagen of the sea cucumber with the

4#Nugeotte J and Guyon L Ret culin, Am J Path 6 631624 (1930)

#9Taure Tremiet £ and Garrault H  Tle Actentar Connectne T
Dpire Tiemet, & _and Garrsult 11 Thssfyciestar Connectine Tasue of the Swum

SMall C £ Jakus M A ard Schmtt F O Elect Al it
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electron microscope and found even there the typrcat periodicity of collagen
Alsn anterestingly Dr Schimtt several years ago found that the collagen
from a 20000 year old mammoth tush also had this perodiarty

Follis Tsnt that 640 figure an average®

Gross  Oh yes, certunly When we say 640 what we mean 15 the
awerage of 1 distnibution curse—a Gaussran type curve which varies from
bout 400 Angstroms up to about 1000, most of 1 falling wm the range
between about 500 and 700 The dispersion also varies somewhat with
different tissues The distribution curve for rat tail tendon for examgle
1s dispersed somewhat more than st 1s for shin  But the peak always falls
around €40 or 650

Figure 9 shows the tvpical prcture of collagen fibrils from human skin %
This was prepared by freeze sectioning fresh shin conum and allowmng
the fragments to deposit on the collodion film from a suspension and you
can see that these are the fibers which could be seen histologically as 1 thin
lne  The fiber 15 mde up of the mndwidual fibrils, displaying the usual
axual period  Rat tul tendon s different m that the fibril width varies
tremendouslv and the fibrils also fray readily, whereas these fibrils are
relatnely umform mn width and rarely frav

I show Figure 9 to indicate the detailed, intraperiod fine structure rangmg
from one to si\ bands Ve have labeled them A, By By, C, D, and E
The posttion of these bands 1s quite characteristic for all the mammalian
collagen we hate exammned Even mn the fish swim bladder where the
amno a1d composition 18 somewhat different, the banding 1s the same
When vou stretch these fibnils, the sub periods mcrease 1n exactly the sime
proportion as does the total period 5 We feel that this six banded struc
ture 15 2 very good fingerprint for the substauce collagens The fibnl 15
polarized axially 1e 1t has a head and tal which 1s an extremelv inter
esting tlung from the pomnt of view of protem structure

Tollis Would you comment on drying? These are all dried specimens

Gross Surely In preparmg specuniens for the electron microscope, one
has to dry them, the reason bemng that the column of the muecroscope 15
Inghly evacuated The presence of gas molecules will scatter electrons and
present image formagon These preparations are made by depositing 21
aqueous suspension of fragmented collagen on a very thin collodion film

Stated
S Gross ] and Schmtt F O The Structure of Human Skin Collagen as

b the Electron Micra cope 7 Evfer Med 88 55 568 (1047) ;
s1Schmitt F O and Gross J  Further Progress in the Electron Microscopy ©
Coliagen 7 4m Leather Chernsts Assoc 43 638 675 (1948)



CROSS 3

Tig 9 Collgen I ibnls from Iltan Skin

Prep red by very gentle fragmentat on of frozen se tor  \ag fical



3o FOURTH CONFERENCE ON METABOLIC INTERRELATIONS

covering & small disc of wire mesh Thin specimens are requrred because
the electron beam wiil not penetrate a sample greater than about a tenth
of a mucron 1 thickness and give any sort of structural detait Drying
actually has an effect which has been studied by us at MIT by means of
2 replica technic® One makes an smpnint of wet collagen m a collodron
film and examunes that unprint 1 the electron microscope The corruga
tions are far less distinct than those m a replica of dry collagen X ray
diffraction studies of Bear and Bolduan®® also indicate that the fibni 1s
smoothed out 1 the wet state The fact that the corrugation as seen mn the
electron microscope 1s a ghly regular and umformly reproducible artefact
and that x ray diffraction patterns reveal the same periodicity 1 the whole
wet native tissue demonstrates that the axial period 15 a real charactershe
of the fibrous protemn

There are two identifymg charactenistics of collagen which we feel are
2 litle it more defimtne than the histologic p cture namely the wmde
angle < riy diffraction pattern and this a\sal pattern m the fibrils scen
with the electron microscope

Meyer The preparation in Figure 91s staied?

Gross It 1s stammed with pt osphotungstic acid but the fine banding can
still be seen 1n some unstained preparations as well Tt 1s just accentuated
Dy the phosphotungstic and

Follis Do you regard collagen then as a pire protem?

Gross It may he a nuxture of proteins and perhaps other substances
We just don t know at the present time

The fibrils m Figure 10 are from cartifage You can ignore the £7e
filaments 1n the bachground berause they have nothing to do with the
collagen The fibrils from the xiphowd process of the rat are essentnally
the same as those from slan

As I mentioned before collagen from shin differs i some ways from
rat tal tendon VWhen shm fibrily break they fracture without fraying
When rat tail tendon fibnls break the ends are usually well frayed the
mdrvidual strands of whick still show the cross striations  Tn dilute aad
most of the human skin collagen fibrils just swell maintmmning thesr axal
period although there 1s some ewidence that at feast some of them dis
whe Rat tail tendon collagen very largely goes nto solution If such 3
viscons solution 18 filtered through sintered glass to mahe sure there aré

{
nd Salo T P A Model for Collagen F brl
"% Ray D firaction J cm Leatler Clen i
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no undissolved collagen fibrils present one obtuns a picture such as s
shown mn Figure 11

The Effect of Enzymes on Collagen Structure

Follis Have vou studed the effect of pepsin in modifying such a pe
ture?

Gross Yes we have It 1s very difficult to hnow about pepsin hecause
of the effect of aaid

Folhis  Pepsm will produce changes at pH 5

Gross Ve havent tried that Ve have worked with collagenase and
Iy aluronidase

Follis 1t would be mteresting because 1s you know shm 15 not met2
chromatic °® wherets all these other matertals—tendon nd cartilage and
osteord—are But 1f you digest 1t with pepsin at pH 5 1t becomes meta
chromatie

Gross 1amafraid I can t make much comment on that

Folfis It nnght be that vou could produce thus fibrillar fraymg by using
pepsin

Gross Ttis possible We just hivent donet Our oniginal ex] eriments
with pepsin were done at the optimum | H around pH 2 We oammed
the end products and were 1 httle bit dissatisfied with our results Ve will
probbly go back to 1t some dav stnce we re studving the effect of vart
ons enzymes Vve hnow for mstance that trypsin does not seem to attack
the collagen structure at 1ll as far as we cn tell with the electron micro
scope It nught 1n some more subtle chenncal way

Figure 11 1s 2 photograph of a clear acid filteate of tchthyocol but \h]cI
findings are the same for rat tail tendon You can see very fine ﬁhments:ll)e
over the background Ve can t mahe out anmy structure W ¢ feel that mn
the structure 15 there but techmeal difficulties make whatever structure 1»
present quute elusie at the moment We spent a lot of time bcmngdou;
heads agamst that stone wall trying to find the charncteristic cross handing
1n filaments less than 100 Angstroms 1 diameter and have had no success ::S
yet The extremely low contrast of phosphotungstic actd stamned ﬁ[amen;
that are less than 100 A m width and the interference by the structure (;t
the collodion film i shadowed preparitions have thus far defeated us

Aetachrun as 2 of
o9Follis R H Jr  Effect of Proteolytic Ei zvmes and Fixation on
Stﬁg (‘:so"agzn Igmc Soc Exper Biol & Med 76 272 273 (1951)
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Fig 11 The LfTect of Acid on the Collagen Ichthyocol

Prepared by dissolving m acetic acid at pH 5 and filtering through smtered glass
Magmihcation 47,400 X
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18 altogether possible that the characteristic structure will not be vistble m
such filaments under the best conditions

The Effect of Sodium Chloride on the Precipitation of Collagen Fibsils

If one repeats the expeniment of Nageotte adding the clear filtrate to
1¢0 sodum chloride one gets a fiirous precipttate  These are the fibrls
which comprice the precipitate 1n Tigure 12 They hve evactly the same
peniodiczts 1s the colligen jou saw ongmally

drmstrong  Will you go over that again?®

Gross  Surely If one adds a clear filtrate 1 which there are no fibnls
to 4 salt solution a precipitate occurs

Histings  How much salt?

Gross  Tome strengths of al ont 017 to 02 The fibrous precipitate that
we get from the addition of salt to a final 1omc strength of 017 conststs
nearly entirely of fibrsls with the same cross striatton and the same detailed
fine structure of two to six bands that we had m the ongmal maternal
Lefore 1t was dissolved n acid

Hastings  Are the fibnls all separated?

Gross  Yes they are They are separated just floating around m the
solution  You can sediment or filter out this mass of collagen for chenncal
or other analyses

Neuman Do these reformed fibrils have a head ind a tail? (Laughter)

Gross Yes most of them have These fibnils come back polarized ex
Actly as they were before The Kmetics of this phenomenon of course 13
tremendously interesting to us W e know alse how to modify this structure
“ little bt

Hastings  You havent any moving pictures of one of them formung?

Gross No Electron microscopy ts nowhere nearly developed to the
pomt where contnuous changes in solution can be studied The matertal
must be dried 1 vacwa for study At the moment we are studying 1he
process of fiber formation m stages to see 1f we can get some 1dea of
the structural Mnetics Vanamee and Porter® have published a paper 1€
cently on some of the stages of formation of collagen from solutions

the
60y anamee P and Porter h R Observations w th the Electron M croscope on
Sol::taon and Reconst tution of Collagen J Erper AMed 93 255 268 (1951)
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fig 2. Fibnis Wik Tymeal Coffagen Fibnl 610 A ixal Pertodd Pre
cipitated from a Collagen Solution

Prepired by adding a clear filtrate of collagen solution te 155 sodium chlonde
Magmiheation 23,200 X
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Choucroun  Ts the process reversible?
Gross Yes itis
Choucroun  You can put 1t mnto solution agan?

Gross Yes However each time you do 1t, you get less and less matenal
preapitating out  There 1s some change Tor example, we know that these
fibrils swell more m water and are more soluble 1 water than the origmal
collagen so there 1s some change, but structurally they come hach rdentical
with the origmals as far as we can tell, and we feel that perhaps thus has
some 1mplication n fibrogenesis s ziz0  Perhaps the cell secretes a buld
g block 1n the form of a lugh molecular weight poly peptide cham or per
haps even a mived gh polymer precursor In the extracellular space the
1ontc atmosphere and perhaps other factors cause these building blocks to
ggregate spectfically to forn a lgher order of orgamzation m the form of
cross striated fibrils  The 11 21tro experiment mav be a model of such 1
process We have no evidence that enzyme actnity 1» mvolved i the test
tube reconstitution of collagen Howesver we hue not yet looked hard for
such evidence Acid solutions of collagen are stable mn the e hox for
months, as mdicated by thewr abihity to reconstitute with salt

If one adds 2€6 NaCl (final concentration), one gets a somewhat dif
ferent effect (Figure 13) Fibrils reconstitute, but they do not hive a
period of 640 Angstrom umts, they have 1 pertod of about 220 Angstrom
umts The steps seem discontinuons  There 1s no average period hetween
these two  Sou get esther 640 or 220 Porter and Vanmmee™ found
some of their tissue cultures which produced collagen, some fibrils with 2
pertod of about 220 \ngstroms Speaking just speculatnely, perhaps the
1onic or ather factors mt the emvironment of the culture medium 1s velved
1 determming whether one gets a fibrous structure with G40 Angstroms
or with 220

If the salt concentration 1s increased much above 2 per cent there 1> 2
healthy preciptate, but there 1s no visible period 1n the fibrils (Tigure 14)
The salt concentration will determune to a great extent the tvpe of structure

Hannlton May I ash one question? Is there any difference m the time
which must elapwe before these fibrils form as the result of the addition of
salutions of different strength? Is 1t very rapid or 1s 1t slow ?

Gross  Well this 1s usually a very rapid phenomenon There s some-
thing pecubar imolved m this connection, which T should msert here  Tor

siPorter K R, and Vanamee, P Observations on the [vrmaton af Lonnecine
Tissue Fibets Proc Soc Etper Biol & Med T1 513 516 (1949)
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1 period of several years we were able to add our filtrates to salt <olutions
and get an immediate fibrous precipitate without any trouble, and then
slawly, over a peniod of time, each new preparation we made took more and
more time to precipitate—under exactly the same conditions—until finally
we were unable to get precipitation—immediately foliowing addition to salt
and for a long time now we have not heen able to get these immediate pre

apitates We have to dralyze in the salt to do 1t Recently some of our fit

trates have leen preapitating After standmg 1n salt solution for about a
weeh W eknow, for example with certan salts such as oxalate we can get
animmediate precipitate, but there has been a change m our precipitabihity
with sodum chlorsde which we don t understand at 2ll However we con

tinte to get perfectly good reconstitution by dialyzing mn the salt

Choucroun s this reversible also?
Gross Thus fibrous precipitate will go bck inta solution
Choucroun  And when reduced to 1% salt what happens®

Gross T yon are refernng to the structureless fibrily produced with
Tugh =alt concentratians and redissolved mn acd a 160 NaCl precipitate of
this solution 15 very small

Choucroun  No, but do you get the same result as 15 produced with 1¢¢
salt?

Gross You get hack some fibrils with a stration of 640 \ngstroms

Weyer Have vou done any < ray diffraction studies on this tmorphots
or non Innded fibnl?

Gross  No we have not Decause there 1s 1 problem m orientition here
Unless your maternl 1s extremely well oriented \ou cannot get a good
smll angle diffraction pattern We would probably get the wide angle pat
tern, but you would expect that because you can get a good collagen wide
angle pattern even from gelatin  We are more 1terested 1n the chemistey
at the moment W e expect to do this eventually

The Lxeraction of Collagen with Aad Buffers

Another phase of the problen 1n which we became vers much mterested
several vears 190 was the effect of extraction of collrgenous tissue with
acid buffers of relatiely tugh ome strength as described by Orehhovitch
andd colleagues ®* ¢* They found that orgamic aad buffers such as atrate

® Orekhovich ¥ N Tustanovskn A A Orchhovic, K D and Plotmdma N |
The Frocoltagen of Hide Binkhentrya 13 5360 (1949)

“Tustanovskii A A On the Protemns of the Skin Brokhmiya 12 235 290 (1048)
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«f tomce strength around 02 at pH 3 to 4 would extract somethmg from
connective tissue which formed a viscous solution and preciprtated as fibers
when d alvzed agamst water They called 1t ‘pro-collagen  This 1 different
from the Nageotte experiment 1 that dualveis of an ordmary dilute acetic
or hvdrachloric ~cid solution of collagen agamst water produces a clear
transparent el Highberger Gross and Schmutt™ showed that dufysis of
a atrate extract agamnst water produces a fibrous preapitate which when
examned with the electron microscope reveals two different structural
forms  One 1s charactenistic of collagen, but the other has an awal period
averaging 2200 A with a complex mtraperiod fine structure quite different
from that of collagen Frequently one sees mdividual separate segments
or 1 small number of segments joined end to end to form short fibrils Ve
have called thus structure long spacing  for want of a better name We
have not yet found it m natrve tissues and beheve 1t to be 1 svnthetic
product

The Effect of Glycoproteins on the Prectpitation of Collagen Fibnils

Berause extensive extraction of the tissue with a'haline phosy hate buffer
prior to making the citrate extract appears to prevent the formation of
long spacmg fibers and phosphate 15 well known to extract mucoproteins
we thought 1t mght be mteresting to add mucopratein to our coll~gen solu
tions Tor tius and other reasons serum ghcoprotein as described by Vet
mer \eht and Winzler™ and also Schmid 5 was added to an ichthsocol
filtrate wlich nuxture upon dialysis produced a precsptate of long spac
me fibrils ©*

If vou dialyze an acetic acd solution of collagen agamst water you get
4 clewr structureless gel and you can see no structured fibnils at all just
very fine filaments matted tagether—what vou would exy et a gel structure
to be

Hastmngs  Dnlyzed collagen?®

Gross T ts the collagen solution alone drihzed agamst water If

s
r4Highl erg H Gros: and Schomtt ¥ O Electron Micruscope Obsery tiot
e Soesules Obtswmed from Conmectne. T sue Extracs 1 47
Clert Soc T2 3321 3322 (1950
o HE Mdl] W
}{}J‘Y’;a‘:‘el‘:'lnsma Vo and Chiaratenzat on of & Hommos:
J Biol Chery 185 61 568 (August 1950) a

Glycoprotein Prepared from
@Schim! R Preparation and Properties of an Aad Gly
Fuman Plasma J  fm Ch 11 Soc 72 7816 (June 1950)
F O The Interactin of Muconratem
pe Study Proc at dcad Sc 31 286

R Studhes on the Mucoprotems of
e ; enous Mucoprote

sHighberrer ] H Gros J and Schmut
\\ntholuble Collagen  An Flectron Microscoj

291 (191)
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ta an aad filtrate one adds serum aad ghycoprotem in dilute actd < lution
nothing happens  But upon dialysis agamst water 2 fibrous | reapitate ap
pears Highh purtfied <erum glycoprotein 1n concentrations of 0050 01
per cent, 1 a collagen solutron contatning about 005¢¢ protem when
dnlyzed aga nst water produces nearh all long spacing fibnils (Figure
15) The large period and intraperio] fine structure 15 identical to that
produced frem caitrate extracts alone Concentrations of about 001 to
003% <erum gy coprotein produce mntures of kng spacm., and collagen
tpe fibrls (Digure 16) I the concentration of glvcoprotein 1s low cred
tn 0005 to 00017 gheojrotem onty collagen tyje fibnls are formed
{Tigure 17)  These coliagen type fibrils differ from those produced by
st reconstitution m that they do not appear to swell or dissche i w iter

The Effect of Hyaluronic Acd, Chondroitin Sulfate and Heparin on
the Precipitation of Collagen Fibrils

Severl cifferent samples of Inalurome 101d  chu ndrotm sulfate and
hepatin when added 10 collgen <olutions 1 various concentrations pro
duced an ymmediate fibrous precpitate Fut no anaal perodiaty Tas been
found Dinlysis of such preparations aganst water hus not char ged them
One prepiration of ighly puntfied chondrostm sulfate from cartifase hind
Iy furmshed us by Dr Rarl Meyer produccd on addition to collajen sofu
ton an mmedinte precipitate which contamed charictenstic T ag spaan,
fibols Tut never any collagen  Netther was dialysis requuired 0 v did dial
SIs produce any further chinges

Chondrortin sulfate one of Dr evers reparations by stselt dissolved
m water and deposited on 1 gred produces cnlv 1 dryng pattern Lhe
nternal 15 somewhat filrcus but you do not sce am orgamzed structure
The addition of tlus chandroitin sulfate to an sad «wlution of hthyoce!
produced a structurcless fibrous mss (Figure 18 top) but m addition
some 1r¢rs showed typical lang sprcme fibrls (Frigure 18 bottom)

Conference Discussion

Hustings  These are 2200 Augstrom umts®

Gross Yes

drmstrong  Is 1t possble that the precipitition cowars o quichly that
the usual resuft 1 an alf defmed fiber  fx 1t concenable that some fime
would be required for the <pacing, to develop

Gross 1t 1s possible

Hastings Have vou lowered the temperature
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— ' -l g -
Fig 15 ‘Long spacing’ Fibnils Precipitated from a Collagen Solution

Prepared by dialyzing agamst water a mixture of 0065 serum glycoprotem in 2
collagen solution Magmfication 28800 X
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Gross We tried 1t at different temperatures yes There 15 an important
temperature factor It 1s an il defined one at the present time and we hope
that when we get to studying the kinetics of this reaction we w1ll learn more
about the temperature

Newman  Were the different chondroitin preparations all salts of the
same cation®

Gross T think that Dr Meyer knows They were calcum salts werent
they ?

Neuman Al three were calcium salts?

Meyer 1 really dont know what we sent Dr Gross I don't know the
numbers I hnow the number of the preparation shown i Figure 18 but
the two others, the negative ones which did not produce spacing I don't
know what they were

Gross I think they were cartilage chondroitin sulfate, but I dont re
member exactly what salts they were, either

Merer  The preparation in Figure 18 15 a caloum salt, T hnow

Follis Of course you have found several different chondroitm sulfates?

Merer They were calaum salts  The matersal which gave a positive re
sult was prepared from tracheal cartilage but so were others, which did
not give the ‘long spacmng’ The positive matenal was much more fibrous
than the others

Hastimgs 1 was just going to ask 1f vou would have ohtamed ths result
if you had a high concentration of calcrum

Gross 1 dont know

Hastings  Without 1t?

Gross No, calctum by 1tself has not grven this result

Houard Have you ever studied any pathological material®

Gross Yes, we have We examined some matenal from rheumatoid
nodules fibrinoid present m the knee jomt on the synovia, and also some
skin from scleroderma, from cases of lupus erythematosus disseninatus
and from radiation burn, and the collagen that you see, that 1s the materzal
that you can identify as collagen, seems to be structurally normal There
15 a lot of amorphous material mn such preparations, but there 15 also 1
normal preparations 1 don’t feel that the examunation of pathological col

se

lagen with the electron mucroscope thus far, has been ver revealing Gale'
6sGale ] C  Electron Microscope Studies of Collagen from Normal and Discased
Tissues, Am J Path 27 455 475 (1951)
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and also \stbury s group®™ have described some studies on so-called ‘col
lagen diceases ' but the results are difficult to interpret

Follis Is citrate the only material that acts positnvely? As an extractor
T mean

Gross No we have found that many of the orgamc acids and some of
the morgamic acids 1f one increases the rome strength with the homologous
salt to about 02 extract nuaterral which wil! precipitate on dialysis aganst
water to form hoth the ‘collagen tvpe and the long spacing type fibnl

Meyer Have vou tried solutions of hyalurome acid?

Cross e have used different hvaluronic 1cads and serial dilutions
Wever T mean as an extractant instead of aitric aud?

Gross  Oh to estract with hyalurome acd?

Vever Yes

Cross No we have never tried that One objection would be that ex
traction 15 done at aad pH and hvalurome 1cid immediately precipitates
with cullagen

Ueyer  But 1t would precipitate only at low salt cencentraton At
tigher salt concentrations 1t would not precipitate

Cross \round 02 do you think it would?
Mever No Idont thinkat would

Gross Ve just huvent tried that experiment  There are <o many ramt
feanons mn tlus thing We have tried to push along the hme which would
gise s most defimitive answers I have just been ashed by whisper whether
we can explam the entire phenomenon {Laughter) Actually we have 1
lot of hazy speculations about 1t but they are so numerous and <o 1ll-docu
mented that we havent tried to present our ideas as to what we think 1
really going on here There are <everal questions of course that we would
like to answer  One of them 1s what 15 the chenustry myohed® What 1s
the anhvtical chemmstry of these various substances? What 1s cullagen
What are the hinetics molved here? What sort of interaction has taken
tlace® And of course what »s the relationstup of thys phencmenon to
what tahes plice m fibrogenesss m the bodv® Ve dont have defimte
answers et

“hellgren J H Ball J Astbury W T Reed R and Beighton I Br physical
Studies of Rheumato d Connectve Tissue Matwre 163 493494 (1931)
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Hastings  Does 1t make any difference as to the right spacing whether
or not you seed 1t with a hittle callagen?

Gross  That 15 a good question, Dr Hastings, and, actually it was
brought up only this past week, but we hiven't got to 1t You are referring
to the way msulin for example will seed

Hendiicks  As a member of the audience, I would lihe to rase a very
speculatiie question and you ein throw it down Do jou have any specula
tion as to whether the smallest fibers that vou ebtain (in which the matersal
15 1n 1ts most dispersed form) reconstitute side by side or whether they
wind and come down as pancakes® I think a member of the audience can
speculate or raise such a question  What do you say? Ts there anv evidence
one way or the other?

Gross  One mught hypothesize a kind of zipper action  We have pictures
of fibrils formng 1n which the filaments may he seen fanned out from a
roughly common central pomt with the charactersstic axial period in nearly
perfect register all across the fanned out fibnl It would seem that the
highly asymmetric building blocks come together at one pomt somewhere
and then just zip night on up, and others are added to them But tlns
agam 15 sheer extrapolation We have no proof

Hastings  Where do vou think the tah1s? (Laughter)

Hendrichs  Would vou mmd of I made one terminal comment about the
structure of protemn?

Gross  Dlease do

Hendriels 1 have discussed this question of the structure of protemns
with Dr Paulmg and am encouraged to comment because of Dr Fremont
Smith's earber remarhs There are arguments as to whether or not the
currently suggested structures for proteins are valid but trrespective of
this Dr Pauling made the strihing advance of emphasizing that a few prin
ctples of malecular arrangement are bastc to protemn structure He recog
mzed more clearlv than did any one efse that protems have structures

Very miich earlier a question had been ashed ahout the nature of silicates
and at that time few could grasp the 1dea that silicates have a systematics
to them It 15 this matter of systematics the guestion of the generality as
emphasized by Dr Fremont Smuth that 1s important

Swce protems have structures they probably hae only a few sumple
deternmnants for ther structures Dr Pauling™ recogmzed that one of
Topa Tuo
10Pauling L. Corey R B and Branson H R The Structure of Protems i
Hjdrogen Bonded Helical Configurations of the Paly pepndch 'g.al,i. ;Tcoﬁz" e

Sc 37 205 211 (1951) Also seven following articles by Paul
abud 37 235 285 (1951)
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these simple determinants 1s the pattern of the hydrogen bonds \ow he
can be wrang about the partieular patterns that be has suggested but these
can he found When they are found, the structures of most protens wall
he analyzed just as have those of complex sthcates But the step torward
could net be made until one recognized that protemns really have structures
The pount 15 2 philosophical one, one has to be wise enough first of all
to ask the question, then the answer falls out

Tollis You mply, then that the anuno acid pattern will be kn wn

Hendncks  Not entirely, at first, only the backbone patterns ot the
polypeptsde chan will be found These rather than the configuritions 1
the amino acid residues that stich out 1 vanous directions are tmportant

Gross 1 think that those R groups that stick off must to a certam ex
tent modify the pattern

Hendricks  They do yes

Tollis 1 was hoping sou would say something about that becuse 1ant
that lemg studied 10 vour laboratery with vartous pracedures to chinge
this x r1y diffraction pattern®

Gross Yes Dr Bear b been doing 1 good deal ot work on the struc
ture of the various fibrous proteins by meins of \ ray diffracticn (e ot
the hest ways to get mformation 1 first to get your standard ptteen nd
then modify your material and find out low 1t changes under the mnfluene
of known reagents and known conditions A gond dea] of that <ort of thing
s lemg done

Jolnson  Ts st speculatively possible that the orented filment whih veu
see when you use albunun wd valurome aad instead «f <erum pobysac
shandes mught he 2 nudpumt 1 the change of phase between the clear wolu
twn and the orented prttern that ordmarihy occurs <o quichh that it 1~
not observed?

Gross It 1y very possible that rexction rates 1w some role  But as
I <ay thas far we have no inforontion about the Linetrcs here and 2!
theugh such a factor rry be imolved we feel st s more likeds that the con
fizurition of the molecules 1s of prime importance

Meyer In other words do you think 1f 1t 15 just 1 gel a hbrous mesh
Worh there 15 4 random distril ution of umts® If vou u e the proper agents
hyou get an oriented <tructure, a repeating pattern®

Gross 1 assume you mean reagents There mav be 4 number of i
ferent conditions under which the collgen structure may be formed,
sbly because the collagen mulecules are more predisposed to hine
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proper register because of their speific structure However certam rea
gents such as the serum glycoprotem and 2 number of electralytes 1n 2
partricular range of 1omic strength produce far larger numbers of clean
highly specifically structured fibnils than you would expect from a randomt
collision effect

Johnson Have you by any chance done x ray diffractions on long spac
ing fibrls?

Cross Yes we have Some prelumnary wide angle diffraction stules
have given the usual collagen wide angle diffraction jattern lut the m
terpretation 1s not yet clear

WUeyer Didnt Porter observe long spacing fibrils?

Cross No The fibrils with pertods of abont 1100 Angstrom umts which
he observed i tissne culture do not seem related to our long spacing
fibrils at least not structurally ™ He does not believe they are directly
related esther

Armstrong 1 was very glad to hear Dr Hendricks niike his comment
He md that judicious 1s required for progress Iamre
mnded of a former teacher of mine who frequently said  You will never
make a diagnosis unless you think of the disease and you wall not think of
it unless you hnow that the disease exists  Vwell what you are saying 1s
that progress n tlus field 1s facl tated when one adopts the conceyt that
structure does occur 1 protens VWhat the structure 15 remuns to be
worked out

Hendrcks  Pauling ® humself refers to it as a stochastic method of i
telligent guessmg

Copp 1 would like to ask a question VW1 at 1s known of the terfibnllar
substance m the bone matrix? S0 n uch 1s known concerning collgen and
so little 15 hnown of the ground substance

Armstrong  Protem other than collagen®

Copp Yes The collagen 1s common to almost all coective tissues SO
tint there must be something else 1 tl e osteord matrix which accour ts for
calafication

Folis Well you can get albumms and globulins out of shin Apparent
iy you camnot get alburmns and globulms out of cartilage at Jeast as far
as I know so there are other proteins n shin besides this protern collagen
The leather people have studred that

7Porter h R Personal commun cation
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Gross  When you say alburmins and globulins do yon mean the same
kind that are present 1n the serum, or something different?
Follis T don’t think they have been characterized

Copp In the mterfibnilar ground substance of bone and cartilage 1s
the proten different from collagen or 1s 1t a different form of the same
protem?

Meyer  Perhaps T can grve a partial answer to that question
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optimal or necessary  Recently, Emnbinder and Schubert™ published a paper
on the extraction of cartilage by various methods Calcium chloride was
found to extract more collagen than did KC1 1If the protem extracted b
CaCl, 15 collagen, then erther the collagen of cartilage differs 1n 1ts solubilt
tv from that of other collagens or the fugh concentration of chondroitin
sulfate mcreases the solubility of the collgen

Gross  Partnidge™ published a paper sometime ago m which he de
scribed the extraction of cartilage with hot water, "bove what he thought
was the shrinkage temperature of the collagen present, and he came to the
conclusion  from clectrophoretic studies of the extract, that he had three
fractions One ot them was polysaccharide, the second of them was gel-
atin and the third was a complex between the polysaccharide and the
gelatin fraction  But the onlv characterization he had of the glatin was the
1soelectric pomt and the electrophoretic mobility and he did not publish any
analytical figures on the amino acid composition  However, he felt that
chondrottin sulfate was bound to what he called dispersed collagen n the
cartilage

Daicwathonstt You have found, Dr Mever, that it 1s more difficult.
to get the polysaccharide out of skin than it 1s from cartidage?

Meyer Yes, with CaCl_ solution 1t 15 practically impossible ta get the
polysaccharide out of the shin that 1, the polysaccaride carbohvdrate
complex, while from cartilage you can almost quantitatively extract the
polysaccharide with this CaCl_ solution

5Exgbmder J and Schubert M Separation of Chondroitm Sulfate from Carulige,
) o

7 Bl Chem 185 725730 {190, .

‘ 1 The State of Combina
T Partndge S M Tr” Com
unna;f"g‘fmndmmn S Bio 7 (1948)
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THE POLYSACCHARIDES OF MESODERMAL TISSUES'

KARL MEYER

Iram the Department of Medicme College of Physiians and Swrgeons
Columtng Unizersity \ewe York Mew York

trmstrong  Dr Mover has consented to open the diseussion this after
noon T don t know wihat he will s2v but T thiah that he will have something
to present with regard ta chondroitin sulfunic acd mucoy roten 1nd hvatu
rondise We will be plesed to hear amvtlung he washes to present

Ueyer My cumments will he some ramblmg rennrks since T didnt ex
pect to ~1v much here ind had come to learn and to listen

Jor mam vears our Jiboratory has been working on the ground sub
stances of mosodermat tissues or more speaficall with the palisic
diarides contamed 10 these tisstes espeaially hvalurone tesd and the chon
drotm sulfates  This field has branched out vers consideribly n these
sars Unfortumitch these are mamy fets m ths field i wlidh Tam
wertaunly no expert For example T would Bihe very much to hnow more
alout histology s 1 great deal of our mtormation i~ based on histology
il studies using metachromatie stuning nuentioned by Dr Follts and <«
ferth - \s chemists we tihe @ tissue grind and extract st Where the sub
stances which we 1olate were located and what thear funition s+ we dan
iy guiess

The Nature of Metachromasia

Raght here I may sas tht the problem ot wetachromism s vers o
pherted Trom Teon™ we know that ¢ substance bs to hue 1 hish mole
e wewht aad e groupmgs m order to st metahronnually under
the conditions defined by m Divon thought that thiy requirement was
fulfilicd anlv by sulf uc edters such 1s chondewtin subfate: hepurin and the
mueotm sulfate of the corner and the gastne mucom More recenth it
has Teen pointed out that substances dn not have o x ssess 2 sultate grop
woorder to le metachromate  Metphosphite has been shown to I
methromate wnd one of the strongest followers of Trvn Sshan of

The expenumentl worh reported m this paper was supp sied by the Juzh Macs Jr
Toanbstin the Helen Hay Wintney Toundation and the U8 Pabl ¢ 1Lealth Service

"‘l n L tnunal Histo hemnstry Meth dxand fr hms Pans Gauth or vllars
[RRLIS]
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Stockholm has recently stated that owidized cellulose shows alcohol
resistant metachromasia  In oxidized cellulose a varying number of glucose
umts are conserted to ghicuronic acrd units, which would be respousible for
the metachromasia

Vhether or not hyaluronic acid 1s metachromatic has been debated quite
considerably Ve found hyaluromc acid of a high degree of polymenza
tion metachromatic when tested 1 a concentration of about 1 per cent If
the solution 1s depolymerized with hvaluronulase, the metachromasia dis
appears almost mstantaneously

1 make these remarks 1 order to start a discussion on metachromasia
I wonder for example about the quantity of a compound which has to be
present 1 order to be seen by the lustologists Dr Follis sud that skin
15 not metachromatic but becomes metachromatie when treated with pepsin
There 1s no doubt about the presence of both hyaluronic actd and a chon
drottin sulfate 1n normal shin  Why 1t 1s not metachromatic but becomes
so on treatment with pepsin I do not know

The Nature of Chondrottin Sulfates

Now a few words about chondrostm sulfates Until a few years ago 1t
was generally believed that there was only one chondrostn sulfate first
characterized by Schruedeberg m 1891 In 1941 we 1solated from pig shin
a chondrottin sulfate which had a rotation different from that ssolated
from cartilage namely —50° as compared with ~30° for the latter Fur
thermore while chondroitin sulfate of cartilage was hydrolyzed by testic
ular hyaluromdase the compound 1solated from skin was resistant to the
action of the testicular enzymes From these observations 1t 1s obtious that
the chondroitm sulfate of shin must be chemucally different from that
of cartilage

The structure of chondroitm sulfate of hyaline cartilage 15 not known 2l
though my distinguished namesake Kurt H Meyer of Genevt has pub
hshed™ a structure based on periodate oxidiion Dr Folhs has jresented
in Digure 4 the formnla as proposed by Dr k. H Meyer There are twe
glucosidic Iinkages i chondrottin sulfate, one heosamumdic the other
glucuromdic The same situation apphes to hyalurome acid - Both ghycosidic
tinkages are placed 1n the 1 3 position  The configuration of both 1s 8 and
both rings are assumed to have a pvranose configuration The sulfate 15
placed at carbon 6 of the N acetyl chondrosamimne The two alternating
compornents are assumed ta be polymerized m a hinear polymer of 2 molec

£ Chondrortim
“Meyer K H Odier M E and Sicgrist A E_ The Constitution o
Sulfunic And Hely, Chim Acta 31 1400 1419 (118)
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uhr weight estimated from hyporodite titration as about 30000 and from
1 hysical measurement™ as ahout 300000 There are so many unproved as
sumptions m the propwed formula that the suggested structure 1s highly
«questtonal le esprertlly since one of the most important ponts i the argu
mentatton 1s not reproducible that v the hndrolisis of the sulfate group
By the way periodate oxidation has led three different authors among
them N I Meyer to propose three different structures for hvalurome
1ad  Chondrostin sulfate of hyahine cartilage tnay be a branched cham
polysaccharide  In our laboratory recenth Mr Linker has been studving
the enzvmtic hydrolysis of chondrosun sulfate by testicular hyaluromdase
Ihe results so far obtuned would be compatible with a branched chwun
molectle  The hydrolysts of chondromin sulfate by punfied testicular
enzime leads to varous ohgovaccharides  Fhe end group of these oligoac
charides 15 the hexosamuine  The glucuromidic bonds 1 the ternunal post
tions are spl t hy B glucturomdise

What T have sud up to now apphes «nlyv to chondroitn sulfate \ of
Iyvalime cartilage  Alout the other chondrottin sulfates we have very little
mfermation indeed When we extracted connective tissue hke heart valves
tendon or umbihcal cord we found in all of these tinsues at least two dif
{erent pohsacchandes  They are either hyaturome aud 7nd a chon frortin
sulfate as i umlihicul cord or two different chondroiun sulfates one with
a rotation of ~50° which we called chondrostin sulfate B the other with a
rotation of alx ut ~20° wiich we ealied chondrortin suifate ¢ Chondrotin
sulfate B s resistant to testicular hyalurondace and chondrottin <nlfate C
18 ndrolyzed by tlus enzyme  In cartilage itself thtas m tracheal carte
lige we alo find two different chondroitin sulfates \ and C disturct by
therr different solubnltties and opttcal rotations® We do not know the
chemmeal Lasis of these differences nor do we hnow amything about the
topngrap by of the compounds m connective tissue and their sy nthests

Tollis \\ bnt anterpretation can vou make ahout these chfferences in op-
tiead rotation® Do they tell vou anvthung About the form of the molecule®

Meyor No
Tolls Thev are just numbers

Ueyer  lhev are just physical constants You see there e a great
mim retsons tor differances i the of il rotaton ot a pobysaccharide
Ihe Linkv,es could be @ ¢r 8 1he urowe actd § resent mav not be alf gln
ctrome aud  or the amno sugars may be in part g hicosanune and m part
gilactosumme and sv on One nu ht oxpect Turtlier that molecules of this

Mever KoantFapprt M M Tle Mucophveactani= § the Grunt Salnta
1 C anxtne Tisue Scronee 113 SX 539 (1931)
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size would have faults that1s non repetitiie unts 1 their steacture though
1t would he memnless to specufate 1 ut thi

Polysaccharides and Protetn Complexes

There 15 another pont T want to take up here about which I talked this
mormn, It concerns the protemn complexes m which the mucopolysac
charides occur m the tissues We have gone on record that hyaluromic acid
occurs not bound to protein but as a freely dissocrated compound at least
when 1t occurs 1n fluds such as synovial flud or tumor flmds  Thus can
cluston 1s mostly based on the fact that electrophoretically at neutral reac
ton hyaluronie acid moves independently of the protemn present 1 the
flurd with a mobihity 1dentical for the 1solated palysaccharide and the poly
saccharide as 1t occurs natively m the fluds

Follis How do jou determme that mobility ?

Weyer You mensure it it one of the commercial models of electrophor
esis apparatus bv photographing the zones There are several methods for
deternuning the mobility of substances m an electric field Tley depend
mosth on differences m refractive index

Fremont Snuth  You measure the difference in the rate of movement re
sulting from an 1mposed electric charge 1s that night?

Meyer Yes at constant temperature pH tonic strength and so forth

drmstrong  The mobility 15 the same with or without the presence of
protemn?

Mever Yes with hyvalurome acid

Recently however Ogston® i Oxford has concluded that hyaluronie
aad oceurs i synovial flud as a protemn complex I dont want to go nto
that i detail because we are concerned here more with cartilage and Lone
In cartilage as I sard this mormng we beheve also that the major portion
of the chondroitin sulfate occurs as a dissociable polar complex the catiot s
hemg protemn or any other cation present If I recollect correctly Blix re
ported that water extracts of cartilage on electrophoresis show the mobihty
of 7 fast fraction correspondmg to that of rsolated chondraitin sulfate 1§
the chondroitin sulfate were 1n stable bond with protem the complex wotld
have a slower mobilty  Furthermore with CaCl, solution one can extract
the major portion of mucopolysaccharide from cartilage and obtam it flrce
of protein by relatively nuld procedures Ve have to admit however that

x Ogston A G. ard Stamer J F On the State of Hyaluronc Ac 1 n Sy ol
t1rd Bocher J 46 364 376 (19 )
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the ovidence for the presnce of chondraitn sulfate as an easly dissactable
protem complex 15 weaker tian it 1 for hyiluromc acd  On the other
hind no good evidence has been brought forth by whech the exstence of a
speafic chondromucotd can be established

The Effect of Enzymes on Metachromasia

Fhere 1 another pmnt which I should have discussed m the heginmng
namely the mterpretation of data on metachromatic statmng of tisstes es
pearally s it apphes to cartilage Recently R D Lallie of the Natioml In
stitute m Bethesd ¢ has published™ some data on the disappearance of mcta
chromisia following treatment with commereial testiculir hvaluromdase
and with 1y hse preparattons Lpon incubation with either fresh or Loiled
soluticns of these materiils the metachromasit of cartilage shices or of the
bisal membrine of arteries disappears  The agent responsible for this
change w0 twetachromatic stamung has been called 1 chondromucmase **

Gross \ont trypwn do the same thing®

Mever Yes trypain will do this i some tissues but the enzvie of Lalhe
w1 heat stable to 4 prolonged bothng a treatment £y psin would not be ex
pected to withstand  Maylie there wns a protealytic enzyme n these enzyme
preprations of I ilie

Gross  \What I am refersing toas this  just beerwse the metachromasn
disvappears it doesn t mean that the agent produung the metachromasia his
been destroyed Tt mav be simphy that the hnhage to the tissue has Ieen
distrove 1 aned the metachromatic matersat has been washed out

Wever That ss possible  Another possinbty 15 that these | reparttions
wontun 1 sulfatae  Howeser purfied or crwde Inalurondases do not
ot gatro plit sulfate from chondroitiy sulfate

Japancse uthors® <howed that there are different hinds of sulfaties
espectally phenol sulfattses and glucosulfatises The phenol sutfatises re
found 1 il trssues nd i plant maternd

Talhs  lak distase contains 1 sulfatne s v well hnown and at
demant tahe ot met wht wma

Mever  Taka diastase contams 1 phenct sulfatase That o different
Ihe phenol sulfatises do not attack sulfate esters ot carte hydbrates

Fellte: Wl that 1s the cnly substrite that s been ueed bt at
Adle R D Immuet 1 W oandfakey A M (ndewmsoacfrmi e
Tots il tle Chondrumuem of the Lmbilical U ed 4nh Fath 532 W3 ¥R (131
M6l T Sulfatases Vet s of I'n yme Resorrck Lepaig (1941)
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size would have faults that 1s non reputitive umts 1 therr structure though
1t Wonld he meunngless {0 speculrte about this

hard 1

Poly: and Protein C

There 15 another pomt I want to take up here, abaut which I talhed ths
mormng It concerns the protem compleves m which the mucopolysac
charides occur 1n the tissues Ve have gone on record that hvaluronsc acid
occurs not bound to protemn but as a freely dissocrated compound at least
when 1t occurs in flnds such as synovial fluid or tumor flids  This con
cluston 1s mostly based on the fact that, electrophoretically at neutral reac
tion hyaluromic acd moves mdependently of the protemn present i the
flrd with a mobilits wdentical for the tsolated polssaccharsde and the poly-
siccharide as 1t occurs natively 1 the fluds

Follis How do you determme that mobilits ?

Meyer You measure it i one of the commercial models of electrophor
es:s apparatus by photographing the zones There are several methods for
determunmg the mobility of substances m an electric field They depend
mostlv ont differences mn refractive mde<

Tremont Smith  You measure the difference i the rate of movement re
sulting from an 1mposed electric charge, 15 that nght?

Veyer Yes at constant temperature pH 1omc strength, and so forth

drmstrong  The molulity 1s the same with or without the presence of
pratem?

Meyer Yes with hyalurome aad

Recently however, Ogston™ 1 Oxford has concluded that hyaluronic
acid occtrs 1 synovial fluid as a protem complex 1 don’t want to go mto
that 1n detail because we are concerned here more with cartilage and bone
In cartilage, as T said this mormng we helieve also that the major portion
of the chondroitm sulfate occurs as a dissociable polar comple, the cations
bemng protemn or any ather cation present 1f T recollect correctly, Blix re-
ported that water extracts of cartilage on electrophorests show the moblll;){
of a fast fraction correspondmg to that of 1solated chondroitm sulfate i
the chondrotin sulfate were 1 statle bond with protemn  the complex wout
hase a slower mobality  Furthermore with CaCle solution, one can extract
the major portion of mucopolysaccharide from cartilage and ahtzu it f;:
of protem by relatively mild procedures We hve to admit, howeter, t

“Ogston A G and Smier ] F On the State of Hyalurome Acd m Synovial
Ll Rwochem J 46 363 376 (1950)
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the evidence for the presence of chondrostin sulfate 23 an eastlv dissociable
protemn complex 15 weaher than it 1s for hyaluronic aad On the other
land no good evidence has been brought forth by which the existence of a
spectfic chondromucard can be established

‘The Effect of Enzymes on Metachromasta

1here 1s another pomt which I should have discussed 1 the beginnng ,
namelv the mterpretation of data on metachromatic stammg of tissues, es
pecially as it applies to cartilage Recently R D Lille of the National In
stitute 11 Bethesda has published*” some data on the disappearance of meta
chromasia following treatment with commercial testicular hvaluromdase
and with amylase preparations L pon incubation with erther fresh or boiled
solutions of these materiels the metachromesia of cartifage shees or of the
basat membrane of arteries disiyppears The agent responsible for this
change m metachromatic staming has been called a chondromucinase

Gross Wont trypsin do the same thing

Mever Yes trypsm will do ths 1n some tissues, but the enzyme ot LiThe
was heat stable to a prolonged hoilng a treatment tey psin would not be ex
pected to withstand Maybe there nas a proteoly tic enzyme n these enzvme
preparations of Lille

Gross What ¥ am referring 10 1s ey Just because the metachromasa
disappears 1t doesn t mean that the agent producing the metachromasia has
been destroyed It may be smply that the lnhage to the tissue has been
destroyed and the metachromatic matersal has heen washed out

MUeyer That1s possible  Another possibulity 1s that these preparations
contan a sulfatase However punfied or crude hyaluromtdases do not
wn vatro spht sulfate from chondrottin sulfate

Japanese authors®® showed that there are different kmds of sulfatases
especially phenol and glucosul fat: The phenol sul are
found sn anmal tissues and 1 plant material

Tolis Taka diastase contains a sulfatase 15 15 well known and it
doesn t take out metachromasia

eyer Taka diastase contans a phenol sulfatase  Lhat 15 different
The phenol sulfatases do not attack sulfate esters of carhohydrates

Tollis \Well that 1s the onh substrate that has been used 1sntt?

c R D Emmart E W aud Lashey A M Ch ndromucmase from 1 ovine
T:sm wd the Chondromucin of the Umbilical Cord f{reh Path 52 363 368 (1951)

*Sodx T Sulfatases Methods of Enzyn e Rescarch Lepzig (1941)
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Meyer  Phenohc sulfatases are widely distributed 1 Dactena, for ex
ample In tissue, the presence of an aliphatic sulfatase has been claimed by
Neuberg * but the evidence was very poor and the expeniments were not
reproducible even 1 his own laboratory e are at present engaged 1n a
study of the hydrolysis of the sulfate groups from chondrottin sulfates
but thus far have farled to find m the body ewidence for the presence of
such a sulfatase

Follis There are phenol sulfatases i tissues?

Meyer  Yes, they have heen found 11 tissues, 1 plants, and m bactena
but there are very few sources of aliphatic sulfatases

Hastings  Why 1s Dr Follis so anxious to establish that these phenol
sulfatases exist 1n tissues®

Follis We have studied cartilage, using phenol sulfatase as a substrate

eser  There are quite a few papers on the subject Recently, n Lon
don I heard of the hydrolysis of steroid sulfates The interesting point was
the specifiaity of the enzyme which I believe were of Lactersal origin An
enzime did hydrolyze the estrogenic sulfate hormones which have an
aromatic OH while the enzyme did not sphit steroid sulfate with a hydro
aromattc sulfite The specifioty goes that far  Soda®® has shown that the
sulfatases which hydrolyze phenol sulfates are distinct from those hydrolvz
g glucose sulfate and chondroitm sulfate and Neuberg® las shown the
same in some bacteria

The Presence of Mucoproteins 1 Tissues

T would like to say 2 word more about the fundamental and mteresting
work on fibrillogenests of Dr Higbherger and Dr Gross T would ke to
pomnt out that there 1s no evidence that these mucoprotein fractions, which
snduce the 640 Angstrom orientatian, contan uromc acid, or are denved
from connectrie tissue

Tremont Smuth You say there 18 no evidence?

Meyer There 15 no evidence  This 15 a very fundamental pont How
can we explam the observations that substances wlich apparently do not
ocetir n connectnne tissue nduce collagen onentation, while substinces
which are known to occur m connectve tissue either do not cause any
ortentation or only the 2200 artificral spacing, as Dr Gross called 1>

Gross We think the reason perhaps, that there 15 no evidence for the

«sNeuberg C and Calull W M  The Enzymatic Splitting of Chondroitin Sulfuric
Acd Enzymolagia 1 22 38 (1936)
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presence of this so called serum mucoprotein in the tissues 15 that nobody
has yet tried to extract 1t and chenucally characterize it Actwallv we have
extracted from connectsve tissue a material which will produce the long

spacing’ fibril and collagen, tn 4 manner similar to that of serum mucopro

tem, and I think we have been able to demonstrate that probably there 15
such material m the tissues Vwhether or not it 1s the same as the serum
mucopraten of Weimer, Meh! and Winzler,* or ot Schmul,* we don’t
know but Dr E J Cohn recently has said that this particular acid serum
mucoprotemn or glycoprotein that we have been working on 1s dialyzable
through the blood vessel wall He did not gne the evidence for 1t, but just
made that as a bald statement If 1t 1s true that this small molecule does
go through the blood vessel wall, one would expect to find 1t m the tissue

Meyer  After 1solatron

Gross But there 15 no evidence as vet no experimental evidence, that
1t 1s present m the tissues However there 15 also none agarnst 1t being
present

Conference Discussion
Arinstrong  Are there other comments?

Follis Dr Meyer, would you repeat what vou said about the combina-
tion between the polysaccharide and the protem?

Meyer Well, T don’t know what I did say exactly What I attempted
10 bring out was the question of whether or not the pohysacchanides of the
supporting tissues are firmly bound to protemns, and whether or not the pro
temns present 1 such combmation are specific protemns of the connective
tissue and of the cartitage  The firmness of the bonds or the types of bonds
between carbohydrate and protemn apparently differ considerably Some we
consider as entirely polar bonds, that s, st like bonds In cartilage we
te not absolutely certam that we are dealing with polar bonds, while m the
chondrottm sulfates of shin heart valves and tendon we defimutely are not
dealing only with polar bonds between chondrontin sulfate and protein
Even after extraction with half saturated hme water, the ‘Ralkmulch’ of
the old German lustological hterature the bonds between chondrotin sul
fate and protein are not broken and sulfated mucoids prepared from such
extracts will show an electrophoretic mobsthtv of about §, agasmst a mobility
“Wetmer H E Mehl J W and Wmzler R J  Studies on the Mucoprotems of
Human Plasma V Isolavon and Characterization of 2 Homogenous Mucoprotemn
J Biol Chem 183 $61 568 (August 1950)

#8chmd K Preparation and Properties of an Acd Glycoprote n Prepared from
Human Plasma 7 Am Chem Soc 12 2816 (June 1950)
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of about 11 {or the isolated mucopotysaccharides under the same condrtions
But treatment of tendon or shin with 0 33N NaOH even at 0°, for a short
time will rupture the bonds between protem and polysacchande

p poly

In the neutral mucords such as ovomucoid or the mucoproteins of Win
zler treatment with boiling normal alkalt will not break the bond or bonds
between protem and carbohydrate Even digestion with trypsm will not
lead to a peptide free carbohydrate

Follis One other question Dr Meyer W hen you started, you used the
term ‘ground substances,” which always waves a red flag at me What »s
your interpretation of ‘ground substance’? The polysaccharide?

Ueyer Oh no The definition 1s purely histological—that which 1s be
tween the fibers or formed elements

Gross Tt 1s a perfectly good term

Meyer I thunk it 15 a good term  This 1s the amsorphous nonstructured
substance or matertal which 1s between the fibers or m the cartilage

Follis Well 1s 1t collagen then?

Gross No, we are talking about matrix, and matri< 1s the fiber and the
interfibrillary material or the ground substance

Meyer Well 1 would say that ‘matr’ and ‘ground substance’ are
svnonymous 1 dont hnow, am I wrong?

Follis Would you comment on that, Dr Gross? What 1s your con
ception?

Gross Yes T think you could define the extracellular substance, bemng
made up of the fibrous component and the mterfibillar component and
the ground substance just by defimtion 15 the mterfibrillar component That
makes a pretty broad defintion You can put anytbmg in there

Follis Whuch of those two 1s collagen?

Gross  Collagen 1s one of the fibrillar components

Hamlton. That would be the nonamorphous component

Follis Ts that a new defimitron of collagen?

Gross Collagen can be defined as a class of fibrous proteins Chz;‘r;\cte:e
1zed by a particular wide angle < ray diffraction pattern, and m (de mm
of the known mammalan collagens, a rather characteristic amno act o
position

Follis Yes Ihnow But to do something with at and get something out
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st 1 jut ot ander an electron merosenpe Lefore 1 can say 1 ve got ot
hgen?

Gross No 1tlunk you can tell that there 15 collrgen present
Folis How can I though? T men that 1s the point that interests me

Meyer T thwk that of a matersnl hay a certun ratio of hydroxyprohne
to ghene veu would call 1t colfagen

Gross \laybe

Veyer  With the mtroduction of procoliagen the guestion 1s no longer
a simple one

Hamlton T am sasing the question that we hase no definition of col
Ingen

Cross  No we think there are two def1itions of col’agen or two ways
of characterizing collagen which we dont beheve are completely umque
Tut which 1re more unwjue than the histological appearance by the wide
angle diffraction pattern and by the electron mieroscopie appearance of the
fibnls Now maybe these defimtions are too pirrow but we think at the
moment thes are the best ones that we have

Fremont Smuth - A name for a substance 15 often looked at qute dif
{erently by different departments of science depending upon the particular
techmeal tools or measuring devices used by each  VWould st not clanfy
the sitwation +f 1nstead of trying to decide which use of the word collagen
or the term ground substance s correct we would speaify exactly what 1s
meant when the word or term 1s used  Possibly this group mught speaify
the two three four or five ways of defining collagen 1 dont believe
there 15 any place in the hterature where the meaning of the world collagen
my hase for different saientists has been clearh stated

simstrony  Gentlemen 1 dont want to stop the discusston but T am
going to ask Dr Hamilton an! Dr Mever and Dr Gross to formmilate
defititions of matnx  collagen and so forth upon which they can agree
These defimtions upon which there 15 unanmuts of opiuon will be mserted
into the nunutes

Fremont Snuth - O please lets not a X them to agree! Would 1t not
be Letter to ask them to spects their disigreement s that we get veseral
detimtions of collagen?

rmstrong  { think these gentlemen will come to an agreement Dr Fre
mont Srsth

Fromont St 1 hope they wont
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Tollis Dr Gross 1t 15 of interest that if Partridge® 15 night and there
15 only one protein 1n cartilage and that 1s collagen the fibers that one can
get out of cartilage form the fibesllar materal T should fhink the only con
clusion would be that the mterfibrlliry matertal must be the chondrostin
sulfutic 2ad and salts

Gross But actually Partridge did not present any definite data as to
the nature of the protern

Tolis He found a single protemn

Gross  \Wnt he found were three electrophoretic peaks One of them
looked Iihe chondroitin sulfate

Tollis I have the article night here 1f anyone would Iihe to see it

Mever  As far as T remember lie got the third peak i the ascending lmb
only It was not present m the descending The same problem has been
described with others of these lghly polar polye'ectrolytes Partridge um
welf s not very clear about hs condusions He says i one place that the
third peak represents an artefact

Tollrs Nucleoprotemns have teen demonstrated of course

Gross  What about the cytoplasmic protems? Partndge doesnt find
any evidence of these and vet they are there

Meyer  You can only demonstrate them electrophoretically when they
are present m a certun concentration

Copp 1 should thik this 1s a very fundamental pomt and one would be
reluctant to assume that there 1s only this one protein 1 osteord matris un
fess there were very comvncing proof for it It seems a lutle difficult to
assume that colligen of comnective tissue which shows no affimty for
metals or bone salts should be the same substance which 1n osteoid matri<
shaws 2 very marked affinity for bone salt and metals

Mever It seems to me that 1f this 1s collagen then sts solubihity m neu
tral s1lt solution 1s quite different from the solubility of collagen anywhere

else

Definutions of Collagen
Gross Collagen 15 a term embracng a class of fibrous protetns char
acterized by 1 partienfar wide mgle ¥ ray diffraction pattern nunykmem“
bers of the class extubnting a fiber axis period averagmg 640 A The know
nnective Tissues 1 The State of Combia

“Partnidie § M The Chemutey of Cor
Lo of Chondrottin Sulghate m Cartiage Brochers J 43 387 397 (1948)
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collagens of the higher ammals are chermcally characterized by a low con
tent of aromatic anuno acids and a ngh content of pyrohdine amino acids
and glycme  Ground-substance can be defined as the extracellular and in-
terfibrillar amorphous component of all tissues

Hanmnlton  Collagen—a term reserved for native fibrous protems ex
hibiting specific spatial pertodic wide angle X ray diffraction patterns and
contamnng 6 to 7¢% of total N as hydroxyprohue N, 10 to 1255 as proline
N, 1¢¢ as hydroxylysine N, and 250 as glycine N

Meyer The term collagen 15 ambiguous and s defined histologically (by
microscopy n visible light and by submicroscopic technies) or chenmcally
In the chemical definition, the term should be reserved for materal from
mammaban sources havng a certam composttion mcludimg the content of
glycne, prolime, and hydroxyproline, and hydrohzed speufically by the
enzyme, collagenase All fibers of sumlar composition and histological ap
prarance mght be called collagenord
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RADIOAUTOGRAPHIC STUDIES ON $*-LABELED-
SULFATE-SULFUR METABOLISM IN THE ARTICULAR
CARTILAGE AND BONE OF SUCKLING RATS*

DOMINIC D DZIEWIATKOWSKI

From the Hospital of the Rockefeller Institute for Medical Rescarch
Newlork N ¥V

Armstrong 1 should ihe now, to ash Dr Dziewiathowshi to tell us
something about the rate of turnover of the components of chondrortn sul
furic acd

steretathowskt  On the basis of some studies on the role of all aline
phosphatase 1 osteogenests Siffert®® advanced the opimon that * there 1s
evidence to suggest that cartilage matrix 15 utihized m the formation of bone
matrrx  About two vears ago Rubin and Howard® suggested that chon
draitin sulfate plavs a speaific and mportant role in calofication T beleve
that the results of our studies on the metabolism of sulfate sulfur, fagged
with sulfur® n the bone and cartilage of suckling sats emphasize the prob
able correctness of these opintons

Methods

In every instance but one S3v labeled sodmm sulfate was injected 11trapert
1S S o mad tn the mothers an
Tl

he
tibiae
from
Tle
other

pH of this solution as determmed with a glass electrode was> 3610y 4¢ T
tion of

humerus tiia and femur from each ammal were fived i a 37% solut °
formaldelyde saturated with harium hydroxide This solution was prepared 24
hours before use hept m the meantime at 22° C ani fivaton was allowed ta
take place for 48 hours at this temperature Under these cond tiums conststent
results were obtame:

The hones were 1mbedded m parafin without decaleficat on cut at 7p and the
sections transferred to microscope Shides coated with egg afbumun The purafin
was removed with xylol and the mounted sections were covered n 2 dach room

85The sulfur® used 1n these myvestigations was supphed by the Oak Ridge Natonal
Laboratories en aflocation from the United States Atomic Fnergy Commission
“Siffert R S The Role of Alkal ne Phosphatase m Osteogenesis J T vper A\
93415 426 (1951)
“0Rubiz P d Howard J E  Histochemmcal Studies on the Role of Acd Muce-
Pol;;zx?:hzngesn;;x Calerfability and Calohcation Trans Macy Conferonce on Mela
Lohe Interrefations 2 155 166 (19201
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‘dwiches were stored m the dark at 07 C untd by mial it was found that

t*(pr(urr was adequate The <ections were subsequertly stamed with tulndme blue
@ 10 30" ethanal

In some mstances sectsons of humen were Saated onty the erubicn of fanters
shde plates sccarding to the direcnions of Eeans ® In all cages the emulsony were
dneloped, wheher Fim of Eatern stides m the same tastuon 11 hisue trom
unipgecsed ammals was used, vo ymage was derelored on the emulsions

Results After Fixation wuth Acwhe Formaldehyde

Tor the moment We will conwer onhy the upper portion of Figure 19
a to da aml I to 4h, which shons the reproductions of rad cautographs
I} and the correspending stamed sections (a) of humen whih were
emoved from smmafs saenficed 15 30 62 and 120 minutes alter the
dmimstrapon of the fabeled «ocium <ulfate  Ihese radwastographs are
f humen which were fined m the aadic solutwon of formaldetnde The
ulfurS® 15 ndicated as present throughout the epphyses ot the humers but
he highest concentration 1 at the epiphyead displivseal wanenion There sy
<sentiafly o cliange m the pattern ot depos son from the Ioth minute to
he 2ud hour, except for mtensification

In Figure 20 are seproduced radwantographs (h) and the cossespandumg
tamed sections (2} of humen remoned 2 4, 6 10 24, and 48 hours atter
ntragesstoneal adoumstragion of $%° labeled <odium sulfate  The section~
vere from fumen fixed 1 an acdic wlution nf formataehrde Agun
rom this series af radicwutographs, one has evidence that after 2 huurs
wHur’ 35 present throughout the entre epphusis, but that it ta mare
mehls concentrated at the junction with the dumphyws The pattern ot
kpo:hmon does niot change marhedlv up to the Hth buur excepr for m
enssication  \fter the 24th hour, there scems to be a decrease m the
ulfur®™ concentration of the cartilage imediately adjacent to the diaphv
15 {14b) This s brought rut more comunangls, I behenve, 1 Figure 21

In Figure 21 are reproduced the radioautoyraphs 1h) and the corre
gonding stamed sections (a) of humen removed 24 48 96 216, and 290
wurs after labeled sodsum sulate admumstration One an see that there
> & better fuwon of the two Zones, one 1o the other by the th hour as

Tl Lilly and 1. ut

o wmid i {f‘l:‘*:;ﬂpﬂhs ponder paper {Ghusine’ was used  The sections weee
doam 7 € Radwastographs m Wheh the Tiseoe Is Movated Dicectly on the
Natograpine Plate, Pro¢. Sor Exper Biol & Med 6% 313 31§ (1947)
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though a further distribution of the isotope throughout the epiphyseal
cartilage were tahing place  One can certmnly see a newrh even distriby
uon of the subfur®™ in the epiphyseal cartilage by the 216tk and 290th
houts Irs idditson one can see that as centers of asstfication derelop
the epiphyses, these so 1 decrease m the concentration of some sulfur®
bearmg component here

Folfis I~ there a reaction i the shaft?

mervnthoushs  Yes, there 15 2 reaction w the shaft  Yon ean see the
shaft outhned famtly and that possibhi-—tls 15 just a speculation now—
15 an sndseation that there 15 some chondrotn sulfate ot somethng thar
behaves lihe chondrotin sulfate 1 the shaft

Folus Yo hate semoved the marron ®

Deesiatousks No the marrow was not removed  The Dones were
not decclafied  The whele bane was fixed and cectioned

Sabel How doyou huow that the sulfate 15 attached o the chondramn?

mewsatko shy Thas opion s the tevult of expervments previushy

-

Frg 19 Sectsons ancd Radioantographs of Humesi of Rats L xposed to
5% Labeled Sodsum Sulate for 15 10 120 Vinutes

MTIBED dr srEPARTION  Ti ¢ humer: were remosed at vanous wterals of time (a
ndieated bebow ) after the wtrapenivreal admmssiraton of abaut 3 e of sutbuetd
m the form of sodum solfate to 7-dav old Liter mates fxed (2> mdicated below )
seetnned, utrhized far rad oantograghs Las todwated betuw b and sta aed w th tolud ne

The reproductions of the sections were made by using the histologacal sects
as negatrves  The rag oautographs were produced {rom the sect ons by exposing the
sections o hodal, tontrast process ostho flm Ior snters 3fs of tme (a5 mdiwcated be
o} The films were used &5 negatives n making the enlsrgements and reproduclions
ot the autagraphs  In these reproductions therefore the ) ghter areas correspond to
the darker aceas m the origwal rad oavtographs

Sections Ja 2a Ja and 4 from turaert which vere removed at 15 30 60 and 120
Mutes cespectinely, wese Sxed m 3 tolution of formaldeyde and were Wl aed n
producing Radioautographs 16 20 3b and 4h sespectnely by esposng the fim for
i neck Seetions St 63 7a and ga trom bumen, which were removed a¢ 15 30 o sl
1 mustes respectsvely, from the same rats as the humen used o Sbia secnons fa
= 3a and 42 respectnely weee Fxed in a solation of formaldels de saturated with

v hydraxsde and were utiszed 51 producing Radioautogrophs ob 66 L and &b
Tespestnely By esposing the film for 3 weeks

K #ssuies o Sections Ja, 20 33 and 4a the eprphyseal carulage 15 heanly sta ned
8 Rahonstographs 15 25 3b ond 4b & progressive deposition of auliurs® m & charac
nistic pattern an the epsphy seal cart fage an be seen whila the shaft 1s onh fanth
gulned. bn Syciions S0 6 7o ond 5a the epphy Seal carblage s orfy £l stascd
5 Rad aoltagraphs 3b 6b 7b ond 8 a depustion of the su'fucS® m the bone shalt
penly formed bone and bone marsar s apprent and 1t can be seem that @ relatisely
e amount 6f the ssotape aceumulated transitonsly m the bdne mareow whils the
Pphyseal castilage gave naly @ famt seaction
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dune? 1 which chondrottin suifate was 1solated and found on repeated
repreciystation to undergo no change m the specific actsvity

Ueyer You rolated the chondrortim sulfate from this epiphsts?

neaatho wski No from the knee joint cartilage of rats of tlus age
The chondrostin sulfate 1n which the sulfur was tagged with sulfur® was
swolated from 9 day old rats that were grien labeled sodum sulfate mtra
pentoneally 48 hours previously

Veser Do you have any quantitative data ot the amount of the totd
radioactne sulfate m the che ndrottin sulfate?

Dzentathonshs No I do not

Newman  As 1 remember that paper you recovered the Lulk of the
radioactivity 1 the crude chondroitin prey aration

Dzewatboresk: Thats mght m the paper you have m mmd® about
90 yer cent of the sulfur® was shown to be present in the crude chondroitin
sulfate preparation In answering Dr Mever I thought that the data on
the speafic actvity of the sulfur in chondroitn sulfate as one mght
1solate 1t without carrer were wanted e have not determined this

The Loct 1a Tissue of the P Dep of Radiosul

Why there 15 this preferential deposition of sulfurs® at the junctron of
the epiphysis with the diaphysis 1t 1s 1mpossible to s7y It may be due to
a difference 1 composition or metabolic actrvity

Gross  Are there more cells 1n that area?

Follis Is tlus the place of growth of the cartilage?

Dzicuiatkoish: Thats might 1f jom consider increase in size of warty
lage eells as growth

3Dzew atkowsks D D Isolation of Chondroitm Sulfate $8% from Articular Carty
lageof Rats J Biol Chem 189 187 190 (1951)

*Dzicwiatkowski D D Benesch R E and Benesch R On the Possil le Ltihza
101 of Sulfate Sulfur by the Such!ng Rat for the Svnthesis of Chondro t o Sultate
as Ind cated by the Use of Radioactive Sulfur J Biol Ch 71 178 931 938 (1949)

«

RESULTS In Sections 9 10a lla 1% 133 and Mo the epphyseal cartiline 1
heawlly stawed In Rad oa tlographs 95 10b 11b 1% 13b and 145 a progres ne
depos tion of the sulfur®$ n a charactersstic pattern m the ep physeal cartriage can be
Se<n up {0 about the 24th hour after mycction ( Rad oautograph 130) A fading of tly
2ome of 1ighest concentration at tl e ep physeal d aphyseal junction 1s seen to have
occurred by the 43th bour after mjection (Radioautograph 14b)
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Copp 1 would expect that the very active formation of new cartilage
1n that area would account for the relatively high specific uptake

Dz eunatkonsks  There 15 a hypertrophy of the cartilage cells as I un
derstand 1t, and an extenston of the matrix, where these cartilage cells are
found

Follis Isn't the whole epiphy sis radioactne?
crcnviathoa skt Yes, tt1s

Armstrong  The whole eprphyseal cartilage appears to e umformly filled
with radioactive material

aewtatkotesks Well, 1t may be difficult to see that there are differences
m the concentration of sulfur® in different areas of the epiphyseal carti
tage of the humen removed after 24 to 48 hours The differences can be
made out without difficulty n the original radioautographs In these re
productions too differences can be made out I think you can sce it more
comincingly presented 1n Tigure 20

Newman This gets back to the carhier question  If raciosulfate—and
Ly that T mean 1omc sulfate—does not undergo exchange with preformed
chondraitin sulfate, then these results are a defimte indication of the syn
thests probably extracellular, of new chondroitin sulfate from morgamec
sulfate

Armstrong  Exactly

Dewamatkorosks That's right

Johnson  Thd you mclude this zone m the cartilage section you tsed to
wolate ch Iy the chond sulfate prep which had 90 per
cent of the activity ?

Datcwratboreski Yes, mndeed

Tolinson  And the area of new formig bone?

<

UModified and by from D; howski D Radicauto
graptic Visualization of Sulfur$® Disposition in the Articular Cartifage and Done of

fﬁ?k(l’l"él‘;]‘“ Following Injection of Labeled Sodium Sulfate J Exp Ved 93 431
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Deienratho cskr Yes In these young rats you can separate the epiy!
vses from the hone shaft very eaaly

Johnson \Vhen you make the seprration you hnow for sure which side
or which fragment the dense lwe goes with?

z1c watkowskt Do vou mean mn the chemical separation?

Jolnson  No when you phywically separate the eprphysts from the shaft
dy vou know for certain with which of those two pieces the dense fine

Jres?

Dsie~ wathonskt Tmsorny but I dont understand what you are denvn
At May I restate what we did and perhaps thereby answer jour question
For the tsolation of the chondroitin sulfate we took the knee jo nts of 8
to 9 day old rats The knee joints were easily and clenly separited from
the shaft

Johnson My pomnt 15 though m separating the jont from the <haft
do yout know for certam whether tlus dense lne goes with the jomt or
does 1t stay with the shaft?

Copp I would think the chemucal results showed that

zicanathonsks  Yes T thk it goes with the joint The joint sepasates
from the sheft cleanh

Follis Could not this dense area be sulfate which 1s bemg deposted
with the other inorganic materials and not as chondroitin sulfate®

UcConnell That 1s the question I was about to ask because 1t has been
adequately demonstrated thit some of these etlcum phosphates the type
of which teeth and bones are composed are subject to 1somorphic substt
tutions of exactly thi nature You can bave a silicate sulfate with the
same crvstal structure as apatite

Daicuiatkoask: T hardly think this 1 morgane sulfate as such One
would expect norgamc sulfate to be removed n the process of fization 10
the acidic formaldehyde

Johnson An alternative mterpretation has occurred to me and the was
the reason that I was ashing the question as to the precise Jocation of the
dense line In the resorption and breahdown of the cartilage matr lh2;
13 gomg on 1n the zone of cartilage maturation 1s 1t possible that some 0
those hreakdown products of the polysacchande series may {ecome €%
cessnely sulfated hhe the heparm substances? The dense lme may have
nothing to do with the chondroitm sulfate but nstead represent e\ct;S
sulfate miched up by the partially split products of the early stage of the
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Treahdown o chondrotm sutfate Therefare the proof that this dense tme
15 actinafly with the yomnt fragment at the tuge of plivauil separat 0o
wecessIry 1 order 10 know what 1S gaig on there

3eCornell  As an answer to m queshion then do vou auphy that these
re decataafied tissues? Is that nighs”

Tolis He sad they were not decalotfied

WeConnefl Viell then the sulfate canmot gn mnto the watite structure
Tlelere

Dzte cathe tsks Let me put r this way  there was uo imtention of
arkedly decalartying the tissues  One would rt evpect extensine decnt
afication m the aadie formaldebyde of pH 38 to 39

Venman  The buth of the catenwn phosphate 15 s those areis where th
sulfxte 15n ¢ found

Copp ¥ would think that v, perfect]y clewr
Foltes ¥ dont think that st 1~ clewr

Copt  In these young wmals the seqarated ey phy vy does ot ¢ ntun
bomy prtenal bt as carttfage nd the arex wh ch shows sah an mte ¢
raloactivats I would say corresponds <o the aren § {7 hferstng carti
Iage and not to the cafafying, area telow it

Dacuatlowshe  Praliferanng 2904 ats s mature cwrnhge cells

Copp As you go farther down toward the zone of mature casnhge
radicactive sultur 15 no Jonger present and vau pparently do not gut sul
fate uptake

Dot when you separate the eptplnists the jrece that ¢ mes  ff i your
hand has g probiferating cartilage and the prece that 15 left beband on the
shaft s calafied or contuns the region w which ealaification s tahin,
place

UeComnell  Tsnt that the arex m wiich the cale ficatn would snke
place 1f the caleification took phice>

Dzievathore ke Yen %t s the area m which wluficatr 0 will the phee
s e newt future

Copp No not that area but the arex smmedeatel helow 1t Wl rad o
@lcum the hitter would shuy tery bigh actnaty while the prece which
comes aff with the epy hysis and which is curtilagngus shows radier
andptaphs 5o caloficaten wd no radiocalemm gy take 1tk there 15 1
sharour sepatation here between cartifage production and clohcation



84 FOURTH CONFEREACE ON METABOLIC INTERRELATIONS

Johnson The problem that bothers us all 15 that we don't see the his
tology, so we dont know exactly what you take off for your jomt, we
don 't know exactly what zones of cartilage are mcluded

Dziewratkowsk: I have an allustration on which I can indicate that
Mav I proceed then?

Armstrong  Please do

Dzievratlousks It 15 posstble to show that this area of intense depost
tion of sulfur® 1s assoctated with the more mature cartilage cells For
example 1f S%3 labeled sodum sulfate 1s njected mto a 15 day old rat
(Figure 22), the radioantographs of the humen removed 24 hours later
show two zones of relatively high sulfur® concentration one, an 4rea at
or near the junction of the cartilage and the diaphysis, and the other an
area surroundmng the farrly well developed center of ossification m the
eptphysis A photamtcragraph (Figure 23} of a portion of a section from
a humerus of a rat at this age shows that there are mature cartilage ce'ts
at the junction of the epiphysis and the draphysis Around the ossification
center 1 the epiphssis, also, there are mature cartilage cells

Follis \Where do jou think you break that off?

steciathowsks  In the removal of hnee jomnts for analysis we en
deavored to breah off the cartilage from the shaft as cleanly as possible
5o as to retan all of the cartilage, but not to include any of the shaft
The cartilage above a line drawn through the most mature cartilage cells
those m the process of remosal was the cartilage we tried to obtamn for
analysts

Folhis Then you have morgamc material there which conld contan
sulfate

Deetctatborisks Yes, but I believe T can demonstrate that the lghest
sulfur® concentration 1s not i the region of the most mature the dI:d
ntegrating cartilage cells The highest sulfur®* concentration 1s agsocrat
with the cartilage cells which are a step or two removed front the stage
at which they give way to bone

Follis \Vhere there 1s more matrix?

srcavatkozt sk Yes, where there 1s more matri
Follis And there 15 more matnix there than there 15 up abote?

UcLean Let’s clarfy the morphology before you go ahead Would
you hke to do that?

Dziewsatkowsks  Yes, please do
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Fig 22 Sections and Racwautographs ot Humers ol a Rat Faposed
to 59 L abeled Sodium Suifate for 24 Hours

METHOD OF rEPARATION The humerus way grepared as descnbed nf a1 v gt
Yzt a 15 day ofd rar was guert 4 mg af labeted saium suliate (appr x mat h
165 pc) by otraperttonsa admmstration and the sectwn was fived whonofl
what oncontam ng formaldehyde alone Fr m Se fior du Rid a f grapl o
bregared by exposing the fil n for 4 weeks

BESLLYS fn Sechos oa the epsphyseal cart Jage s heav b swiued F1 40 f oo
07ePk 6b e sulimts can be seen to be depusited n tag z ney 8 redaty hy hgt
tomrenteat on one at or mear the Juncton of the carntae md B¢ dal o wad
the other surrounding the furly well deved ped center 4 v shats o1y the ¢ iy

{Modified ang b © m D howshs D Radwautn
£raphic V sualizaton of Sulfur® Dhsyosti n o the Artcalar Larutage and Bone o

£
Sucklng R: Ued 82 451
ot e Followiag Tnecesons ot Labeled S dwm Swhaw J Lap Ve
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Fig 23 A Photomicrograph Radioautograph of Lpnphyseal Cartilage
of the Humerus of a Rat Exposed to S* Labeled Sodum Sulfate for

24 Hours
METHOD Ot [RE i
the draphysis of
Radioattograph 1
2 Rodak contrast
{eveloped with th
Ticrograph was made
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eLean DPlease gefer to Dr Duewruhowshis seetions 11 to S (bag
ire 19} Note that therz are twe huds of carnlage m these sevtiony In
he vounger ammals there 3> 4 cartiige model of what will sentunih
come the epipnss of the bone, and withn a few davs 1t 1y mvaded
arth removed wad repiced with prinntine bone marrow  The other ¢ir
dage that showing the ighest concentration of S% i3 that destined to
secome the growth zone wmd it 15, as Dr Daewathowsda has said semeh
probferaung. Note of the cartdage model v calerfied a¢ all and there wifl
e ug deposition of smmeral m 1t unbl the cartilage 15 removed wid rey hwed
v bone Under agher powa (Figure 22) the different hnds of cunfige
we clearhy seen Farst there 55 fyahme cartdage whuch never wall calufy
hut whicks 1 this sechon ts being replaced by hone  Then there § a zon
of {rotferating cartiage with the cells arranged m rons eah watha r
rotfier celt Tinally the cells in the rows niture or hn pertrophn and tin
are remored 10 the proceds of osvification Onh i the arters 1w ctat
with these by pertrophic cells 15 there deposttion of msmerif saft Tt e
hen from Dr Daewnithowsks s radioautograms that the aten iy 4 the
adiation from S depossted 1 the Inaline castilige v vt torrelt fwih
any deposttion of bone nymerad m that tisspe

Dzcviathonsis 1 may bave sad ‘undecatufied  What § mewnt t sav
was that the bones were nat mtensonlly decalufied as s ety & ne 1y
the we of driute nitric acid o other ddute acrd Ehe bomes were zdy fived
n aade formaldehyde the pH of wich was 38 tv 39 het re u ¢ anl
then cartied through del drating alcohoh and imbedded i parittn ~ m
decslesficatron rught have occurred 1 dund, it id but st probat b was ver
shght

in Digure 22 whieh 1s the seproducton of a radhoastogriy haf 2wt +
fm 2 hamerns removed 24 howrs after admumitration o N il )
sodiusm sutfate to a 15 day old rat you cun see that two zones vt relatieh
tugh S concentration are mdwrted  One of these zones 1s agum swem 1t
the Juniction of the eg 1phy ss5 with the driphusis The second zone 1~ { resent
3 2 ring arownd the ossificttion ceater m the epiphs sie

Mclean hat 1s where the sdenuical process 15 going m

Dacwatfons?t Yes st v further possible to say that the uhur™ o

€

b HELTS The smmber of grass of reduced siher w pot as preatnfearss v}
> the most mture cartilage rells suth as those seen m Whe bott W £ AN B 2
#1535 the areas covered by stigh ty youneer cell

P fet and repriduced by permuson from Dnovath wsla 17 Rad uatn
E3the Lusul 23t 1 of Sulfurt D spos o m the Art cular Lartlens w0l g b
P h“f,}f}“ Follawing Inyection o Laheled Sodwum duttate J Zap 3 & 93 %1
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centration ts not as great m the region of the most mature cartilage cells
as it 15 1 the region of only shightly younger cells Ewvidence for this was
found mn radioautographs of humen when the radiautographs were pre
pared according to the method of Exans % A photomicrograph of part of
such a radioautograph 15 presented i Figure 23 One sees m such magm
fied radioautographs that the concentration of silver grams 1s not as great
m the ymmedrate vicimty of the most mature cartilage cells as tt 15 m the
region just above them

Results After Fixation with Formaldehyde Saturated with
Bartum Hydroxide

Radroautographs of humer: fixed m a solution of formaldehyde saturated
with barium hydroxide do not resemble those of humert fixed 1 a solution
of formaldehyde alone Representatne radioautographs and the corre
sponding stawned secttons of humen removed from rats 15 nunutes to 120
munutes after $% labeled sodium sulfate admimustration are gien as 52 fo
8b Figure 19 By the end of 15 mumutes, 1t 15 seen 1n Sb that the bone
shaft and bone marrow have already acquired 2 large fraction of the tracer
1sotope which 15 to be deposited therem up to the second hour From these
radioautographs 1t also appears that sulfur®® 1s transttonily but to a rela
tively large extent deposited m or on some compouent(s) of the Lone
marrow up to at least 30 minutes (Figure 19 6b) By the end of 60 mnt
utes (Figure 19 7b) the discrete localization of the radiossotope s less
apparent and after two hours 15 almost indiscermble

It 15 of interest to note that not only the radiowutographs but the stun
ing characteristics of the humer: are dependent upon the method of fix
ation The eprphyses of humer: fixed 1 a solution of formaldelnde take
up tolmdine blue and are stamned a deep purple On the other hand the
epiphyses of humen fixed m a solution of formaldehyde saturated with
barium hydroxide take up the dye to only a very shght extent in the same
pertad of time and are stamed a famt blue It has been clamed that
tolurdine blue stams chondrostin sulfate characteristically and specifical
Iy 25 9 and 1t has been shown that the barmum salt of chondrottin sulf?te
1s very soluble 1n water @ Therefore the marhed loss of affimty for tc;
sdine by the cartilage of the bones fixed m a soluton of formaldehyde

5Sylven B Qccurrence of High Molecular Sulfate Esfers i
and 1 Epithelial Regeneration Acta chir scandiav 86 Suppl 66 11

ht and Mast Cells

Gramilation Thssue
r;l (1941)

i
Suppl 59 199 (1945)
“Bray H G Gregory ] E_ and Stacey M Chemistry of Tissues Chondroitn
from Cart tage Buochews J 38 142 146 (1944)
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saturated with barium hydroxide can be due to the extraction of chon
drotin sulfate during fixation

In Figure 24 1%a through 22b, are shown the stamed sections (a) and
the corresponding radioautographs (b) of humer:t fixed 1n a solution of
formaldehyde saturated with barmm hydroxide These humen were re
moted from litter mates sacnificed 2 hours to 96 hours after admmistra
tion of labeled sulfate It can be seen that sulfur3 1s present 1n some
component(s) of the bone marrow even at 96 hours after admmustration
{Figure 24 22b) In the orgmal radioautographs 1t appeared that between
the Znd and Z4th hours the concentration of the sulfur® contaming com
ponent(s) of the bone marrow increased and thereafter slowly decreased

One sees also that in the bone shaft the S35 labeled component(s) 15
rather diffusely deposited from the 2nd to the 10th hour (Figure 24 1sb
to 18b) By the 24th hour and thereafter (Figure 24 19b to 221) the
shaft 1s more sharply outlmed

In all mstances radiwautographs of humert fixed in a solunon of for
maldehyde saturated with barium hydroxide Indicate a relatsvely h gh con
e tration of labed component(s) 1 newly calafied hone at the ends of
the daphysis Here the tracer 15 deposited diffusely up to the 24th hour
Thereafter detail of structure 15 sharpened and mtensified

In Figure 24 21b and 22b one sees also that some S% labeled compo
fient(s) 1s present in epiphyseal ossification centers  As the centers develop
an increasing amount of the tracer 1sotope 15 ncorporated wto some com
ponent(s)

The Rate of Uptake and Dectease of Radiosulfur 1a Epiphyseal Cartilage

It 15 known that the number of developable stlver halide grams of a
thotographic emulsion within certam limits 1s dependent upon the concen
tratio1 of the rad oactive source to which the emulston 15 exposed ** The
tumber of silver grans present m a gnen area of a developed film 15
directly reflected 1n the optical density of that area It may be of mterest
1o note that by determning the optical density of radioautographs produced
by the epiphyseal cartitage fixed m formaldehyde 1t 15 possible to quantt
fate roughly the relative concentration of sulfur®s i the epiy hyseal carts
lage from one time mterval to another To this end a background reading
of each film was made with a Weston Photographic Analyzer \odel 877
This bachground readmg was then subtracted from half the sum of the
Merage of three density readings taken m the area of highest concentra

Fb J aid Solumon A K The Detection of Peta Radiation by Photograil ¢
™ AE Stert Instn o 15 19 441447 (1948)
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Rats Pxpased to

Frg 24 Sections and Radiwautographs of Humer; of
4% Tabeled Sodisn Selfate for 2 to 96 Hours .
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Frg 25 The Relationship with Time of the Intensitv of the Radio
autographic Reaction of the Epiphyseal Cartilage of 7 Day Old Rats after
the Intrapenitoneal Admmiustration of $3* Labeled Sodmm Sulfate

The mtensity of the react on was measured 25 optical density with 2 Weston Photo-
graph ¢ Amlyzer Model 877 The value at any time nterval 15 the average obtaited
from aff of the rad cautograpts of humer: and tibr femur comb patians ¥t were
removed at tlat tune wnterval and fixed m the solutron of formaldehyde or com
pariscn there are included the previously reported data of Dziewiathowshi®® on the
accumulation of sulfur3> mn the knee jomt cartilage of 7 day old rats after ntra
peritoneal mjection of labeled sod um sulfate

<aturated with barum hydroside To a large extent those components
which are insoluble 1n a) appear to be soluble i b) and z1ce 2ersa

It 15 suggested that the formaldchyde msoluble sulfur® 1s for the most
part present as chondroitm sulfate and may, therefore be an mdex to the
rate of chondreitin sulfate turnoser m the arheular cartilage of the suckhing
rat Ths suggestron 15 based on the followmg 1t has been found that
sulfur® when grven as sodwm sulfate 1s mcorporated mto chondroin
sulfate of the articalar cartilage i the suchhng rat*s The mayor portion
of the sulfur® which 1s retamed 1n the articular cartdage 1s probably re-
tamed therein as chondrotin sulfate ® The loct m fissue where the Sorn]m\
dehyde sulfur® s able by Iy are the loa
which show metachromatic stamning with toludine blue
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If the formaldehyde nsoluble sulfurs? represents chondromin sulfate 1ts
deposition indicates that the svnthesis of chondraitm sulfate tahes place
throughout the entire epiphiseal cartilage The rate of chondrostm sulfate
turnover however 15 not the same in all parts of the cartilage The rate
of turnover 1s highest 1 the epiphyseal region adjacent to the diap hysis
and 15 accelerated m the cartilage which immediately surrounds developing
centers of secondary ossification  The mference which may be drawn from
such an expl 1s that cak 1t with an accelerated
sinthesis and remosal of chondroitin sulfate 1n the adjacent cartilage

Sulfur’ whnch 15 150l ble wn o solution of formaldehyde selwrited with
barum kydrowds 1 probably wmorganic sulfate sulfur and sulfur m any
form nsoluble as a barium salt at a shghtly alkaline pH  Sulfur so charac
tenized 15 demonstrable 1n imncreasing concentration m developing centers of
secondary ossification  In the diaphysis adjacent to the epiphysis where
new bone 15 being lnd down there 1s also a progressive mcrease i ths
form of sulfur The sulfur contatmng component(s) kud down in these
areas of caleification may obtam the sulfur m part from the chondrostm
sulfate of the adjacent cartilage  This would be m I ne with the opmon
expressed by Siffert®® as regards utilization of cartilage matnix i the
formation of bone matrix an | the opmion of Rubm and Howard® that
chondroitin sulfate plays an important role m calafication

Sulfur in components which are msoluble as barium salts 15 present in
the bone shaft and once accumulated 1s demonstrable therem tor at least
12 days

The radioautographs of lone marrow may be mterpreted as mdicatng
the presence of sulfur almost entirely m forms which are soluble as
barwm salts The rapmid and relatively large transitory deposition of some
of the tagged sulfate sulfur wn discrete foct suggests the following  sulfur
n the form of morgame sulfate sulfur enters the bone marrow rapudhy
bt 15 also rapidly removed or mncorporated mto a more complex compa
vent From the more complex component the sulfur 1s then removed slowly

From all of the obsersations presented one can visuahze a dynamic dis
Position of sulfate sulfur 1n the articular cartilage and leg bones of the
suekling rat from age 7 days to 19 days after birth

Conference Discusston
Inustrong What does the barum hvdrowide do? Daes it Jrec ttite
the organ ¢ sulfate | resent 1n the extracellufar flusds of the tissue?

D twiatkousks es one would expect 1t to dn that The reasons that
the tissues were fived 1n acdic formaldehyde and 1n formal lehyde saturated
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Daziewiatkowskt 15 the content caleulated to the total amount of bone or 15
st caleulated n relation to the non collagemic content? The total amount
doesni t mean much It means something onlv 1f you calculte 1t with re
lation to the non collagenic content

Follis As T recall st he dud cortex without any marrow elements and
did :t on a weight for wewght basis

Johuson \Well then 1t might not mean very much

Hostings [ am sure he got results on materials like ear cartilage or
something of that sort compared with noncalcified calaifiable cartilage That
15 une of the pomts of 1t but I cant remember the detuls well enough
to say

Arinstrong It would seem to me to be of nterest to determme whether
or not the sulfuric ac1d radical of chondroitin sulfuric acid freely exchanges
with morgame sulfate I personally would doubt that 1t does but the facts
could very easily be demonstrated by fairly simple espermments Dr Follis
has expressed surprise that cartilage could accumulate as rapidly as Dr
Dziewiathowshi s results imdicate

Follis 1 am surprised that chondroitn sulfate accumulates ths rapidly

Armstrong  Well 1f cartilage grows then the components also must
accumulate I think we have plenty of examples i which the accumulation
of protem 1s just as raptd a process as 1s apparently the case here

H

Newman T thnk ome of the startling things 15 that the chondrottin
sulfate 1s betng made from norgame sulfate

4drmstrong  That pomt 1s not proved absolutely because there might be
an mtermediate 1n the synthesis

Newman It 1s my mmpression that iorgatue sulfate ts not reduced to
any extent in the body and that ordinarily most sulfur compounds are
owidized to sulfate This must be a direct esterification and it 15 hard to
see how the energy relationships are satisfied unless 1t 1> 2 transestersfica
tion of some sort

Aymstrong  Well 1t 15 perfectly possible fo conceive that mcermcd:akte
sulfate compounds are prepared and handled m a process samething lihe
that of transmethylation

Newnsan  Some small amount of an actmve ester 15 formed and then
that reacts with a sulfate acceptor?

Folhs  Of course there 1s a great deal there
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Hendricks  Why wasn’t the answer that was given agamst simple turn
over or exchange of morgame sulfate sahsfactory? The experiment was
described 1 which the bone was placed tn a system that, while 1t might
not have kept the bone viable, yet at least hept the conditions there for
evchange 1deal It may not have hept all of the enzymes functional but
1t surely did the least possible damage to them, and there was no exchanze
under those conditions

Dacwiatbousks  There was no significant uptake

Armstrong 1 think that such a conclusion can be drawn although the
direct experiment has not been carried out

Hendricks  You say there was no uptake?

ciewnatkowsks - So hittle of the sulfate from the medum was hed m
the cartilage that st was not regarded as sigmticant

Hesdricks 1t locks to me as though that rules out all nonviable ex
changes

Dacreiatkowsks T hesitate to say that none could occur  The conduti i ~
might not have been advantageous I am particularly hesitant becau e
others have been able to demonstrate an uptake of sulfate by cartige
sumiar medra and we have not

drinstrong That 1s growth

Hendricks  Dut that mught simply mean that they mamtuned the s\n
thesss of chondroitin sulfate, and you did not

Darcwratkoushs Yes, that may be so

\ Tolhs Dud you keep the shice 1n contact with the radiorctne sulfuw 2
'ng as your experiments continued? A matter of days?

Dstcwiathowsk:  Yes The tissue at the end of the expermient was
msed repeatedly wn isotonic sahne The tsue and the medmm were
andyzed for sulturts

Jolnson Yy hy 1snt it possible that the sulfate 15 Just adsorbed on or
asotiated with, some of the anerllary chemucals that are necessary for the
$inthests of chondrortin sulfate and not gomg 1nta the chondraitin sulfate
malecule at a1l

Armstrong  Because he said the specific actity does not change

mll::xmm:kmm We were alie to isolate what 15 regarded as chondrortin
- ale, uaing the method of Bray, cf al @ On reprecipitation the spectfic
™ty of this matersal did not change



98 FOURTH CONFEREACE ON METABOLIC INTERRELATIONS

Hastings  1f 1t were phosphate we nere talhtng about, ou wouldn't e
It surprised at that fast turnover

Hendricks No that » night

Copp  Did vou caknlate how much of the chondrottin sulfuric sad m
the epiphusis was actually svnthesized during the expeniment?

Dzcanathowskt No mot i these experiments We d d calculate tle
amount of chondroitin sulfate synthesized 1n other experiments,*® 1 which
Yaning anioustts of sodum sulfate of the same speafic actrity were gnen
to rats and their hnee-jomts were removed for analyss 24 hours later If
T can recall that correctly, 3t was about 5 per cent of the dry weight and
about I per cent of the wet weight, depending on how the calculation was
made—wnhether on a drv ar wet Lasis of newlt lard down cartilage

Copp It seems very reasonable that, 1n an area of rapdly proliferating
cartilage, so much new cartilage matrix should be synthesized

Dzgwnathoweskr T omght add that st was disturbing to find the calculated
safues to he fower than ans values reported m the hterature

Sobel T think Dr Hastings’ remarks, which m effect imphies that chon
droitin sulfate may undergo desulfurization sumlar to ATP, may be the
real explanation of vour phenomena As a matter of fact, accordmg to
Gamble s compastion charts mtracellylar flusd has lots of morganic sulfate
to which no great attention has been pard Perhaps mtracellylar sulfate 15
an actre metabolite m some of the metabolic proceses and here Dr
Drztewrathonsht has visually demonstrated one of these

Armstrong Do we really hnow that itracellular flurd contamns morgame
sulfate, or do we employ a value which must be used mn order to get 2
balance between positive and negative charges?

Haustings There may be some question whether that 1s iorgamc sulfate
hut that 1s not the X' The X 15 what 15 left over

meweiatkowsk:  There 1s one other point T mught mention w vies of
what Dr Sobel was saymg  The sulfur® which accumulates 1 the epphy-
seal cartilage of the sucklng rat aiter admmstration of Jabeled sulfate ﬁaes
not leave the cartilage quichly The peak concentration of the sulfur®
the cartilage 1s seen at about the 24th hour post myection ‘Thereafter, up to
the 164th hour, the decrease m concentration 15 slow

Newman Another pomnt which shotld be added here confirms the 1dea
¥

583 Deposition 19
1009); dowsti D D Effect of Thyroxme and Thiouracif on
Actieuiar Carhiage, J Biol Chem 189 717 727 (1931)
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that there 1s no nonvital exchange of sulfate and that 1s the fact that sul
fur®, given as morganic sulfate 1s excreted very rapidly The speafic
actrvity drops within a matter of hours precipitously  If this were an on
and off exchange we would expect it to leave the cartilage very rapidly
which 1t does not

Meyer 1 thunk the question was asked by Dr Johnson as to whether
one or additional groups were sulfated Your analysis ought to gne you
that answer The ratio of sulfate to uronic acid n the tsolated chondrottin
sulfate ought to give you that answer

Dzentatkoask: My data might give the answer to that question but 1
can t gave 1t to you offhand
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THE JON BINDING PROPERTIES OF CARTILAGE

WILLIAM F NEUMAN, EUGENE § BOYD and ISAAC FELDVAN

From the Dicnsion of Pharmacology and Toxicologs Departiert of
Radation Biology School of Vedicine and Dentustry
Unieersity of Rochester Rochester N ¥

drmstrong Dr Neuman will now discuss the phystologic role of chon
drottin sulfuric aad 1n cartilage

Newman 1 shall be brief for two reasons first the work I wishtore
port has just been published @ Some of you may have seen 1t and some
few of you may already have read 1t Second once a prece of work 1s ac-
cepted for publicatron I promptly forget alt details concermng tl e research

Thus work had 1ts pomnt of departure mn the discusstons of the Conference
of two years ago At that time there was a great deal of discussion of the
tmportance of chondroitin sulfate As a result I came up with a perfectly
wonderful wdea that chondrottin sulfate by its nature must necessanly
bind cations 1 a fashion analogous to 1on-exchange resms 1 was hornfied
to find that I did not have a monopoly on this dea when a short time later
Dr Stetten voiced this same suggestion ** T hept quiet because I thought
1 would Like to work on the problem Nothing came out in the way of 2
sequel to this from Dr Stetten s laboratory so when a graduate student
Eugene Boyd and a physical chemst Isaac Feldman expressed an mterest
in this problem we began our studres

The Difference Between the Present Expeniments and the Previous Studtes

Earlter work on this problem was performed principally by two gl‘OUPSI
Freudenberg and Gyorgy'® were the ongmnators of the tdea of mmera
binding by cartilage They studied cartilage preparattons that had a very
low mmeral content and concluded that calcium was bound first and phos
phate onlv secondanly Subsequently Roche and Deltour** declared that
s mstry of Bone Vv The Jon
BT Fr i ot Cariage. 1 Bl oo 198 55 380 591 .
10 Stetten D Jr Trans Vacy Conference on Metabol ¢ Interpelotians 2 189 (19 x)r
199Freudenberg E and Gyorgy P The Binding of Calcsom by An maf Tissue 1
Biochem Z 118 50 54 (1921)

~ e \II Rofe of Pl acghatase
e M T ol of
ghg;;hgg feory of the Frxers
Caleram
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this was wrong They criticized Freudenberg and Gyorgy for using carti
lage that had been oltamed {rom areas relatively far from actively calafy

g centers  Accordingly Roche and Deltour selected as their preparations
for study areas in the cartilage which contained a fair amount of preformed
mmerahization  This point will be mportant 1n our subsequent discussion

The g difference between our work and that done previously 1s that
we began with a preparation of demuneralized cartilage Costal cartilage
from veal was pulerized and then treated with Sequestin which 1s T
bebere ethylene diamune tetra acetic and  In anv event Sequestrin 1s a
good chelating agent for caloum  As calaium tahes the form of a chelate
complex phosphate goes into solution by 1tself Thus we were able to get
a preparation of cartilage that was practically free of caleium and that con
tamed only traces of phosphate which we presumed to be estenfied

The Correlation Between the Cation Binding Capacity and the
Sulfate Content of Cartilage

Our first experiments nvolved making a column contaning the pulver
1zed  demmneralized cartilage and passing various solutions of cations
through this column until 1t became saturated with the particular cation
under study Table T shows a series of analyses made with demmerahzed
artilage (Preparation A) We observed a defimte stoichiometry  one
mulliequivalent of cation was bound per gram of dry cartilage whether the
cation were caloum barum or sod um  Note that the sulfate content also
analyzed as one tmllequivalent per gram Thus the correlation between the
cation binding capacitv and the sulfate content 15 excellent

TABLE 1

Cation Binding Capacity Sulfate and Phosphate Content of
Demineralized Cartilge

| Ton Content meq per gm Dry Cartilage
Substance Cartilage
Analyzed Preparation A Preparation B
Number of Number of
Samples Mean | Samples ‘ Mean
Ca 9 I 101 =008 3 1 062 =002
Ca (low pH) 3 101005 — —
Ba 4 099 =005 — —
Na 6 098 = 003 — —
Sulfate 5 102002 4 0582001
Phosphate 1 0025 — —
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We also treated tlus preparation of cartilge with potassium carl onate to
remove part of the chondrowtin sulfate (Preparation B) The result ng
product as vou see showed = lower bindmg capacity for catiors There
was still 1 one to ane correspandence between the amount of cat on baund
wnd the sulfate content of the preparation

Actualls the cation binding crpacity m milliequivalents 1s exactly twice
the number of oruzed sulfate groups smce tle sulfate 1s present 1 the
chondrostin 2s n ester We beheve that the carbony! group of glucurome
acid accounts for the other half of the capaaity

Gross  \What was the pH of your solutions?

Newman The pH was not set Unbuffered solutions were run through
the column  There was some drop in pH imitially due to the exchange reac
tion but by the time equlibrium was reached all tl ese solutions were near
neutralits with the exceptton of one experiment with calem chlorde buf
fered at pH 46 As jou can see the capactty 1s relatrvely ndependent
of pH

Bartter What was the last pomt you made about the cation binding
capacity 1n nulliequnalents and the number of iomzed sulfate groups not
hemng one to one?

Aewman  The amount of sulfate 15 calculated as one millrequnalent per
gram but 1n the ester form one of the sulfate fmhages 15 used up in form
mg the ester Therefore we would expect tl at the cation binding capacity
resulting from sufte would come out 0 5 milliequisalents per gram How
ever taking into account also the cation bindmg capacity of the ghicuronc
acd carboxyl groups the total capaaits should be one mulliequnalent per
gram which seems to be the case The glucurome actd carbovyl group
shows a fairly igh degree of dissocration such that at the pH at which we
were worhing 1t would be completely 1omzed and would bind cation

The Effect of Mineralization of Cartilage on Phosphate Absorption

106 andd
In an attempt to get at the dnergent results of Roche and Deltour’®* anc

of Ireudenberg and Gyorgy ** we tested our cartilage prepa[atmll\l for ‘):;
ability to take up phosphate It did not When placed 10 2 be:xh::u(\'vh "
sodwm phosphate soltion or when phosphate solution was nln[ i\ d’,‘d :
column the cartilage did not tahe up phosphate 1on  Vve there :rmkmm
series of experiments (Table 1I) m which we first treated \u§ e
chioride solution and then pliced this caloum ympregnated <1mplc’8 el ok
| hate buffer Under these circumstances we found l:mt the mrr :)\:meng
up phosg hate and gave a calcrum phosphate ratio of 2 to 1 :pxlx o
that of hydroxylhpatite or Lone This minerahzed preparatior g
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TABLE It

Tusults of Altcrmite Calaum and Phosphate Lreatment ot
Demmeralised Cartilge

Soluta Duration of
Pretreatment Ve B cav | v
. [N
None {aCL, { 24 18 026
30 18 —
CaCl POy Luffer 20 t6 69

25 161 81
0 {16 80

CaCl followed by phosphate ‘
luffer CaClo 2|8

CaCt POy luffer followed by
Ca

Ch PObuffer| 40 36 190
053200
101 e [390

*Fxpresced as mg per gm of dry cartilage

placed i calem chloride solution and agam it took uy calemsm with no
loss of phosphate Now when this st preparation was agam placed mn
thosphate buffer 1t took up phosphate m amounts much greater than ex
pected  These last named results are of guestionable quantitative value but
thev are of qualtatne mtcrest It seems that once the cartilage has been
mnertized 1t will absorb phosphate to a degree greater than can be ac
counted for by the apatite tolecule 1t must he remembered that we sub
merged the cartilage as did Roche 1 a very unphystolo ical concentra
tn of phosphate (02 molar) 1 thunk therefore that Roche s results with
funerihized eartilige can be explaned on the basis of a phosphate absorp
ton by the prefarmed mineral present mn Ins preparition

As a antter of fact 1t one exanwnes such a samp e of cartihge under
the nucroscope one can see that there s> prescnt a second phise a preay
fate wiich stans with silver mtrate Presumably ths 1s aloium ) hosphate
and 1t preaipitutes m the form of verv small very umform balls It 15 ap
parent thit what has hapy ened 15 that calcium has been taken up by ton
exchange and crlaum hosy hate has been preapitated when this impreg
mted samiple was submerged m concentrated phosphate solution This pre
apitation has removed the calaum from the chondrotin sulfate wnd the
eutilage v agam ble to bind additionat calaum  This {rowess can he re
peated tmuil a large amount of mer1l accumulites  whereupon the

tonhsomtne rehwons breth down
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The Distribution Coefficient of an Jon Exchange Reaction

The distnibutton coefficient A4 of an 10n exchange reaction anvelving a
radieactive ton m winch counts are proportional to mass may be defined
as follows'®

)

LKy =

counts m sohd volume of solution
.

counts 1n solution mass of sold

Tt 15 thus possible to test a material for 1on exchange properties by chang
ing exther the volume of solution or the mass of matertal used and detet
mumng the Ay In the following expenment a 001 M veronal buffer (pH
7 2) conta ming carrier free radioactive Ca®® and enough sodim chlonde to
make the wanic strength equal to 016 (approximately that of mammahan
Dblood) was used Several 10 cc ahquots of this solution were equilbrated
with amounts of sodium saturated cartilage of Preparation A varying from
30 to 1000 mg The solution was counted before and after the experiment
the counts m the solid bewg determined by difference In all but the 30 and
1000 mg samples the ratio of counts i solid to counts m solution was
within the range 06 to 17 A change m pH during equilibratton was ob
served It was later shown to be toward a pH of about 54 regardless of
whether the mitial pH was above or below ttus value A similar phenome
non wis observed by T'reudenberg and Gyorgy ** It 1s probably due to
the buffering action of the protem in the cartilage  The constancy of the he
values obtained (Table IIT) lends support to the view that it 15 indeed an
exchange reaction

The reaction 1molved 1n the exchange may be assumed ta be

)
Ca++ 4 2NaR = CaR; + 2Nat

where R refers to the cartilage 1f radicactive carster free Ca¥1s used and
1t 15 assumed that the mole fraction 1s proportional to activity and that the
amount of calcum cartilage complex present at equilibrium 1s much lesi
than the amount of sodwim cartilage complex present considerations

', nd Myers L §
o, RS AN b
398 (1950) ;
1Freudenberg E and Gyorgy P The Bnding of Calemm by Ammal Trsue
B achem 7 110 299-305 (1970}

D ssactation Constants of
e J Buol Clem 185 38
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TABLE III
Constancy of Ae With Varying Mass of Cartilage

Weight of Cartilage | hq I Final pH
(mg)
30 51X 102 718
100 59X 102 698
150 55X 102 665
200 56% 102 645
250 52X 102 618
300 56X 102 602
1000 47 X 10 558

mass actton allow the derivition of the eguation *7

(3)
. .
Newre V' Nat @ war

Ko =
Coat+ Tcao,Vrar

where N 15 the number of moles y 1s the activity coefhcient and C rep-
Tesents concentration m moles per liter

Since
o
Counts 1 solid N R, A Caks
Lomsmeehd - @R Bk
Counts m solution Negrs C(aH\ I

where V15 the volure of solution Lguation 1 may be wnitten

‘l'"Buyd G E Schubm, J, and Adamson A W  The Exchange Adsorption of
onts from s Salutions bv Orgamc Zeohites 1 lon-exchange Equilibria J Amt
Chent Suc ss 2313 2829 (1947,
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)
N(‘II\),
Kae B
CCa*‘r M
where 11 15 the mass of solid, or

(6)

NL:AR_- )

— = Ky ® A

C(ja++

If this 1 substituted m Equation 3, the following expresston 1s found

@]
ct

¥
NaCl © Na+ M

s
Y CaCly

Smce the final factor 15 the molecular weight and 1s constant, 1t may be n
corporated mto the equilibrium constant

)
ce

5
Y'NaCl ™ Nat

Yacr,

The assumed exchange reactions mmay thus be tested by deternummng the
constancy of K" at various sodium concentrations

The above dernations imolve the assumption that the activity coefficient
of an 10n 1n a solution of other zons 15 the same as though the total 1omc
strength were due to the 1on 1 question Ths 15 usually assumed to he true
and has been demonstrated expermmentally m solutions contamng relative
Iv high concentrations of the 1ons imolved ‘Thus, the activity coefficient of
the calcum chlonide 1n Equation 8 was calculated by using the concentra
tion of sodium chloride There are, however, mdications that this assump-
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tion 15 mot vahid for an wn 1n very low concentration such as 1 caruer tree
rad cactive tracer m which the bulk of the romce strength 1v male up ty
other 1ons 1" Feldman and Havili™® have shown thit the activity ccctherer t
of Terylhum tons 1s constant when the concentration 1s saried frem 10t
10 M and the 1omic strength changes from 01 to 04 It the actiuty
efficient of the radtotctive calerum m Fguation 8 s consdered «onstant the
cqmton ny be written'

(10)
.
¥ na1 Eanr

he = h, ®

7R

Frve samples of sodim saturated cartilage of Preparation 4 were equilt
brated witl solutions simlar to those used previoushs except that the
sodum concentration varied from 0129 to 0269 M lhe ratio of counts
10 sohd to counts 1n solution was kept wittun the range 09 to 14 by vary
g the mass of cartilage used The A, values obtained and caleulated A,”
m1R, values are gnen i Table IV

The Dissociation Constant of the Chondtottin Calesum Complex

Apart from the actun! values of A, 1t was of mterest to test the be
havior af the carnlage when placed 1n a sofution of mixed 1ons approamat
g physiological conditions  Following 1 a synthetic ultrafil
trate of {lasma there was no phosphate uptahe and the curtilage 1 ecame
only half saturated with crlemm 1 do not think that 1t »s fortmtous that
the cartilage 1s but lialf saturated w th respect to calerum under phy siolog

"Cddman 1 anl Haydl J  Unpublished daty

P E{ 1 on § may be wrstten as follows

o Nanar) /(T Ty

Swe  YRCL= YR+ ® Y01 ad aamong

¥ ¥, W= Tra
K= Ta then L1 = TN

Y8t 45 substitute 1 m Fqe af an @ and the activity coefl € ant ¢ § catorm 1<n orperated
 the equbil rum con tant £ aft 2 101> obtaned
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TABLE 1V

Equilibrium Constants at Various Sodum Concentrations

Sodwm Concentration R, X, K,
I 7 R A R
0129 85X10? 23X 108 83x 10+
D142 67X 10 22X 10t 78X 1t
0161 56X 102 25X10° 84X 10+
0183 44X102 25X 10 84X 104
0269 27X102 35xX103 105x10¢

cal conditions 1t 15 a strange comadence that the dissoctation constant
should be of such a value to give an equal distribution of caleium between
the sohd and the solution phases I am more mclined to think that chon
droitin sulfate may act as a regulating compound,, 1f the concentration of
calctum 1s ratsed shghtly, cartilage will take up the excess, 1f the concentta
tion of calaum 1s lowered slightly, then calcum will dissociate from the
resn Thus chondroitin would act as a stabilizing mfluence with respect
to the calclum 1on concentration 1n 1ts 1mmediate surroundings

It should be emphastzed i this connection that our preparation repre
sents a very special case It 1s perfectly possible that cartilage taken from
other parts of the skeleton or cartilage subjected to the different chemical
mamputations miy well have an effective dissociation constant quite dif
ferent from that observed m our experments If this proses to be true
all of my remarks cotcerrung chondroitm as a regulating compound may be

rrelevant

The Effect of pH on the Dissoctation Constant of the Chondrottin
Calcium Complex
n of the

¢ was also of mterest to determune whether or not the dissociatio "
mn p

complex between cartilage and caloum was altered by varmations
At the time of these experiments 1 was entertamnmg the 1dea that chon
drostin sulfate might be one of the vital factors concerned with m[cnﬁcmm;
by providing a condition whereby a slight change m pH could re:;zsio_
great deal of calaum {rom the cambmed form  Such a scheme “o; pmxs
\ide a2 very faiorable mechamsm for the snitsation of calafication Ix;r e
reason a group of samples w1s equilibrated wath solutions csz[:nn;;) t:med
same as before, except that they vared i pH The values of ;:o e
are plotted agamst the equlibrium pH 1n Figure 26 Also m Figlt



NEUMAN BOYD AND FELDUAN i)

& . . . -
L IONIC

MOB!UT)’/ y
1 K

3t / TITRATION
2

" Ky x 102
H_on

4
&
b
3 4 5 & 7 8
pH
Tig 26 "The Vanation of he with pH

For
utrat

(HO®N NU9%) NOILYMLIL

Purkoses of compasison data on the somc m by (after P nindge )« fa
o curve b the pratein comporent of tarts age are muwdol

are the results olganed by the ntranon woh sudmm hvdrowde of an ey
tact of our cactihge prepatation made batlag one gem of the material
#0100 e of water for 30 mmutes For further danmication o the
sesults the on mobihties of cartlage protem as detcrnumed clectr
phosetcatty by Partridge!® are ako preseated m Figure 26

There are twop pomts of mterest n the graph obtatned  barst vou will
pote i, withn the error of our reproductbility there 1s no \aratson
K¢ throu,Yout the phsologual range 1w pH from 65 to sver & Secrad
the b rapidly falls as the PH 15 Jowered below the isoeicctric point of the
Protem compound  Qur smterpretanon of these results 15 thar sal formation
takes plice between the protem morety and chondrotin sulfate X the pH
s Jowered, the negitne charge on the protein boctmes fess and less farer
"8 competsion with the calom son It would appear f T mierprer Dr
Meyers results correcth, that the combination betveen chondrowm wulfate
m this preparztion 1 Purely sonic m charcter or at kst primanhy wme
" sharacrer

“‘)’\inndxg S The Che:
wisstry of Connectne Tis ves § The State of Lom
bration o1 Chomacatin Sutfate m Curnine oes e 5 55 sk 5
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Tn summary I would like to emphasize that three conclusions may be
drawn from these studies 1) Of the two groups of mvestigators?ed 194 hyy
studied this system previously Trendenberg and Gyorgy'™ were the more
correct  Chondroitin sulfate in cartilage combines with cations—not with
antons—Dby a process of 1on exchange 2) The dissociation constant of the
particular prepiration was such that under physiological conditions the
chundrottin was only half saturated with respect to caleium 3) The disco-
ciwtion of the chondrottin caletm complex is unaltered by vanations in pH
throughout the physiological range of 6 5 to &

Conference Discussion

1 vemont Suutlh  What was the concentration of calaum m your ulra
filtrate®

Neuman  About four or five milligrams per cent

Mever  Tn your original experiment when you treated your cartilage
with Sequestrin did yau get amy protem comung out mm the effluent
olutton?

Newman  Unfortunately we have 110 analyses on the original preparation

Meyer  1hs seems to me an importint question which comes out of the
discusston here  namely 1 what combation 15 the chondrouin sulfate
present w the cartilge or cartilage product? I dont know data on sodwm
potwssnum calcrum and so on n cartilage but I hase the impression that
there arc not enough morgame cations to give the necessary equuvalents
far both the sulfate and the carboxy! groups of chondroittn sulfate

Newman That seems very reasonable

Gross  Dr Neunnn do you tfunk perbaps you mught te putting a httle
too much emphasts on this idea of physiological pH? After all what 1s the
pH around the cdl mght 1n the viemty of the cell surface? Do we know
that 1t does not ;o down to 3 for example? Daniell: and Davies ' 1 2
recent diseission on reaction at interfaces pownted out that the pH and the
somic strenq th 2t surfaces may be markedly different than in the bulk phase
and that the pil can vary s much 15 several umts at a surface as compared
with the bulk T wonder 1f physiological pH necessarily covers all areas of
1he tissue nd 1f perhaps 1n cartilage the pH at surfaces of fibrils and cells
my vary consderably from that of the whole tissue
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nate the problem But I would say this there are only two places in the
body where I know the pH 1s below 6 and can be well below 6 One s m
the lumen of the tubule of the kidney and the other 15 1n the stomach
have been very interested 1n the study of carbome anhvdrase and namy
papers have shown this enzyme to be mtimately associated with the <ecre
tion of hydrogen 1ons I dont hnow whether anvope has studied cartilage
cells for carbonic anhydrase

Sobel  Pierce? many years ago studied the pH of rachitic and normnl
epiphyseal cartlage  He found 1t not very different from blyod pH (7 37
to 740)

Newmap  That 1s my impression, but jou can always argue that 1t vou
<t 1t a ittle finer, get within the cell, the pH 15 different there

Shorr  Chambers™* has determined the pH withm sheletdl muscle cell
far us and finds 3t to be ahout pH 68 I am refernng to the mtracellulir
PH—that 15, the cytoplasmic pH

Meyer We found the ratio of total mitrogen to hexosaummne the same
m eartilage as in artifical salts of gelatin with chondrmtin sulfate  This
finding was one of the reasons for our suggestion that chondroiin suitate
Was present i nattve cartilage in salt linkage with protem  However this
§ resumably would require in cartilage a protein of an isoelectric pomnt of
above 8, or whatever your highest figure 1s

Aewman No, T dont think so T think that you could hue a protem
with an over all negative charge and still it would be able to bind negatnve
Rroups with its hasic 1omzed groups T dont believe von are 1t 1 lows for
u explanation

Yeyer You would expect a competition between all 1ons present In the
artfical mucods we get the theoretical and constant amount of chondrottm
sulfate bond 1f we lower the pH helow the tsoelectric point of the protein
You bave to 1onize the free NH, groups of the protem m order to get the
xpected two equnalents of aad bond one from the sulfate the other trom
the LOOH group

Hastings May I ash a question and nrhe an observaticn® %The ques
(;:’“ > have jou ever set up tendon or tendon frachions 1n a column hke
Il lsl—an ton exchange column? Do you know anything about the calewm
hnding >

R, A, Th Rachu
Rats T Bt Shent lez}z?lshf’zf;"('l ;g:;)n nhyseal Cartilage i Normit anf Rachue

™
Charmbers, R Personal commumecation
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Newman No

Armstrong  The pomnt I am interested tn 15 whether or not the bone car
tilage 15 unique 1n this regard

Hastings  Yes The reason I ashed 1s that I looked up a senes of un
published data obtammed by Dr C B Mueller some years ago on calowm
analyses of tendon He did quite a large serres  Roughly, 1t works out to
be only 1/100th of a mullimale of calcium per gram of dry tendon sohds,
5o that that 1s 1/1000th of your figure for the max:mum binding of cartt
lage I have no :dea what the maximum binding of tendon would be

Newman  The pont 1s this  the maximum bmding may not correlate
very well m tendon with its cation content It would depend on the disso
ciation constant  You will find that A 4 can be altered both by the configura
tion of the sulfate and by the nature of the protein component

Hastings The other pomnt I want to remind you of 1s that noncalerfied
cartilage has a very high sodium content It 15 quite beyond the amount of
sodium that you would expect to be there 1n solution
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STUDIES ON THE 'LOCAL FACTOR’'
OF CALCIFICATION ¢

ALBERT E SOBEL

om the Department of Biochewustry the Jewrsh Hospital of Brookl n
Brooklyn N

Armstrong I thmk Dr Sobel has some work that fits in well wuh tf
vious discussion

Sobel T thmk st will fit m with what has been said 1 mght aid tint
r new work on the nature of the ‘local factor has been largely stimulated
the discussians at the previous meetings of this conference which T hve
1the privilege of attending WWhen I saw Dr Newmans pajer |
ught we were hand 1n glove and I eginning to get together but Tam t
stre about 1t after heaning todav s discussion

The Differences and Similartties Between Strontum Rickets and
Calcrom Rackets

irst T would lihe to stmmarize the cifferences and sumilartties between
ontium richets and calaum rickets  When strontium carbonate replices
cum carbonate 1n a rickets producing diet one develops a richets which
h|smlng|cally similar to caloum richets but which does net respond o
amin D, furthermore such rachiic eartilage does not calerty under con
ons switable for caleification tn 21tro of the control cartilage  When
ontium carbonate 1s replaced by crlaum carbonate m the diet that is
en the anumals are first given strontium carbonate the bones heal 1 72 >
hvitamin D and 1 2itro 10 ciletfying solution, 1 a tanner simlar to
t of the control cartilage Moreover, strontium rach tic bones after
king with calemm chloride will calerfy 1n ¢3tro 1n a manner sumilr 1o
trol rachitic bones (referred to as ciloum rachitic bones) 142 ©
}"hu work was supported by the National Institute of Dental Re earch «¢f the
fomal Institutes of Health U S Public Health Service  Larlir {hases of thn
o, Supported by the Wlliams W aterman Foundatioy
24 E S and Newman W F The Surface Chemt try of Bore V. The Tn
40 Properties of Cartilage J Biol Chem 193 243 251 (1951)
Sobet A W e T = 7= of Incurable R chets 1
alng Proc Soc fapr
. t the Injury to the Calu
} 2640-2045 (1935)
X1 A E. Coben J and Rramer B Phosohatace Actnty and Calarfication

23 Confurence on eta

atn I\ Inflsence of
voc Soc Exper il &
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Bartter  I» the ‘control cartilage’ produced with 2 low phosphate, ugh
caleum dret ?

Sobel Yes alow phosphate, ligh calcrum diet

The Survival and the Protection of the Calctfying Mechanism

We made some obsersations with respect to the suri vl of the calafyg
mechamsm which are summarized as follows

e W lution with
A per lter
n1s sumilar
n the same
solution

Control sectrons do not caloify when kept for 18 1 ours 1n a solution with a low
Ca X P product of 20 (Ca = 10 mg % mg %) Such sections will not
calafy s 2iro n the next 48 hours when transferred to the solution with the
Iigher product of Ca X P = 60 and Mg = 075 m\[ per liter

From these findings we drew the conclusion that strontium sn the pres
1on combmes with 2 factor

ence of 1 solution the
in the matrix essential for calcification and this combination profects the
calaifying mechamsm  These observations led to the concept that one of
the tegral el of calaifi 1s the combmation of caloum with
something i the matrix with which strontim can compete, m fact wne
know now that strontum ttself can be a muneralizing ton ¥ * * and Marks
and Shorr! * have presented a very mice paper along these lmes here two

1ears ago

The Destructron of the Calcifying Mechanism and Its Prevention

Iable V shows some other experzments that derned from these thou, hts
concernmng the disappearnce of the calaifsing solution It gave us a stand
ard healing of 2 (++++) T mught add that 2 («f*+++), at winch we
always worked 15 about one half the masmum heshng <o that we could
detect exther more healing or less llealing VW hen one gets maxumum heal
mg 1n the controls as was the case m the m witro calatfication studies 1¢
ported by Marks and Sharr 2% 1t 15 very difficult (0 detect the effect of
iterfering rons as the solution may have a igher Ca X P product than

3°1Robison R and A H
Vaitro Biochem J 28 684698 (1934)

t Robison R Law K A O and Rostnhenm A T
1n Hypertrophic Cartilage In | rtro Bochems J 30 66 68 (199,

£ Lalenem
1°3Marks P A and Shorr L Factors Wihich Regulatc the Deposition o "
and Strontiem 1 Rachitic Cartilage /n | tro Trans Macy Conference on Hetalol
Interrelations 2 191 202 (1920}

of Hperteophic € ietlage n

Qalts
Depasition of Strentium
36)
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‘TABLE V

The Prevention of Disappearance of the Caleifung Mecham m

D ree L
r »
xperiment Treatment Caldt ¢
)

Control Rachitic bone section placed m Cidar 24+ ++
fying Solutson *

Drappearance | Rachitic bone section placed m Basal 0 (0
Salt Sotutian** for 7 hours at 37° C t
and then placed 1n Calorfying Sofution | true

Prevention Raclutic bone seetion plwwed 1 Basal |2+ ++ )
Salt Solution contaming 1 ddition
10mg % Cat+ or 10 mg €c S
for 7 hours at 379 C and thew pliced
1 Calafying Solution 1

*Calatyng S luton per fter 97 M Na+ 5 mM R+ T mM Cl- 2 m\
HCO— 2SmM Cat+ (10mg %) andlom\ PO (Smg e Py yH "1
tempecature 37° C.

"P‘i(ﬁ;; Salt Soluts nper Tter 97 mAl Nat sm\M K AU w2 N

the Tewt amount required for mavmum ealaheatm o that mterfercnce
cimot Te detected

When one places a rachitic hone section 1 the o called Lasal Salt S lu
ton the compostinn of which 18 mdicated m Table v ter b ut 7 or 12
bours and then tres to calaf m uitro subsequentlh o calubeati m will
take phe under the conditions which wiil produce 2 (++ -+ ) healbng m
the cantrol sectson But 1f one Tuts such 2 rchtic hone section n the Basal
Salt Solution contammg m addition either caloum or strontiam ions at a
coneeatration of 10 mg €e for 7 hours and then plices it m the etafvm,
solttion one ofitams 1 good crlaficanon as m the ongoal cantrol - Thus
the presence of = small wmunt of calcwm or strentium 1 presented the
4w pearnce of the calufying mechimsm  In contrast when we added
bersllums there was smple spactnat on in two hours However i the
€ue of magnesim and barum there was no prevention of the divy pear
e of the calerfying mechanm It 15 of mterest that when we added to
the Tlasal Salt Solution not only Tersihum §ut phosphate at the <ami time
18 amcunts that did not show 4 siutle preatate there was no mactination
of sul equent calafication by berytlium 1 two hours  Thewe findings miny
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help 1 interpreting the data of Gutman and Yu' on beryltum inbubition
m the presence of phosphate From these studies we drew the tentatne
conclus on that calcium and strontum must combme with some factor 1n
the cell and that the comlination prevents the destruction of the calaifying
mechanism

The Reversible Inactivation of the Calafying Mechanism

As far as the reversible mactivation of the calaifying mechansm 1s con
cerned I would Lke to gne you briefly a swmmary of what I presented
m a more extended form at this conference two years ago **° The essential
data are shown i Table VI Here agam we have adjusted the control

TABLE VI
The Reversible Inactivation of Calafication In 1 stro
Degree of
Expeniment Treatment Calch;immn
(mean)
Contral Rachutic bone section placed m Calerfy [2 (+++4)
g Solution *
Inactivation | Rachitic bone section shaken for two 0
hours with the chloride salts of the or
cation muxtures shown below then 1(+)

washed with distilled water and then
placed i Calafying Sclution "
1) 150 mE /L Ca++ and 232&/}, §e$+

Rezc 3 (+;H~+)
o

cation rmixtures shown above then [4 (++++)

washed with distilled water then

shaken for one hour with 150 mE /L

Ca+#+ as the chlorde salt and finally

placed n Calafying Solution

~ ~ 22
2 o7 mM Na* § mA RF 75 miM Ch 22m
*Caloatyng Soluon Ber Mo we o) nd 16 mM PO (5 mE % P)
PH 73 temperature 37 C
ha— »
£ Beryf
) iGutman A B andYu TF AP rvrz:lor- sof Benll o

Salts on In Vitre Calaificat on of
Interrelations 3 90 104 (1951)

-

r'd
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conditions o as to give mtermediary healing which we call 2 (++++)
Inactrvation of the calafymg mechansnr tahes place when one shakes the
rachitic bone section for two hours i the presence of a mixture of 150
nulliequinalents per hter (an arlutrarily chosen amount) of caleum 1on
and a second von which we regard as 2 competitor - Subsequent to shaking,
the sections with any of these mixtures one obtams m them exther a trave
or no ealafication affer exposure to the calafying solution  The interesting
fact was that strontium appesred to be a yelatnvely poor mbibitor A5 vew
will see Inter, this was due to the fact that at the time we ran these expert
ments we had removed magnesium from the solution that was used fer
m utro calafication

lotlowing mactivation 1f one shakes the bone section with cafaum
chlors le washes 1t with dhistilled water and then places st 1n the sofution
employed for calafication 1t 11tro one obtams a calarfication which 15 actu
ally more mntense than the imual calafication obtamed with the « ntrel
lone section This agam we mterpreted to mean that the combinatien
of caferam wih something 1n the matrrx 1s a necessary preliminary step to
osfication and of course the lugher the degree of saturation with cal
cum the more ntense the calafication By shaking the Lone secttons with
caleram chlonide sofutions of greater than physiologscal strength we made
it possible for the factor n the matnx ta become combmed with cxlcum
to a much greater extent than when exposed to the five millhequnalents of

calem or less present 1n the usual 111 21tro solutions or 1t 1120 futds

The Synergism Between M. and 1n Inhibiting

In Vitro Calafication of Calctum Rachitic Bone

Ihmve two duergent studies arming from this expermment T would fihe
first to tefer to the imteresting amvestigation of Dy Shorr and s ol
feague % 10 whnch they demonstrated that when one puts strontium ions
2 solution 1 which calcification would normafly take place the strontium:
191511 110 way nterfere with 1 2iro caletfication  The difference between
therr procedure and ours 1 the past was that they omitted the magnesium
1ust a8 we have done more recently Therefore we proceeded to examine

whether or not the magnesium nught be 1 eruetl factor m expluning the
difference

A il expeniment 19 shown m Table VII*¢ In this we have the
comentration of strontwun and of magnesum expressed this 10 milk
moles per hter and the degree af calorfication with different wum
rachitic § e scetions each <et representing a senies of r
e were cut mto four shees and several g
were divided among thewe experiments The
follows 1) weth strontium and magresiun
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TABLE V1L

The Influence of Strontium and Mngnesium Tons on Lalofication 1 Jitre

Sr Mg J Degree of Calafication (Vean)*
(mMJL) | wMJL) ) (COXP =) | (CaxPe= 0]

058 075 } none none

058 J T {+++4) ——

o 075 { 11 (++54+) .

133 V] — 23+t

0 133 [ — 15 (+++4)

1) 0 2{++++) 27 {(++++)

*As evaluated under the low pover m roscope
**1n calculating the Ca X P product the Ca 1o mg 6 and the morganmc PO as P n
mg % are used The Ca was 10 mg b 1 these experiments

of calafication 1w the system  2) with strontium m amounts equal to the
sum of the magnestum and the strontim together there was a dnution
of calafication compared with the calctfication of the control but this
civununon was rather small m line with Dr Shorr s experiments,' * and
3) with magnesium m amounts equal to the sum of both substances to
gether there was agun 2 duminution of calaification compared with the
calofication of the control but compared with the complete whibition of
strontium ind magnesium together the diminution was very small These
results ymply that magnesium 18 essential for the mhibition by strontiur,
m fact that magnesmum will act as 2 synergist to the swhibition by stron
tim Ve may assume that the local factor )as two ypes of comlning
groups and 1f one group 1s bound lef us sas by magnesum and this
Imnding does not mterfere too much with caletfication the second group
15 the only one left open for combination with strontium

hibiuag Iz Vitro

The Interaction of M. and m
Caletfication of Strontm Rachitic Bone

These results prompted us to 1enm estigate the ynerahization 1 tutro of
bones from ammals suffering irom sichets due to strontum  As e G
seeyr m Tahle VIIT stcantm rachiic sections pheed n the elafying
solution without magnesium calafy to the same extent s do e w tsal
caloim rachitie sections  Howeser when magnesium 1> plaed m the solt
ton no calarfication i £itro takes place 1n the strontim rachinic sections
whereas m the same solution one observes excellent calcrfication » 7o
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TABLE V1II

Influence of Magnesum Ions on the Caletfication In Priro of
Strontrum Rachitic Bones

Degree of Calafication (Man)*

Eeperment | Mg St Ruchets € Ruchets

(Expern e tal) Contral)

(M /1)

Control 0 2(+++4) 2(++++4)
Inactsation 1 0(0) to trae AR )
Reacnvation** | 0 35 (++++) 35 (++++)
Reactvation** | 1 35 (++++) 35 (++++)

*As evaluated under the low power microscope

*Ruchitic bone sections shaken 2 hours with a solution contamn g 7> mM
€aCly prior to meubation w th the Calaafsing Solutt n (sce Table V) tu wi |ch al
MAgnes um was not of was added as wd cated

 the control calemum rachitie sections Thus a,wm at 1y pears that the
mpurs to the calaifying mechansm w tichets due tn strontium 1 assostte |
with the presence of magnesum 1ons m the calufying solution

In other experiments stronyum rachutic hone sections were shiken 1
the minner previonsty described™™ ¥ for the reactnation ot the calaity
g mechimsm and then exposed to calafication i 7tro both in the jres
awe 1d 1n the whsence of mgnesium s ¢an be seen m Table VIIT the
mgnesram no longer had an injurious cffect on the caletfying mechanism
Fron thus 1t mav be deduced that the myuny to the calatving mechansm
e strontivm tickets 1s due to the nteractiun of the strontium and the
mgnesium 1ons  In the naturally cccurnng tady fluds one usmlly finds
Tagnesum - <o the chances are that the reason that there 1 no response in
strontwm nichets to vitatun D o 11 0 1s that s creo the mngnestum
tons have interacted with the strontim 1ns and mjured the evlafving
mechntn

The Synergism Between Magnesium and Fluonde and Between
Magnestum and Cyamde 1n Inhibiting In Vitro Calafication
of Calerum Rachitic Bone

Lefore we speculated further, we were renunded of the controstrsy
nessed 1t these conferences on the miluence of finuride and esude 1ons

:"<‘m AT Nohet & anlTlank A Tle Revercble Imctnati not Calel a
i InLatro Ine Soc Lxpr Frol & Med 12 €872 (1949)
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on calification tn 23tro of caloum rachitic bone sections Robison and
Rosenheim,'** and Gutman and s colleagues®™ reported that these 10ns
whibit calofication i zatro Other groups, including McLean, ¢t of '
and our group'®® were unable to confirm this Dr Shorr and his group'®
have not been able to repeat the cyamde mhibition but T am not certam
whether or not they were able to confirm the fluonde mhibition

Shorr  Yes, we found mhibition of calcification 1t 11£r0 with fluonde

Sobel  We found that we conld not obtam mhibstion exther by fuonde
or cyamde 1n the concentration presented in Dr Gutman's paper, m the
absence of magnesiim  Howeter, we could obtam fluoride mhibrtron 1f we
allowed the calafication to proceed for only five hours In other words,
mn five hours there was a mamfest difference between the fluonde treated
sections and the controls, but 1 18 hours, our usual period, there was no
difference, 1n fact, 1f the fluonide were raised sufficiently, there appeared
to be an actual enhancement of calcification  That this was not a simple
artefact was prored by inactivating n two different ways, namely, by aad
treatment and by beryHm 1on treatment Subsequent to that, fluoride did
not enhance calafication "% 1n fact, no caletfication took place at alf

TABLE IX

The Influence of Fluorde, Cyanide and Magnestum Ions on
Calofication In Vitro

F CN Mg | Degree of Calufication®
lues)
o (vmllm(t)ole.\‘/ L} o 2{’(’?’-‘}— 1‘:_ _f';
0 0 10 15(++++)
10 0 0 3 (+++1)
10 o 10 none
10 0 2 (++++)
1 1 trace

+As evaluated under the low power microscope

Giyeo
E B Phosphorylatne

- Warrick F B, and Gutmmn E B P

LG o ticatn o Cartiage, Serence 95 4:4: (st :: it
. toom, VV, and Bacron e
Tty Cilucﬁéa&gw:: é\gnef\ e e mfesience on Metabolic Aspects of
Factors 1 y

1;[:::1'716! 14 919 (Nov 1%46) .
175Goldenberg M, and Sobel, A E c:n:;ﬁ;[;:;mm
Cyamde Tons m the Presence and Abserice o

ed 78 719723 {1951)

nce of Fluoride and

vV Influe e O eper Biol

m Proc
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Table I\ shaws not all of the expertments but only typical ones indt
aung the fluoride eyanide and magnestum mhibrtion We tesed these seres
at several dsfferent concentrahons 1f you have anv questions T can give
additomal data Iater In the control sections which recened no fla nide
auantfe or magneswm there was a 2 (++++) healng which 1 cail
fo vour attentiont agam 1> half the miximum healing 1n our scate Mg
nesium alone produced some mhitntron Yut not what von would calf ¢
marhed whibiion  Fluonde alone produced enhancement which wis re
peatedly observed with 2 cancentration of one mullumole per hter but aot
with 2 concentration of a tenth of 2 miltimole per hter VWhen fluonde an§
mamesium were used together there was complete mfattion ¢ no healing )
This was true even when we tsed one mulimole of fuonde per bter Th
provides an snteresting contrast smce the sume concentration  { fuorde
when used alone enhnces the calesfication and when used with ma.nesium
whubits at

With cyamde the story was essenuath the swme  Cramde el m 3
concenteation of one mullimole per liter and m magnesium ree soluty n
permutted healing that was every hit as good as the control On the other
hind m the presence of the magnesim son cyanule was a very good
telibitar I the cyamde magnesium scctions we aften found traces of
alafication which were Ahsent w the fuorule magnesnm sections so the
fuortle and magnesium comunation under these conditions produces &
somewhat stronger inbibrtron

The Effect of 'Mdd and of Drasttc Treatment on the Reversible
Inactivation of the Calafying Mechanssm

Vve are left with 2 puzefe The temptmy conclusions are obsious but
perips Table N will el minate sowme of them  Here we followed some of
the experiments of Dr Waldman?™ from Dr VicLean s laboratory with
modifications e emploed the reversible mactnation scheme with <al
aum chlortfe (as s Table VI) and treated bone sections by what we
lied destic and muld means 1 or example 1f one shakes for two hours
Wil mothy] afeohol and subsequently shalkes for onc hour with caloyum
chl ide there 1s no calerficattan [f one shakes for two hours with wlene
there 1s no calerficaion Tut 1f this treatment 15 followed by shnking for
e fte wigh caloum chlonde there 1s gand mimerahization  The next ex
Prment heating bane sections a distilled water at 97° € sinvlar to
the studies that Dr Waldman presented here two years ago {See Wald
N Talle X171 /{} When we attemyted to calatfs 1 1itro rachine

W alig o of Frzymcs on Catoficaton of Carntane fa
Vi Trans tacy afor Moot fom fu Darerelact 52 2 200 250 (19%))
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TABLE X
Inactivation of the Calarfyig Medhmism by Mild and Drastic
Trettments
Inactivation Reactivation
Degree of || One Hour [ pegree of
Treatment Calerfication WS‘:‘I':“‘C’:& Cal rficats n
(mean) {| (mL/I) (mean)
Shaken for two hours
1 methyvl alcohol 0(0) 150 [ 0(0)
Shaken for two hours
m xylene 0(0) 150 | 25 (++++)
Heated for one hour in
thstilled water at 97° C 0(0) 150 | 2(++++)
Heated for one hour
150 mC /L of CaCl at
97° C 0 (0) 150 [ 0(0)

sections that had been heated for one hour at 97° C in 20 cc of distilled
water, we obtained no ciletfication When we shook such heated sections
with calaum chloride however we obtamed an wtfro calerfication Now
here 1s the mteresting point when we heatcd the raclutic sections m %
solution with 150 milhequnvafents of calcrum chlonde instead of in dintilled
water and then tried to calaify them there was no calafication Ve even
shook them with caletum chloride but there was no calerfication  In other
words, heating with the caleium chloride destroyed the calctfying mechantsm

Now with these two expermments we hive a scheme for explormg the
mechanism of calafication Whatever does not sursive heatmg 1n distilled
water such as mamy of the enzvmes mny be excluded as part of the
mimmal system required for calafication and thus we may sy stematically
examme the various postulated enzvmes and establish later whether they
survive heating at 97° C On the other hand the factors that are present
in the sections heated i distilled water at 97° C and are not preseﬂ‘(
(destroyed or extracted) when the bone 1s heated m calerum chlonide m
well give us clues to the mmimal mechuusm required for calcification

The Comp Between Chond Sulfate b and
Calaum for the Calafying Mechanism

15
An 1mportant question has been ratsed particularly v the pm[ent]::}!ol!"
today by Dr Follis, Dr Dzewratkowskt and Dr Neuman and al
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the paper of Rubm and foward ™™ wiich was presented here two vears
1gu Ts chandronm sulfate or some rdduted compoutnel the ey to the under
standing of the local mechaimsm of cakfication® Rubyn already his stir
fested that our experments o1 the reversitle mactvatm of cakibeation
a wafro by means of cations may Le explimed by [ ostulbing an acid mtico
pohsaccharnlc as the target m the <alosdfymg mary One s tempted ta
tiunk of the posstiulits of a sulistance poscesstny an ton-exchange mecha
svm and, m view of all the other mformation one s agun tempted to
think of chandrortin sulfate

1 shafl sluse i presentation with the results of 1 prelignnany attempt
at an expermient to show whether or not chandrowtin snffate or 2 refated
compoting 15 the calerfymg factor  Fhe ultimate solution will be of course
tn put sometlung inth a test e and produce or shay that this some shin,
or combunation of tacturs will produce caluficiion  In the mewntime we
thought that «f we worked wih mlylitors that are supposed to e as 3
spectfic target 3 mucopolysacchande sulfate ke chandromtin sulfate we
smght get somenhere  Protuntne 15 one of the compegnds that comlnnes
with chondroin sulfate cather avidh  Smdarly tolusdime blue combnes
with the mucopulysicchinde, heparm and we hnow that calium and
tohmdme blue compete to combrme with heparm Possibly wriffivn hehuves
11 the <xme way Thats far we have done expermments oph with protanune
loum moxtures We put the ractutic bone sectiots i a bsal solutt s
contarg a certmn amount of protamme and tound that subsequenth
alaficitson 15 minbted  We cannot even restore the calafiabiin with
eifenm chlorde  Then we tsed calemum pratusune Mistyres and se found
that after trevting the seetions with such mixtures we were able o « htun
olaficwtion dependmg o the calaum to pratanuae ran w the basal salt
solutirn I othes words 3t ap pears that erdoum and protamme are com
pettors for the caletfyng mechamesm  that s claum s the actnte
protamine 15 1n the mhubior and m thts cne a compound hhe chomndrostay
sulfate may be the speafic target ™

£ st make one pomt wout thee studies that o thag the submequnnt
valcebertiog was Wwavs subsurfane m ehtracter O the wrface atsell one
ceuld not we thing By deaning the speamen one could ~ee ortented
ralabetion heneath the sorfate and when other Combasations of ¢k
PRt s and Hosward f ot htafem af St on de R koot ed

\nux-. Wsachinides m ummbmn ml Cak fuan 0 Trong $1y € nteren e on
Moot b Intrryfitoms 2 153 too (1

B AL T Biehemitry ) Calubuaten Ther abnaed o gartial
{lmart of e requirement dor e earee avier § ~cteme 1 Chemmtrs 14 fteet v
Wotute ot Frookban Teb 10
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and protamine were employed (with lower ratios of calerum to protammne)
no such subsurface calaification could be obtaned

Therefore the reason that I think this ties 1n with Dr Neuman s expert
ments 1s that he found that chondrotin sulfate takes up quantitatnely
barmm sodwm and calomm  and sodim 15 one of our inacttvating com
petitors I wish he had studied beryllum yust to complete the pieture 1§
we are both working on the same substrate perhaps we may propose a
compound having properties stmilar to chondroitin sulfate as a factor 1n
the local mechanism of ossification

Conference Discusston

Howard Dr Sobel was the heat at 97° C 1 the bottom of the column
the same as in the top? You say it was still 97° C? What was the tem
perature of the calcium chloride?

Sobel  We put the thermometer mside the column
Howard Tt was 97° at both?
Sobrel  The heat was about the same throughout

driistrorg Tt would be nice to consider that we know what the local
factor 1s Dr McLean do you want to comment on this pont at this
time ?

McLean Vvell 1 would like to comment on the fact that there 1 an
important difference between Dr Sobel s material and Dr Neumans ma
terial Dr Sobel 15 working with cartilage matnix that 1s destined to be
caletfied or easily calafiable matnix  Dr Neuman ts working with hyaline
cartilage which 1s not normally easily calcifiable The same point appl es
to the Freudenberg and Gyorgy work ** They had the 1dea that there was
something that reaches out 1nto the blacd and takes out calcium and con
centrates 1t and therefore makes it easily available for prectpitation with
the phosphate which comes along later That theory has always suffered
from the fact that they were working with a cartilage which 1s not calafi
able In the calcification process if the local factor s chondroitin sulfur
acid then there must he some difference m the chondroitm sulfunc acd
that Dr Sobet ts looking at and that with which Dr Neuman 1s concerned
because there 15 a tremendous difference m the two substrates

Newnan  As a matter of fact 1 bel eve I stated that I did not lﬂ:r:k
chondrottin sulfate was a vital factor I considered 1t more of a regulating

152Freudenberg E_and Gyorgy P

gy The Calc ficat on Process mn the Deve opment of
Bone Ergeb wn Med u Awnderhe Ik 21

1728 (1923)
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factor Imtially, I held the view that chondrotin sulfate mav be a template
that 1t binds the cations in a spatial relationship which corresponds to the
spattal arrangement 1n the apatite lattice Thus the calcium salt of chon
drowin represented a calom surface with which phosphate 1ons coutd
collide to form the apatite lattrce Thus 1s still a verv attractne wler and
it mav welf be that wlnt 15 1mportant 1s not just the chondroitin but the
chondroitin proten combination In that case we conld have differences
from tissue to tissue I dont know enough about the protemn present
Also, this may esplain perlaps the effect of hett It vou form a salt
with the chondrawn, that will affect its combmation with the protewn The
protem may then denature and subsequently you cannot recalcifs Tt seems
to me that we are so far beyond the limts of our knowledge that cunjecture
at this paint 15 only fun

Heundricks  May I throw in a monkey wrench  The monhey wrench T
want to throw 1n 15 that 1 will attempt to nterpret these phenomena to
morrow as not mmolvng chondroitin sultate at all but smply as imolving
the mechamsm of growth of apatite as a crystal

Sobel  1In these series there 15 no \pitite preformed
Hendriels But still 1t 1s a substance that does form sntit®

Sobel  Of course, T assumed that most of this group knows what 1s
meant by s 21tro calaficaton 1 didnt want to bore them with a descrip
tion of 1t

Hendncks  Maybe 1 dont hnow

Sobel At the Second Conference of this group I presentud an allostra
tion which shows what 1 2ifre calaficition 1s (see Sobel M2 Fignere 23)
In rachutic bone metaply sis there is prolierated cirtilage and bare osteoid
In this regon there 1s no apatite that we can discern All new ealafication
tohes place m this area (see Sobel ' Fagures 24 to 26) <o here we are
molved with the prol lem of how does the first crystal form rather than
with the problem of what happens aiter 1t has formed

Hendrieks  Fhe prol lems are not nccessanly different

UcLean Within a few mrr of each othier there are found tissues m
which apatite wiil 1 ¢ 1d down and tissues m which 1t will not

Shorr  Could tlns difference be dependent upon the proxinuts to hyper
trogee cartidage cells rather than to vanations 10 the chondrottin sulfuric
2cul content ?

Melcan I dont hnnw  Of course there 1s annther wv of looking at
this problem and that 1 to imert 1t and to ash why all of the tisties 1
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the bodv do not caleify One mght assume that there 1s an inhibitor of
calesfication 1 most of the tissues, and that bone 15 one tissue without the
mhubitor I think Dr Sobel has made a very 1mportant contribution by
exploring the reversibility of mntubition of caleification This 1s sure to Jead
.to a better understanding of some of these processes because when a re
versible phenomenon 1s at hand, the opportuntties of studymg 1t are enor-
mously mmproved

Aewman  You have done a ot toward producing a better state of amity
between mvestigators, anyway, by making crersbody night (Laughter)

Copp I have a rather naive question If chondroun sulfuric acid 1
postulated as the important ‘local factor,’ then why 15 the concentration
of 1t n the osteord matrix so small?

Meyer 1 wonder whether anyone knows which type of chondroitn
sulfate 15 present in the area of calafication As far as 1 know, the only
chondrottin sulfates characterized were those of hyaline cartilage and those
of some connectrve tissue

Sobel I must make 2t clear that T said there 15 “a compound hike chon
droitin sulfate” somewhere 1n the calafying preosseous materx

drmstrong  Dr Mcl ean hos a question concerning the physical state of
the proteins of cartilage and bone matri

MeLean This 1s entirely m the nature of a comment I have regretted
not hearing today anything about the physical state of the bone matri< or
ground substance or whatever we have decided to call it, and particulrly
with reference to polymerization and depolymerization, and so on  These
are subjects that I have understood are commg 1nto the picture m relation
to calaification and I had hoped T would be enlightened about them today,
but I haven t heard anythmg

Armstrong  Does anvone wish to shed anv hght on this pomt?

‘ »

Folfis  Would you elaborate what you mean by ‘physical state

VcLean Well lets confine it for the moment to pohmerization and
depaly mer:zation

Dallemagne  After Dr Sobel's very interesting communcration, lTr::Ss:
tell you about some results ohtained recently by Cartier in Pansl e
observations may be of some mterest to Professor Gutman, too It e
of using rachitic rat eprphyses as has been done before, Cartier has Is_t[lel o
1 mtro the calification of nornal eprphyses of sheep emhf);’s e
cerved™ that calafication of thus tisue 1s very limited mn the pr

tage of Ossification

femicat S
33 M, and Cartier P On the First Biocl
2‘”5%0';3):1‘“24:«4 o Pams 232 119 121 (1951)
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cartilage 35 milligrams per cent of ATP which comgares with the amount
ot that compound m the normal hidney lner and bramn This 1s 2 rather
tugh concentration of orgame phosphate In studying the prevention of
the disappearance of tte calafymg mechamsm we found that the rate
of disappearance of the ATP was slower when calatm or strontum 1wons
were present (Table V) paralleling the preventien of the disappearance
of the caletfying mechamsm  In fact the crcumstantial evidence looked
farrly goad for ATP bemg one of the critical factors But when we heated
borte sections m distifled water at 97° C and found apparent surinal of
the crlerfymng mechamsm (Table IX) we also found practically no ATP
Therefore while we were well aware of Dr Cartier s work?® 19 and were
quite enthustastic about 1t T ud not refer to 1t I mention 1t now because
1t may be that these heatwng expermments are not sigmf cant and that ATP
15 shilf an important factor m the calefyn g mechamism  In other words of
we ignore the fact that by heattng 1 bone section  distilled water at 57°
and fallown g this wath treatment with calelum chloride we can still obtamn
calatfication m zitro the agreement between Cartier and the expeniments
just described mght add arcumstantial evidence for ATP as a cntical
factor m the system required for ovsification At the moment 1 dont
know how to interpret these dita

Copp T would like to put forward a sugyestion that the ATP may play
a role 1n converting the preosseous matrix to calafiatle matere but that
the actual process of caletfication may be independent of ATP

Dallemagne  The discovery of the presence of ATP in bone by Cartser
(s very recent I have recetved no other observattons from Cattier on that
topic

Copp Professor Dallemagne 1f the uncalofied epiphysss from the em
bryo sheep 1s placed m a sutable medm does 3t reqmre the presence of
ATP or will 1t calaify without 1t?

Dallemagne  Yes 1t requires the presence of ATP to calaiy

Copp Then this might lend support to the 1den that the ATP converts
the cartilage to a form which can be calafied?

Dallewagne  Yes but the ATP 1< active without the presence of other

substances
Shorr  This would mean that 1) e ATP 55 not Jumted to the cell bz: r::
diffusely present throughout the preosseous tissue This would repre:

a \ery unusual bwological situation
the photo~
Daliemagne I have here the paper sent ™ .'@pmcv In the 2{ o

graphs of the epiphyses of sheep embryo by ,
&
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von Kessa, only the shiees winch have been m contact wih V1P gne a
postine rosponse Mzer contact with phasple gheerw acd glaeose phos
plate, ar fructose Jhosphate they o not wontin more nuneral elements
th do the controf slices 1a contact with () uns onhy

Capp Does the phosphate shich s preaptited 1 the e <alt hrlow
the epsphyars come from the ATP or from margame phosphate

Dallewrgne It comes from she VD

Copp It anght be that the \TP is provihing 4 soune of energy for
eansersion of the preossents cartlagd to a calufinhle form aned that i alse
wordentally supplies phosphate

Ballemagse  Yes at supphies phosphrte for the erlohuatm

Copp  The other sources of phosphite wourld not cupph the enetry ta
e the dhange 1o 1 winfinble forwr

Shewr Doey ansthmg Inppen m theee particular prepsitions i th
prosence of murgane phowphate s Catuteatior docs tabe plee wath w
argarie phosphate 1 well as wath ATP does st not

Dallimagne Yes bt nof to the swme extent under the «ame cossdrtions

Yolbel  Artually the awount of nen sunershzation m Larters stud
10592 1 was qbout tes timen as great with A\ PP proniding the phosphate
25 whew equivalent imounts of margamic phosphate or argansc phosphate
were empkned  In smdving the o 1ire @iobethon of embraone sheep
lemes Lartier messured the amount of nenh formed suneral by direct
cheancat anahos With ATP new cakabiciton seemed to be ncre seed
much hovoned that foumt with sther <« tirees of phosghate
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THE RELATIONSHIP OF PARATHYROID EXTRACT TO
THE PHOSPHATASES IN KIDNEY AND IN BONE

CHARLES D KOCHAKIAN

From the Section on Biochenusiry, Oklahome Medical Research
Institute and Hospital, Oklahoma City, Ollghoma

Armstrong 1 understand that Dr Kochakian has some worh to de
seribe which has to do wath bone Dr Kochakian, wall you tell us about 1t?

Kochakian  Part of the data I am gomg to present was given several
vears ago at this same conference ¥ 1¢ [ am gomg to talk about the
relationship of parathyroid extract to the phosphatases 1 hidney and n
bone These studies were stmulated as a result of discussions i this
conference by Dr Albnight The data I am to present have now been
pubhshed m final form 41

Chronic Expenimeats with High Doses of Parathyroid Extract

These experiments were carried out tn female white rats (ranging m
body weight from 84 to 121 gm ) of the \Wistar strain from our colony
fed Purma dog chow ad fibitum  The regunen for the admmstration of
the parathyroid extract'? was devigned to duphcate that of the experiments
by Ingalls et al** The extract was injected subcutaneously nto palf of
the rats at approximately 12 hour mtervals and at 2 cc (200 umts) per
myection for two days The ammals were then fasted for 24 hours, and
autopsied at 60 or 66 hours after the first myection  The results are pre-
sented 1n Figure 27 The high dose of pirathyroid extract caused a marhed
1oss 1 body wesght, enlargement of the adrenals and also of the kudneys
with intense calesfication  The rats showed prostration with suggestons of

dectamy 2
199K ochakian, C D The Effect of Parathyrod Hormone and Parathyrot
Female Rats’ Trans Conference on Metabolic Aspects of Comvulescence T 153 160
(1949)

hatase Content
140K ochakian, C D The Bffect of Parathyrowd Hormonc o the Phospl
of the Rat edney, Trans Confercitce on Metabole Aspects of Con waliscence 8 50
(1943)

Tussue
1tKoch, , and Terepha A R ffect of Parathyrod Extract on ]
Tn‘t\)'o;m:kz:ig sccruea o Urenary Phosphorus m J Physiol 165 142 148 (1951)
14" The parathrroid extract was generously proviled by Elr Lally and Company

aud Albright F The Locus of Action of the
21 Studies with Parathyroid Ftract on Norma
+ 22 (03 608 (1943)

vsIngall,, T H, Donaldson, G A
Parathyroid Hormone  Experimental
and Nephrectnmzed Rats J Chin Tnzesd
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THE RELATIONSHIP OF PARATHYROID EXTRACT TO
THE PHOSPHATASES IN KIDNEY AND IN BONE

CHARLES D KOCHAKIAN

Lrom the Section on Biochenustry Oblahome Medical Research
fustitnte and Hospatal OMahome City Ollahome

drmstrong 1 understand that Dr Kochakun has some work to de-
scribe which has to do with bone Dr Rochakian will you tell us ahout it *

Kochalwan  Part of the data I ata gomg to present was given several
vears ago at this same conference ¥ ¢ T am going to talk about the
relationslup of parathyroid estract to the phosphatases 1 kidnev and
bone hese studies were stimulated as a result of discussions m this
conference by Dr Albright The data I am to present have now been
published m final form 1

Chronic Expeniments with High Doses of Parathyrotd Extract

These expertments were carried out 1 female white rats (tanging m
body weight from 84 to 121 gm ) of the Wistar stramn from our colony
fed Punina dog chow ad libuum The regimen for the adnumstration of
the parathyroid extract™** was designed to duphcate that of the expeniments
by Ingalls r# al'*" The extrict wis injected subentaneously nto half of
the rats 1t approximately 12 hour mtervals and at 2 cc (200 umts) per
njection for two days The ammals were then fasted for 24 houts and
autopsted at 60 or 66 hours after the first njection The results are pre
sented 1n Figure 27 The lugh dose of parathyroud extract caused @ marked
loss n Lody weight enlargement of the adrenals and also of the fadneys
with mtense calesfication The rats showed prostration with suggestions af

dectomy 11
139 ik C D The Fficct of Parathyrod Hotmone and Paratl yrox
Fem:lr;haﬂa‘l?sl Trans Conference on Metaboht dspects of Con alescénce T (55160
(14

hatase Cortent
0] he Effect of Parathyro d Hormone on the P! ospl
:)( Eioc }fﬂ}‘a{‘iqn Tv-gn: me;cr ice on Metabohc Aspects of Contulescence 8 50-63
(19483
159hothakian C D and Terepha A R Lffect of Paratfyrod S);:;jgt (o‘nv;l; 15su¢
Enzymes and Sesum and Uninary Ph sphorus 41y J Plyswl 165 142
14°The parathyroid extract was generously prov ded by El Lally and Company -
W3ngall, T H Donaldson G A and Albrght F  The Loc;f“u( c?c;;:ﬂ}\t’?'m,
Parathyrord Hormone  Expenmental Stubies wath, Barathyrond Fxtra
and Nephrectomized Rats J Cln [ne st 22 603 608 (19437
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Radney nd of the Tibia of Female Rats

wlich averaged 8 per cent

{Reproduced by perm ssion from Rochakian € D and Terepha A R Effect of
Paratl ¢ 1 1 xtract on Ticeue Lnzvmes and Serum and Urinary T hospharus  Tm /
Ihyswol 160 142 148 (Apnl 1951%]

audow  and one rat died 18 hours after the fourth mjection
~evere hyperparathvrordism was produced 1n these amimls
“ults have been reported 11 Moore 144

The alkaline phosphatase of the tihia was onlv shghtly decreased but
the 1e1d phosphatase was syymficantly increased I would like to ruse the
queston of whether or not this change n 2exd { hosphatase 1s directhy con
cerned with the dissolstion of bone I hope Dr Iollis will discu s thus

Thus 2 very
Identical re

“Mose R D Galafat nof I ne Marrow in Toxe Hyperparathve 1 s freh
PR 913)
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pomnt It 1s now known that hyperparathy rorhsm will cause an increase m
the aa1d as well as the alkaline phosphatases of the serum Furthermore,
the old observations of Huggins® and also those of Dr Gutman"" (and
T hope Dr Gutman will comment on this) indicated that the acid phos
phatase of the serum in patients with carcmoma of the prostate 1s not
elevated until the metastases and dissolution of bone occur

Now let us turn to the kidney Is the effect of parathyrod hormane on
phosphorus excretion medinted through the alkalme or the acid phosphatase
of the kidney > You will notice that the hrdney mcreased m size, and the
reason for this increase 15 that a very severe calafication of the hidnes
tubules occurred, accompanied by a marked decrease m the alkalme phos
phatase  Now whch 1s the cart and which 1s the horse? Does the decrease
m alkahne phosphatase occur first and deposition of the calaim salts fol
low, or 1s 1t zuce versa? It should be noted that decreases mn alkaline phos
phatase occur under other conditions that cause disturbances mn kidney
function The most marked effect 1s obtamed when hydronephrosis 3
produced by clamping off the ureters ** When ‘physiological doses of
paratinroid extract are adnumstered to rats over a long penod of tume,
no changes 1 the kidnes phosphatases are observed, suggesting that the
decrease observed with the tugh doses of parathvrowd extract 1s secondary
to calesfication of the lidney tissue

Bartter  Is the fall 1 alkalime phosphatase computed on a weight basis
or on an absolute basis?

Kochakian It 1s on a total basts, that 1s total unts

Acute Expertments with a Single Dose of Parathyroid Extract

The guestion nught be rased that the ‘physiologteal’ doses of parathy roid
extract were not sufficient to produce any metabolie changes n the phos
phorus of the serum or of the urine Therefore, we decided to carry out
exploratory expermments on the response of the rat to parathy rord hormone

Hypergara
sshlendsho) N C and hoepf G F__ Serum Phosphatise Actwty m
thyrordsm, J Clin’ I ndocrevol 3 351 352 (1943)

Effect of
1Huggms, C and Hodges C V _Studies on Prostatic Cancer I The
e troan and. Androgen Tnjection on Serum Phosphatase and Melastati
Carcmonra of the Prostate Cancer Research 1293 297 (1941) .

1 Sprosl E E and Gutman A B Sigmficance of Increas
P ctwity of Bone at the Sute of Osteoplastic Metastases Secondary 10
Carcmoma of the Prostate Gland Aum J Cancer 28 435495 (1936)

of srom B Radney

1% Wilmer H A D F
d T8 225 230 (1943)
b (v.ﬁfr" I‘;hA Renal Phgsphalase, Correlation Between F'i"“%ﬂ(i?ﬁ?;"y
of Renal Tubule and Its Phosphatase Content, rch Path 37 227
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Fag 28 Tue I'fect of 2 Single Injection of Paratharod Dtract on the
Unnny Inorgame Phespborus on the Serum Inorganic Mhosphotus, and
oy the hadney Valme Phosphatae Levels of Fasung Male Rats

The ammals were facied for 13 5 17 haurs prior to the subentancous apecticn of
200 unss of parathyrord extract (Lilly)

{Reprodveed by peemyssion from hockzbin € D aod Terepha A R tfatof
faratinteid § xirac on Tispe Fnsvmes and Serum and Lrmary Poosphora, im §
Fiyssol 363 442 149 (Anm 1913

1t 53 commonly helieved that rodents are very rewstant ta parashyrosd
extrnet We were plewsed therefore to find that the at W sespond vers
mgehy with both the serum phasphorus and the srmary phosphorys Jevels
when sehtuely small doves of parathyroid extract were adnumtered
These effeets are demonetrated by Fogure 28 1 wiuch groups of expent
mental and cantrol ammals wace hilled 5t 2, 3, 8§ 10 ant 12 hours after
the admumstration of 4 single injectinn (200 anits) of paraths roud extract
You can see tha the uesmary phosphorus evcection mereased tr a peak at
about 4 hours, where 11 remmned for severat hours, and by 12 hours it
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had returned to approximately the normal level The serum phosphorus
on the other hand, gave exactly the reverse prcture, thus the rodent re
sponds to parathyroid extract 1n a manner simular to the dog or the man ***
It also can be seen from thus graph that the alkahne phosphatase of the
Jadney does not seem to be concerned with these two changes The values
for this enzyme 1n the hidney remamned constant throughout the entire
experiment

Acute Experiments Done Elsewhere with Opposite Results

After we had fimshed these studies, Bonelli and Sala®®® of Italy reported
an increase i the alhaline phosphatase of the kidney after adnumstration
of a single dose of parathyroid extract (Figure 20) The ncrease mter-
estingly enough comaided with the time when we had observed a marked
change i the serum and the urmary phosphorus levels Although the total
change was 60 per cent, the results nught have been fortuitous hecause the
number of ammals used was not more than two at ench time nterval \We,
however, did not wish to disnuss these experiments, for tt was possible
that some factor mn the conditions of their experiments permutted the
changes to appear Therefore, I wrote to Dr Bonelli, ashed him for the
complete details of lus expersments, and suggested that we carry out sunul
taneous experiments 1 both laboratories using each other’s methods for
determinations of the enzymes, and using sdentical condrhions jn sething up
the experiments I arranged with El Lillv and Company'? to provide
parathyroid extract to Dr Bonell so that we could also use the same
matersal for the mjection

A comparison of the two procedures reveals the following differences m
the phosphatase deternmmations

(a) The Ttalian myestigators autolyzed the homogenate of kidney for 48 hours
at room temperature We autolyzed ours for 24 hours at approximately 35° F
(that 15, st the refrigerator}
(b) The Ttahan workers used the Bodansky method and a pH of 86 We on
the other hand used the Ring and Armstrong method and a pH of 97
Therefore, m repeating our experiments we measured the enzymes ot only
by the procedures that we had used before, but also by the procedures that

1493 Albright F, and Reifenstem E C Jr  The Parathyrod Glands and Metabolic

e i Seletted Sindies The Wilhams & Willans Company, Baltmore

b S D The Parathyroids m Health and n Discase C. V. Mosby Com
pany, St Lows (1933)

150Bonetly, M, and Sala G The Influence of Parathormone

the Phosshatise Actuvity of the Kidney of the Rat, Arch

80 457-163 (1949)

and of Vitamin D, on
mternat pharmacodyn
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Fig 29 The Per Cent Vanation i the Alkaline Phosphatase of the
Nidney of the Rat Followsng Parathyreid I xtract and \stanun Da

The heary hne at -ero s the control Ime  the soltf line 15 the varation after para
thyr id extract and the broken It 1s tl ¢ vatation after vitamin Dy

[Reproduced by perm scion from Bonell \{ and Sala G The Influcnce of the
Patathroud Hormmone and of Vitamin D, on the Alkatine Phosphatasc of the hidnev
fthe Rat frch Int en 1 harmaco e Therap 80 457 (1949)]

hd been used by the Hahan imestigators and furthermore we used both
pHs m performmg both determuations  \We repeated the experiments
with an mjuction of 1 ce and also of 2 c¢ of the parathyrowd extract In
tx th imstances we found that the parathyrord extract did not produce an
effect on the kidney phospliatase by ans of the methods  As we expected
the determmaticns at pll 86 by both the Bodansky and the hing
\rmstrong methods were much Dwer than those at pH 97 Ao the
fomwgenites autohzed 2t room temperature showed fower values thin
the autohzed m the refrigerator
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Smce we had postulated m our publication that possibly some other
phosphatases might be 1mvolved 1 the excretion of phosphorus after para
thyroid extract treatment we determmed the adenosinetriphosphatase ac
tnaty of the hidney but agamn we found no changes

All of these data have been sent to Dr Bonell and we are eagerly
avwaiting the results of his experiments (In September 1952 Dr Bonell
reported that he and Dr Sala were not able to confirm their previous results
m experiments duplicating thetr original studies and also m experuments
identical with those of Dr hochahian Dr Kochakian and Dr Bonell
agree that the drvergent findings originally published were based on obser
vations on an msufficent number of ammals )

Conference Discussion

Armstrong  You are probably right that the phosphaturia after para
thyroid admimnistration does not produce an tncrease in phosphatase actwity
m the kidney However I would ke to ask you why you thunk an
zitro assay of phosphatase has any relation to the activity of phosphatase
i the renal tubules?

Kochakian  In other words you thmk that what I really should do 1s fo
canulate the afferent and efferent blood vessels of the kidney and then
to determmne the kidney phosphatase production by analyzing the enzyme
content of the n comng and out gong blood Is that the wav I should
terpret your question?

drmstrong  The pomt 1s that the plosphatase actmaty 15 assayed by
producing a situation m which one allows under laboratory conditions an
extract of the tissue to hydrolyze a phosphoric acid ester The amount
of phosphatase actisaty found under these artificial conditions miay beat no
relationship to the activity in the cell

Rochakian 1 think that 1s an objection which one can rase for all #
vitro work on enzymes The fact still remawns however, that you can alter
the phosphatase m the hidney by several means I have alreadv mdlcate!:
that according to the literature damage ta the hidney by constriction o
the ureters* or by nephrotowc agents™ wiil produce a marhed decrease

Pl osphatase Levet m Unin
w12 B ¢ TFlory C M and Furth J  Allalne
R o 1o Reval Inury Arch Path 36 407412 (1943) A
P Experimental Nephroy
b Hepler O E Gurley H_and Sinonds J cpermental Bephroraties
“After Possot g Vi ith Mercury Hichlo
e oate. droh Bath 39133 141 (1945)
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m slhalne phosphatase activity  Furtherniore androgens will produce an
mcrerse m this enzyme at low doses and a marhed decrease at Ingh
«ses 192 These are Just examy les

frmstrong Which way does ndrogen change the results

Rochakian It depends on the dose of the androgen Iirst vou get a
small merease anl then a verv marhed decretse not onh on a umt per
wram lasis but 2ls0 on 4 tot1l bisis

Tartter But Dr Kkochahian on the basis «f the avatlable evidence that
peathyrord works by decreasing fhosy hate transfer In the renal tul ules
wouldn t vou expect perhays t fall of phosplntase

hochoktzn That 15 what 1 was Jookang for 2t the time mstead o f the
merease

Howurd  Daes the serum acid | hosphatase rise
Rochakian  We dudn t do the serum 1cid phosy hatase

Howard  We hve looked for chnges m the serum aced [ hosphitace
n hyperparathyrotdism and never found amy at alf

Rochakymn \vell Koeyf at Buffalo N Y lias found an mcrease n the
serum cid phosphatase m hy perparathy rowdien 12

Gutman We did some work on thns problem a good mam vears ago
In fact 1n our imtal paper on aaid | hosphatise and alkahine phosphatase
of prestate tumor metast1ses i bone **7 we called attention to the presence
of sl anounts of acut phosphatise i hone extracts hut 1ecause of the
presence of large amounts of red cells and other extraneous material
coul 1 never be sure that the aad phosphatase present was derived from
the bone and not from red cells or marrow tissue  Subsequenthy we ex
amined the serum for 1aid phosphatase i vart us hone conditions to sce
how speafic the elevation 1n serum acid phosphitace was for metastasizing
jrostitic carememn We found that in Paget s diserse with very extan ne
tene myvohvement and very hugh secum athahine | hosp hatase that the acid
phosphatase levels may Alo be clerated to some extent wsually not ateve
6 or 8 umts  No correltion could be made between the alkaline and wat
t hosphatase lovels however suggesting that when there 55 very extensne
Paget mvolvement af hone some acid phosphatase derived from bone 1
liberated into the blood serum  We subsequenthy found that 1n such ity

Bihochakan € D Metabohe Inflience of e Anliogens 1 raaress m (I necal
&d rmolegy o ted by Soskin, § Grune & Stratton, New York (1730) pp 4%
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atiens as multiple myeloma with very extensive skeletal destruction shght
elevations 1 acid phosphatase mught occur  But the most convincing evi
dence for the osseous origmn of serum actd phosphatase under these circum
stances was obtamned m hyperparathyroidism with very extenstve bone
molvement m which the serum actd phosphatase level 1s as likely as not
to be slightly elevated to 5 or 6 or 7 umts VWhen the parathyroid tumor
w1s removed these serum acd phosphatase levels promptly fell to normal
parallel with the serum calaum ndicating 1 think that the serum aad
phosphatase n fyperparathyroidsm 1s derned from an osseous source
The serum alkaline phospt 15 usually not ficantly affected by the
operation for many months

Sobel T would like to add one comment m connection with the g resen
tation namely 1n measuning increasing phosphatase values one factor 15
the amount of phosphatases the second the stage of actnation I beheve
that the phosphatase actiuty operating on ATP slould have been meas
ured rather than as 15 usually the case the actraty 1n terms of splitting
glycero or phemylphosphates The results nught have been entirel dif
ferent

Koclakian We did determune the adenosmetriphosphatase and obtamed
no effect

Sobel ATP n the presence of phosphatase that 15 orgamc synthesis
would have been the critical system to examme 1f we assume tlat excre-
tion of phosphate 13 due to Jack of orgame phosphate formation and that
resorption of phosphate 15 due to organic phosphate formatton The general
assumption 15 that reabsorption of glucose takes place by orgame phosplite
formation If organtc phosphate format on does not take place ther the
system which produces the phosphatase 15 diminished n actinaty and the
whole system as much as the enzymes 1s imvolved That 1s the explanation
of plioridzm diabetes as I understand 1t the phloridam mterferes sth
organte phosphate formation In this explanation the possibhty of pyro-
phosphate synthess 15 usually overlooked as an alternate explanation

Rochakian T am not ready to accept the phlondzm expertments to
which you are referring T doubt that the conclusions derived from th;
evpermmental evidence are warranted I beheve that Dr Gutman 1s 0
the same opinion

Follis As long as Dr hochakian has put my name in the record I feel
T 1va tn cav something We did not go mto pathological bone destructton

concentrations of calaum and phosphorus are ot tweluon
as far as bone destructron 15 concerred
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1t has been shown that 1f vou gne atrate to bind caloum bone 15 de-
stroved 1n order to maintain a normal serum calerum level The same
true probably, i acidosis We have been working on this using chelating
agents and find the same mechamsm It 1s quite possible that 1 sumlar
situation tn part exists in hy perparathyrordism N hen the concentrations of
caleium and/or phosphorus are decreased n the serum bone is destroved
Dut what 15 gong on 1n the normal state I dont hnow Perhaps Dr
Howard has some comments on that

Howuard 1 dont know whether you mean tho e studies on intrayenous
cilaum or calaum deprnation Those were chimcal observations

Follts Well what 1s the role of the humoral concentration which 1
think 15 important m bone destruction®



138 FOURTH COVFERENCE ON METABOLIC INTERRELATIONS

atwons as multiple myeloma with very extensive sheletal destruction shght
elevations it acsd phosphatase might oceur  But the most convincng evi
dence for the osseous ongmn of serum acid phosphatase under these circum
stances w1s obtamed m hyperparathyroidism with very extensive bone
mvolvement 1 which the serum acid phosphatase level 15 as Iikely as not
to be shghtly elevated to 5 or 6 or 7 umts When the parathyrord tumor
was removed these serum acid phosphatase levels promptly fell to normal
parallel with the serum caloinm indicating T think that the serum aad
phosphatase in hyperparathyroidism 1s derived from 1n osseons source
The serum atkaline phosphatase 1s usually not st mficantly affected by the
operation for many months

Sobel T would like to add one comment i connection with the presen
tation namely 1n measuring increasing pl osphatase values one factor 15
the amount of phosphatases the second the stage of actnation I bel eve
that the phosphatase -ctivity operiting on ATP should have been meas
ured rather than as 1s usually the case the activity m terms of splttng
glycero or phenylphosphates The results mght have been entirely dif
ferent

Rochakian  We did determ ne the adenos netriphosphatase and obtamed
no effect

Sobel ATP 1n the presence of phosphatase that 15 organ c synthests
wonld have been the critical system to examme 1f we assume that excre
tion of phosphate 13 due to lack of orgamc phosphate formation and that
resorption of phosphate 15 due to organic phosphate formation The general
assumption 1s that reabsorption of glucose takes place by orgamc phosphate
formation Tf orgame phosphate farmat on does not take place then the
system which produces the phosphatase 1s dimmished m actty and the
whole svstem as miuch as the enzymes s mvalved That 1s the explanation
of phlortdzin diabetes as I understand 1t  the phlondam interferes with
orgamc phosphate formation Tn this explanation the possibility of pyro-
phosphate synthes s 1s usually overlooked as an alternate explanation

Kochakian T am not ready to accept the phlordzm experiments [:o
which you are refernng I doubt that the conclustons dernved from totf:
expermerntal evidence are warranted 1 beleve that Dr Gutman 1s
the same opinion .

Foltis  As long as Dr hachakan has put my name i the record 1 (f;y;
I have to say something Ve did not go mnto pathological bone destr:xrc o
this mornng partly for reasons of time and partly because we wer; m}ornl
to stich as much as possible to the normal situation 1 think the um“ce
concentrations of calaum and phosphorus are of tremendous 1mpo:
as far as bone destruction 15 concerned
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It has been shown that 1f you grve ctirate to bind calaum bone 15 de
stroved 0 order to mamntam & mormal serum caloum fevel The same ts
true probably, m acdosis We have been woshing on this using chelating
agents, and find the same mechamsm It 15 qmte possible that a smular
situation m part extsts w hyvperparathvrondism VL hen the concentrations of
calewwm and/or phosphorus are decreaced w the serum, bone 15 destroyed
But what 15 gomng on m the normal state T dont Lnow  Perhaps Dr
Howard has some comments on that

Howerd 1 dont hnow whether you mean those Studies an miraxenous
caloiwm or ealcem daprnvation Those were chiwed oboers 2tions

Folls  Well what 1s the role of the hwmoral concentratwon which
thunke 15 smportant 11 bone destruction?
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STUDIES ON THE RELATIONSHIP OF THE SERUM
CALCIUM LEVEL TO PARATHYOID GLAND FUNCTION™

JOHN EAGER HOWARD

Frosm tl ¢ Department of Medicne The Johns Hopkins Uninersity School
ot Medictne and the Johns Hopkins Hospital Baltimore, Maryland

tloward We have (ertam suggestive data which allow of an hypothests
cn certam features of parathyrord hormone function Dr Theda Hoplans
working m our lboratars, found that approximately 70 per cent of the
calcum of normal serum s ultrafilterable The techmic used was that of
Lavietes *** by which the ultrafiltrate 1s derived through a duPont 300 cel
lophane membrane, anaerobrcally, with controlled pH (by saturating with
5% COz n O.) under 20 cm of mercury pressure When calcium salts
were added to normal serum s witro the percentage of ultrafilterable cal
cium remained 70 per cent of the total caleium and all the phosphorus was
ultrafilterable wuntil the total calcum reached a concentration of 20 mg
per cen* At this point and at ponts higher, there appeared a sharp falling
off 1n filterable phosphorus and usually alse m filterable caloum We mn
terpreted this to mean that a colloidal complex had formed, involving cal
cmm, phosphorus and protem There was no clouding and no sediment
after centrifuging

The Effect of Intravenous Adminsstratton of Calcium on Normal Persons

To see whether the same rules held when hypercalcemia 15 produced
wn 21w, 1njections of caleum salts (gluconate or heptonate) were guen
to normal persons 0 quantities sufhcient to rase the serum calem from
a normat level of 10, to 13 or 15 mg per cent Serum taken from these
patients and subjected to ultrafiltration showed the same relatronships be
tween calctum and phosphorus and protemn as had the sera to which cal
cium had been added w antro

But comadent observations were quite interesting  As the serum cal
cium rose by virtue of the 1njection of calctum salts, the serum phosphorus

153Expenses of these studies were defrayed by a contract between the Johns Hophns
Unnersity and the Atomic Energy Commission
\siTavietes P H  Anaerohic Ultrafiltration J Biol Chem 120 267 275 (1937)
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rose also (as previously noted by Salvesen® i the dog and by Bassett'”
m the human) but the urinary phosphorus excretion fell despite no change
m urme flow This seemed most remarhable and reminded one closely of
the sernm and the urnmary p t behavior w by paparathytodsm  Dr
Hophins suggested that the elesation of the serum calanm shuts off the
release of parathyroid hormone to the circulation

The quantity of phosphorus required for the serum phosphorus to rise
as much as 1t did was many fold gieater than could be explamed by the
reduced renal phosphorus output o phosphorus must have come trom
cells We suspect therefore that parathyroid hormone alters the ratro
tetween organe nd worganc phosphorus within cells and thus the ser
um phosphorus ries n hyjoparathyrordsm and falls m hperparathn
roncism

If we retarn to Dr Hendricks concept of caleium 1ons on the surface o
many acres of tricalcium phosphate crystals i the boues these 1ons lemg
avatlable for support of serum calcm 1n times of need then such calem
tons must come off either easily or with difficulty depending on certam
environmental factors One could conceive of a fall in pH as making them
come off more easily 2 rise n I less easily One could also concenve of
a rise i norgame phosphorus waking them come off less easily, a fall
m PO, concentration ore easily Thus the parathyroid hormone by
lowermg the serum phosphorus would enhance the availability of skeletal
calaum  hypoparatinrordism by elesating the serum phosphorus would
reduce the availabihity of sheletal caleum  Thus the parathiroid glands
would act as 1 sort of ealoostat for the serum, its action carried out zia
the boues

The Effect of the Intravenous Adminustration of Calcrum to Panents
with Parathyroid Disease

According to these theories a patient with a parathyrord adenoma should
not behave like 2 normal person to artificial elevation of serum calelam for
the elevated serum calcum could not shut off the parathyroid actity of
the zdenoma as 1t does that of the normal gland  Tn suppost of ths thought
we found that four paments with subsequently proved parathyroid ade
nomas hasve responded to intr1venous caloum njection m a different man

NSahesen H A Hastigs A B and Mlatosk § £ Tt Effect of the {dmn

Esrgl);x};‘)f (C:)llc:\;m Salts on the Inorgan ¢ Composition of the Blood J Biof Chem

PBasler € H Van Alswe H EAeutmann F H  and Bassett S H The
Fate ot Trmenonly Adrg nutered Calown Efiect on Urinacy Calwum and Phos
Thorus Tecal Catewm and Calcium Phosphorus Balance J Cln Inzest

[homs Tl S phorus Balance i Incestigaion 29
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ner from the narmal person  The serum phospliorus of these patients rose
Dttle or n ne and the urmary rhosphorns mcreased rither than decretsed

Two hypoparathyrond patients (in whot one expects little or no prrathy
roud tissue cable of responding to stmul) hkewsse respanded to
travenous calaum ingection m g different manner from normal subjects
In these pattents the serum phosphorus rose hittle or yione and the urnart
phosy horus rose

These obsersations seemed worthy of consuderation though of course
they do not prove the theories presented I wanted to ash our chemsst
friends here 1f the thoughts presented about phosphate 1on mcreases mak
mg calem harder to remove from hone crystal surfaces and tree versa
ke any chenncnl sense

Conference Discusston

Ldelman 1 would like 10 as] sou a queston Dr Howard In ordesto
make the calculation that the phosphate did not come from conservatio?
of uriniry phosphate vou had to assume a phosphate volume of distnby
tion VWhat volume did you assume?

Hocard 1 a sumed no wtracellular phosphate change I grant you

Edclman  That would make a difference wouldnt 1t?

Hoard  \Well 1t would make the differenice on ny side

Edilmar Yes 1 other words assuming a larger volume of distrilu
tryp would require more phosphite

Howard 1 woukl have to put another 100 on 1t

Idetiman Right The other pamt T wanted to raise was that hurt Lange
has sud that tnyecting caleim salts m patients with nephrosts produces a
fall 1n the filtration rate

Hovard In hitration rte?

Edelman  Yes m the glomerular filtration rate It has been obseryed
that an elevation of the serum calcum m patients with destructive bone
disease frequenth will produce 2 urenu which s rev erstble when the serunt
calestim 15 lowered 1759 T wonder whether there might be a direct acuon

wrHerrmann ] B harsten F
Asso(l;ated with Ardrogeme and Estrogent
(1949)

w5Suyer A J Berer
Ostealytic Metazt

d Krakaver S Hypercalcemie Syndrome
ot ‘\ac Thrrgpy J Chi Eidocr 1f 9112

don, H \{ and Laszlo D Hypercalcoma m
Gordon, X 30053 721 73z (1990)
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on the kidney which nught account at least m part for the changing pat
terns of excretion

Howard Of urnary phosphorus excretion®
Edebnan  Yes

Howard Well I think that 1s a cntiasm that 13 perfectly vahd Dr
Neuman has not done for us yet even on the normil indradual mubn
clearances comadent with this mtravenous caleum test We did not want
to do this because 1nulin 1 bulky stuff and T don t hnow what 1t might do
to water relationships and whatnot But I must confess that 1t seems un
Iikely to me that calaum reduces the filtration rate Ve gave somewhere
between 700 cc and a hter of fld 1 the period of three hours Ve judged
from the hematocrit and serum protem concentrations how much dilution
we got 1n the extracellular compartment which 1s crude 1 admt but that
agamn favored the interpretatiun I am talking about and was taken into
constderation

Ldelman  Yes 1 am not questioning vour hypothesis 1s to the source
of the addtional phosphate m the serum

Houward But the urme volume and the urine mitrogen remaned farrly
constant so I think that the filtration rate anyway was not lowered It
way have been a lttle but certawly not ta a degree to account for the
fall m phosphorus excretion

Copp T would Iike to say something m support of Dr Follss humoral
theory Ve found that when normal rats were put on a low phosphorus
diet within 24 hours there was a very marhed merease 1n calerum excretion
which occurred long before there were any histological changes and with
out any marked fall 1n the level of serum calaum The only biochercal
change observed was a shight fall n the serum norgame phosphorny 1
tlunk this and the data which Dr Hastings presented at the last meeting®™*
showing the difficulty mn ratsing the serum calaum by mfusion of mtra
venous calcum both indicate that there 1s 2 tremendous capacity of be ne ta
gnve up or to take up ouneral  This may not actually represent hone destruc
tion 1n the early stages It may possibly be an effect on caleium 10ns on the
surface of the bone urystals as Dr Hendricks could judge better than I
but certamnly 1t occurs long before you get any histologcal evidence of
osteoblast actyvity or bone resorption

Fallis That s the froeble, of coomst ' the wormad siate, w Dr Ben
1%Hastngs A B Stud es on the Effect of Alteration 1 the Concentration of Cal

cum m Circulat ng Fluds on_the Mohlization of Calewm Trans Aacy Confercnce
on Metabohe Interrelations 3 33 S0 (1951)
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dricks ponted out last time there 15 thus store of caleium adsorbed on
the crystal so that you have to employ very drastic meastres to use up
that store before you cn begm to draw an the bone crystal itself and we
assume that only then you will destroy the matrix as well I think there
fore jou have to expose the individual to very drastic trextment before
vou get these pathological forms of bone destruction

Copp  Perhaps the best examples are Dr McLean's pigeons (or were
they chichens?) during the egg laying stage

Neuman  One pou t bothers me a great deal I cant help feelmg that
the extracellular fluds are exaetly saturated with respect to the mnorganic
components of ore because a few hiters of extracellular flud are flowing
over two acres of mineral surfaces and spread out as a film that 1s an
extremely thin lyer It seems impossible that the Auids are ot evactly m
equbbrium with the surfaces of all those cristals Yet 1t 1s a pretts
well established physiological fact that the 1on products can vary all over
the place \When one hears of a case 1n which the serum calcium level rises
to 17 mg o accompamed by a rise 1n the serum phosphate level but with
no change 1 the bicarbonate level one 1s hard put to find a fogical explana
tion There 1s someth ng very madequate about our hnowledge of that
equilibrium

Fremont Smuth  Does 1t help at all to know that the spinal fluid calaum
does not go up when the blood caleum goes np?

Copp 1 should hke to hnow also the concentration of the diffusible
calcum 1on

Houard It holds exactly Dr Hastings doesn t Iike the way I express
this relationship and it 15 possible to define as he didl for us when we gne
him these figures the ph for calcium proten But to me a smpler way of
visualizing the relationship 15 ths  when the caleum of the serum mn the
ultrafilter 15 10 the calcrum of the ultrafiltrate 1s appromately 7 provded
the pH 1s mamntamed Now pH changes vary the results marhedly The
data I have reported were Ul obtamed at pH values from 73 to 74>
Y hen we 2dded calewm and mncreased the total caloum to 17 70 yer cent
was still found m the ultrafittrate  The protemn binds more under these
circumstances or however you want to express 1t That same relationship
held true n the serum that we took from the normal subjects after we had
artifically raised their serum s ereo to about the same high levels

However when we reached a level of 20 for the calcum tn z1iro and
then used the ultrafilter there was a very sharp and distmct pont rh;
presence of 2 normal serum protein a normal phosphorus and a calctum 0f
20 at which there was a marhed falling off of the ultrafiltrate content 0
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caloum Tt was 1o longer 70 per cent and the phosphorus which had been
100 per cent diffusible, felt off toa, the both decreased to approximately
30 to 50 per cent Therefore a paimt 15 reached where a colloxlal complex
of some sort 15 formed which does not pass the filter

Copp 1 have a question for the biochemusts If there 15 2 collowdal
precipitate of caleum phosphate wluch accounts for the excess that s
found 1 the serum when the serum 15 dualyzed would tlus precipitate dis
solve and dissociate as the calaum and phosphorus tons diffuse nto the
dialyzing flud ?

Netwman  No

Howurd Tt does not precipitate, that 15 all T know I don t know whnt
the state of the caleum phosphorus protemn complex 1s

Copp It doesn’t have to he preciptated as long as 1t 1s not n tomic
form

Newman “May T express my ignorance here and ask 1f there 15 any
ezl sitnation 1n which both the calcimm and Yhe phospheie of the servm
go down?

Armstrong Yes we see thus situation in rickets

Howard Yes There are two conditions in which both the caleium and
the phosphate of the serum are tow The first of these 15 the situation that
follows the removal of a parathvrord tumor The serum calcium level falls
below normal while the serum phosphorus level doesnt s1se to normal for
a long time after the tumor 15 removed 1 most cases, 1t stays low for
months The other stuition in which we find both nunerals low 15 m
osteomalacia or richets, as 1n steatorrhea where the serum caloum may
be 6 and the phosphorus 1s usually 4 or 5 Now, such a patient s ustally
in tetany, and 1f you correct the tetany by giving hun 2 high calaum m
tihe vou precipitate most of the phosphorus 1 the diet and make the serum
phosphorus level fall and still the serum calerum 15 only about 7, vou have
bareh rused it You can bring the phosphorus level down to 1, so that no
phosplorus appears 1n the urme at all for months on end

These, therefore Dr Neuman are the two crcumstances m which the
situation that you ashed about oceurs I wonder if the availible 1ons on
the surface of these acres that you are talling about, the surface calcm
tons are influenced by two factors, one of which ss the pH, with alkalimty
tending to mahe 1t harder to brmng them off and acidity tending to make 1t
easier to bring them off and the other the level of serum phosphorus, with
a tugh chemcal pressure of phosphate 10ns tending to make 1t more dif-
ficult to bring them off and a low pressure tending to make 1t easier to bring
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them off In other words the bone would support the serum calcium when
the phosphorus was 6 or 8 only 1f the serum calcum fell to § instead of
staying at 10 Do you see what I mean? Well that 1s the hvpothesis and
I don t know whether or not 1t 15 chemically sound

Hastings  Dr McLean wants to answer jou
Howard Good!

WeLean Tarst I nught say that the natural lustory of collosdal cilewm
phosphate bas Lieen pretty thoroughly worked out 1n the hving anmal If
phosphate 1s 1njected 1ntravenouslv mto the dog and the phosphate con
centrition i the plasma is rased the caloium will drop We have shown
both by studies of caleim 10n concentrations 1n the blood under such ar
cumstances *** and by the demonstration of Gersh!*? 52 microscopically
that colloidal caleium phospt Ithough 1t 1s not pr d out af the
plasma 1s piched up by the microphages and can be identsfied 1n them It
disappears very quickly and apparently 1s redissolved returned to the ar
culation and then excreted VW henever the ron product that represents
saturation with both calcram and phosphorus 1s exceeded coffordal caleum
phosphate 1s formed MclLean and Leiter'®® published a paper some vears
ago about a simular finding m cases of urenna with low calerum and tetany
n which apparently collowdal phosphate 1, formed and removed from the
hlood

There 15 one remark that has been going around the tatle that I would
hke to correct that 15 about the relation of pH to possible calerfication
There has been m the hiterature and it has been referred to several times
today an 1dea that raising the pH promotes the depasition of calcunt phos
phate and hence calctfication On theoretical grounds this 1s not very
sound for the reason that at the pH of the blood the ton product 18 not
increased very much by tncreased alkalimty  There 15 some change with an
increase m the tertiary phosphate jon and none virtualls none i the sec
ondary phosphate 10n Perhaps even more comnang than that and I
thunk Dr Sobel can bear this out 1f one deliberately takes a sample of plas
ma or serum which will not itself cause caletfication of rat shces # viiro
and shahes ottt the CO; to the point of a very marked crease 10 pH the

Coltordal
iMcLean F C and Hinrchs M A The Formation and Behavior of
Calcium Phosphate 1 the Blood Am J Phgaol 121 580-588 {1938)
t01Gersh 1 Histochemcal Stud es on the Fate of Coflordal Calesm Phosphate in
the Rat Anat Rec 70 331 349 (1938)
16 Gersh I The Fate of Collodal Calerum Phosphate m the Dog n
121 589 594 (1938)

Blood
163Mclean, F C and Letter L _ The State of Calcum i the
and Urema J Cln Investigat on 14 705 (1935}

7 Physiol

1 Neghnt s
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alulity of the serum to calcify rat shees will not be changed Y ou have ob
served this many times Dr Solel Iam sure as have we

Sobel Yes I have observed this although not as convincingly as you
have

McLean Well have you ever seen a solution that would not caleify 2
rat slice be altered so that 1t would calafy the slice by a change in its pH?

Sobel No It 1s possible that this can take place but I have never ob
served 1t From my observation as one either increases or decreases the
pH of 2 given solution there appears to be less calarfication w wvitro

VeLean Well let me state this and this also refers to the question of
equiibrism  No one has yet accounted for the fact that the mfant s plas
ma phosphate 1s twice as high as the adults by sumple chemcal analysis
Also 1t 15 very easy to demonstrate that the serum of a normal mfant will
calaify rachitic shices  That goes clear back to Holt

Follis Tt 1s Shipley ¢ Dr McLean not Holt

McLean Im sorry yes The serum of the adult with its lower phos
phate wall ot caleify the rachitic sl ces If enough phosphate 1s added to
that serum to bring up the level to the level of the infant s plasma or serum
then 1t will calesfy shees s zatro It will not do so 1f the pH 1s mncreased
simply by shaking out the carbon doxide whch will bring it up well
above 8

In view of these findings 1t seems first very unithely that any alkaline
change in pH compatible with Iife has anything whatever to do with the
deposition of caleum phosphate  Then with reference to the differences
between wnfants and adults 1f we say that the serum or plasma of a human
being 15 1n equiibrium w th the bone salt are we speaking of the mfant
state or of tle adult state? I dont know I am asking for mformation

Hendncks Is the caloum under those conditions the same?
McLean It 1s the same as I have noted 1t

Shorr  Would 1t have any hearing on your thinking f the blood wtric
acid in hyperparathy roidism were to rise a matter of 15to 25 mg per cent
with the nse m serum calaum? DBecause that 1s what does happen

McLean We followed the calewm 1on by direct observation m cats
following injection of parathyroid extract and following parathyroidectomy
We followed the blood caleium all the way down and all the way up m the

Shpley P G The Heal g of Rickety Bones L1 7 stro Bilt Jol 5 Hopk ns Hosp
82 304 (1924)
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same animmals nd we were nble to <how that m every mstance the mas
tuw relationshtp betw een caleium and protem was at least appronimated It
s not a very accurate method but there was no indication that either
hyper or i hypoparathyrodism was there any introduction of a new cal
cutm binding substance mto the plasma

Shorr  Our studes i human hyperparathyroidism do show this paral
felism between the levels of blood calerum and Blood atric acd  After re
moval of a parathyroid tumor and a fall 1n the serum caleum values there
15 & corresponding fall w the blood citric acid level Whether or not tl ese
changes m atric acid are of sufficlent magmtude to mfluence the state of
caleium 1 blood 15 another matter on which T shonld Iike to have some
comment

UeLean The one mstance in which the citric acid level apparently 15
mmportant 1s 1 the rabbit The ral bit has a considerable quantity of aitric
acid m the plasma particularly on certam diets that lead to aitric aad for
mation and the serum caleim in the rablat will go up and down parallel
with the artrate 1 the presence of a constant protem concentration

Ho vard May I answer one comment of Dr McLean s on this calloidal
precipitation husmess which was directed to us? He referred ta the ex
periments 1n which Gersh mjected 2 strong phosphate solution nto ammals
and found that the clasmatocvtes were taking up e1laum phosphate The
solution that he used must have raised the serum phosphorus to the neigh
borhood of 40 mg which 15 awas out of proporton to amything that T am
talking about here

Ve tried to do the same type of mtravenous experiment with phosphorus
mstead of with caleun to see what would happen to the serum calcwm
level The serum cllaum did not fall when we mjected neutral phosy ! ate
salts into the serum and rawed the serum phosphorus level from 3§ o8
The serum calcum fell only to the point at which we had difuted the serum
as judged by the plasma protemn the red count and the hematocrit The
calerum i not fall below this pomnt and the diffusibality or ultrafilterabiity
of 1t was exactly the same as predicted from the ph  Furthermore the
phosphorus was 105> per cent diffusible

Bartter How long did you carry out that mfusion?
Howard  Over a four hour period

Bartter May I ash Dr \cLean a question® Do jou know whether ot
not all of the serum phosphorus 1n the chld s diffusible ***

165McCance R A Renal Physiology w Infancy Am J Ved 9 229 241 (1930)
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Howard \\e have done this a great many times and the answer 15
‘ Yes"—all but a very portion 15

Hastings  May I say a word to Dr Shorr about the aitrate? Two mil
Ihgrams per cent would be about a tenth of a millimole per liter, which
wottld account for at most only about 5/100ths of a millimole of caleum
per liter, so the atrate would have a neghgible effect

Houard I have just one other comment Dr McLean pomted out that
the serum of a normal human nfant contams twice as much phosphate as
that of a normal human adult and therefore that the serua of the wfant
will calafy rachitic cartilage 1 eutro while that of the adult will not The
obvious point 15 that the rachutic cartilage to which he refers 1s the rachmc
cartilage of the rat an ammal which (as a normal adult) has a serum
phosphorus level around 6 or 7 the same as that of a normal human mfant
The rachiic cartilage of the laaman mght calerfy perfectly well with serum
of a normal human adult

Kochatian T think the rat serum phosphorus level 1s about 10 mg
per cent

Shorr  What happens to the equlibrium between calcrum and protem
m the course of an ultrafiltration as the filterable calaum passes through
the membrane?®

Howard Well, that 1s an iteresting problem You would think that
the dvnamic equihbrium would make a change from hour to hour Actually

we are using a pressitre of 25 centimeters of mercury, which 1s hugher than
any capillary pressure, because we cant get enough across the membrane
otherwise But 1f you will grant me this difference between our system
and the capillary membrane, the mnteresting pomt 1s that when you get 1 cc
from your 12 at the end of four hours, you get exactly the same concentra

tion of calcium 1n 1t, as well as m the residue as when yon get 6 ce at the
end of 48 or 72 hours, m other words the relationship does not change
Now we are using a membrane which sits at an angle under mercury pres

sure so that the surface between the filtrate and the residue 1s never more
than momentary It runs right off to the top of the tube, you see, and the
whole procedure 15 done anaerobically This may explan st But at 15 1n

teresting that you can account for 100 per cent of the mutial caleinm content
by the sum of the calcium 1n the residue and the caleium in the ultrafiltrate,
and that the same cancentration refatne to water 1s maintained at one hour
as it 1s at 72 hours We thought tlus meant at least that the relationship
was more or less good and sound and fined

Reifenstein T would like to ask Dr McLean how he fits tnto the prcture
-

»




150 FOURTH CONFERENCE ON METABOLIC INTERRELATIONS

the effect of growth hormone upon the serum argame phosphorus fevel 3%
The chiid who 1s growing presumably has a lot of growth hormone and
tus phosphorus level 1s ligh T have always thought that 1t was hugher in the
child than in the adult because of an mereased amount of growth hormone
In our acromegalies, we find about 1 mg per cent or 2 mg per cent higher
values for the serum norganic phosphorus level than n normal individuals
provided gonadal activity 15 absent, I mean 1f the patients are menopausal
or have had sufficient destruction of the rest of the pitwtary gland so that
the gonadotropmn excretion 1s low As I remember it, Dr C H Lyt
showed that you obtam a matked fall n the serum morganie phosphorus
level when you hypophysectomize rats, and that you can restore the level
m such hypophysectomized animals at least to normal by giving the Lt
growth hormone preparation Dont you think that a contribution to the
worgame phosphorus level front the growth hormone hat to be considered
at least when jou are dealing with chuldren?

McLean 1 dont know what the regulttory mechanism 1s for the serum
phospharus level

Follis Tt 1s quite hikely also that the child 1s taking 1n more phosphorus
1snt1t? Dietary supphes may be lugher Do you think you can eleyate your
serum morganic phosphorus level by taking 1n more phosphorus®

Bartter  Surely
drmstrong  No, not really! Not from 4 to 6 mg per 100 cc

Bartter 1 think so If vou take 1n more than your glomerul can filter
(and 1f phosphorus 15 not secreted as 1s generally agreed) then the serum
phosphorus must rise

Copp In connectron with the growth hormone, Dr Reifenstem, my tn

1963 Albright FResfensten E C Jr and Forbes A P Effcct of Fstrogen on
the Growth Harmone Trans Couference on Metabolie Aspects of Con ulescence
12 97 104 (Feb 1946)
Resfenstem E C Jr, hunsell L ©
Use of the Serum Phosphorus Level as an Ind
Actiiity The Effect of Lstrogen Therapy n Acromegaly
e’ d Albriglt FThe Effect of Fstrogun
Reifensten E C Jr Ransell L W an: gl t he Effect &
Tle:erap)ﬂm Acmmggaly with Observations on the Use of tte Serum Phn:phr;::;
Level as an Index of Pituttary Growth Hormone Actiity J Cin In estiyol
25 932 (1936)

Tffect

Reifensten E C Jr Forbes A P and Bartter T [

é\(lbfrilsgtl;:)ggxs lne‘A!cr;sor:legaly, Trans Conference on Mcialol ¢ Aspects of Con
zalescence 14 102 122 (1946)

367Ly C H and Evans H M
Recent Progress wn Hormone Research 3 23

Inc, New York, 19
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derstanding 1s that the growth hormone does not become active m the
human until perhaps ten or eleven years of age and that there 1s very lttle
growth hormone m the 1fant and the small child with thesr elevated serum
phosphorus levels

Follis How does he grow?

Copp He yust grows The growth hormone induced spurt n the | uman
182 result of the mcreased activity of the prtuitary during adolescence

Tollis How do you account for hyp prtustary dwarfs®

Meyer You can t make them grow with growth hurmone either
Tollts Y ou cant make the human but you can the rat

Meser  Well you ashed about the growth of the mfant not the rat

Copp Even in the rat there actually 15 very httle effect of growth hor
mone during the early stages of growth

Toliis Suy pose you take out s hypophysts®

Copp There 15 no effect f 1t 15 removed durng the post natal pertod
from 0 to 28 days which corresponds to the mnfant period During the next
period in the rat s life which corresponds to adolescence growth hormone
1s active In the human these periods are separated m tume In the hypo
pittary dwarf of course you have a depressed thyrod activity and other
features that go wath this condition and which mught depress growth

Raifensters 1t 1s our concept Dr Copp that children have adequate
amounts of anterior pitwtary growth hormone almost from birth The
spurt 1 growth you mentioned which occurs about the tune of puberty
15 due we think to the effect of the mcreased amounts of hormones from
the gonads and of gonadal like hormones from the adrenal cortex which
are produced as part of the process of adolescence It 15 our bel ef that the
growth hormone 15 present throughout life and 15 responsible 1n part for
the higher serum morgamc phosphorus values of children and of old per
sons who have reduced gomadal hormone production The gonadal and
gonadal Iike hormones by an undefined mechantsm bring about some reduc
tion 1n the serum orgamc phosphorus levels to produce the values we rec
ognize as our normal adult levely **¢

Armstrong  Ts there any mformation as to possible differences i renal
function of an mnfant and an adult® I am th nking of possible differences
w0 renal clearance of phosphate between humans of different ages

Bartter Only 1n young infancy (under 1 year) 1s the filtration rate 1n
the normal low enough to produce an elevation of serum phosphorus on
an average phosphorus intake
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Dzteriatkorskt T am surprised that the question of the Jevel of serum
phosphatase hasn't been brought up Isn't 1t tugher i the wfant than it
1s m the adult? Wouldn't this be a possible explanation for the higher
serum phosphnte level m the infant?

Folhs  The lones are more actne

Howard  Serum phosphorus and phosphatase certamh do not parallel
one another in the adult The serum phosphatase 1s presumably a spill over
from tissue phosphatase, with liver disease or actwvity of new bone growth
That 15 what 15 supposed to give you the alkaline phosphatase i the serum
You can have very high phosphate level 1n the adult, and the phosphatue
be very low

Newman  The problem we started with here was the matter of having 2
whole sertes of levels of serum caletm and serum phosphate which bore
no relation to any kind of an son product Then we mtroduced hormones
It seems to nre that we are getting mnto the problem of solubiity, and T
am surpriced that Dr Lrcsson has not saud anything throughout ths dis
cussion  If he won't T will

Ericsson 1 feel T should wait until tomorrow

Newmnan  Perliaps we shauld defer 1t until tomorrow Howeser, if 1
understand the gist of your data, the actual serum levels of cilcum and
phosphate are much greater than predicted by such sclubriity measurements
of the calctum phosphate system as have been made s 22fro Dr Hastings,
at dinner, was quite adamant that caleium carhonate does not account for
the solubihity We have a situation where the calcium phosphate sy stem—
whether or not calerum carbonate 1s present—will not account for the
scrum level  Well, this brings me around to thinhing as we have alreadv
saxd—I know Dr Hendnicks stated 1t last year—that the requirements of
the strfaces of these mmeral ervstals are much less rigorous than the re
qurements of the apatite or the carbonate apatite or any other type of
structure we might pose In the bone mineral surface, the relative caloum
concentration, the hydrogen 1on concentration the other cation concentra
tions the phosphate, and carbonate substitutions, all may change This rep-
resents a relatively large mneral storehouse which can be altered mn com-
position 2 great deal and can, perhaps, account for some of the variability
observed t z120 It also follows that you cannot change serum levels shart
of really drastic means It should require time I don’t think any of the
data aited so far have contradicted this idea It takes four hours or so be-
fore these changes in phosphate cencentration occur, and they take place
only after you have deposited large quantities of clerum All of these
changes 1n serum ion concentration mnsolve rather large 1on movements,
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farge ton deposiwon or large 1on removal  We have wser and above the
basse solubility a phenomenon that i qute unrefaterd to a solulnhty product
but represert, a quite vapable stracture that of the susface of ths some
Iattece that we designate as apatite or alpha tricaloum phosphate or by some
other name W hat do vou thunk of such a view?

Sol¢l Tirst of all tle changes at least n our expenience m rabluts
take place much faster than that  that s the mtravenous njectzon of
phosphate will depress the serum calemm nd the wiravenous wyection of
calcium will depress the serum phosphate withio an bour  This ve studied
n connection with lead posommg Seconddy ] think that dhere are sofubnl
tty factors ; the serum  For exawple fomle birds fike the fen during
the egg laymg ovile can build up serum caloum o very igh levels pre
sumably due to a speciat protewn that 1s present m the blood  The potential
fur the formation of un 1ontzed catplexes 1< ane of the determummyg factars
for the total amount of calcrum and phosphate m serums not onhy for the
wme product but for the total amownt of calcrum and yhosphate that wan
be jresent, camely the basic solubiity n the serum  Of course the ton
1roduct m eqwhbrium with the bone will probably be the ulumate himsting
factor bt we have the hadnes 15 20 swwltary {actor at the sume ume
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SOME RECENT FACTS ABOUT THE PROPERTIES OF
TRICALCIUM PHOSPHATE AND THE COMPOSITION
OF THE BONE SALT

MARCEL ] DALLEMAGNE

From the Department of Pharmacodynamucs Institute of Experunental
Therapentics School of Mediaine Unwersity of Licge, Leege Belgrion

Armstrong  In the previous sessions we dealt with the soft trssues of
bone Now we will deal with bone mmeral wlich 1s a firmer subject
(That was supposed to be a johe ) (Laughter) We have, collected 1n this
room some of the worlds authorities on the composition of the mmeral
substance of calcified tissues At least three, and perhaps four divergent
interpretations are made with respect to this subject I am sure that before
the day 15 ended we will all be famuliar with the different opintons and dif
ferent mterpretations and with the reasons for each apumon

About a year ago Dr Fremont Smith wrote to me to say that I mught
vite a guest from abroad to attend this meeting T have had several difficult
decisions to make i my life but this was not one  Who else could be 1n
wated to be the first foreign vasstor to this Conference but Professor Dalle
magne® T was very happy that he was able to arrange hs schedule so as
to come at this time of the year which 15 i the mudst of s academic pro
gram Professor Dallemagne 1s Professor of Pharmacology mn the In
stitute of Expermental Therapentics of the University of Liege He has
several research mterests He works not oudy m the field of bone, as all of
vou are aware but also in pharmacology with special reference to drugs
which affect nenromuscular transmission He wall during fus tour through
this country lecture on that subject on several occastons as well as on the
subject of the composition and the chemnstry of bone

Professor Dallemagne will introduce the subject of bone muneral com
position following which we will have a brief question period I thik the
conference will move most expeditiously 1f Dr Duncan McConnell then
makes a brief presentation After thus we can kave a general discussion of
the whole subject Professor Dallemiagne will you please proceed?

Dallemagne  Please excuse my poor Lnglsh, as I celdom have an opd
portumty to speak your language m Europe I hope you wll understan
me First of all I want to extend to Dr Fremont Sruth and to Dr Arm
strong my most heartfelt thanks for all the Lindness they have sh‘o:vndv‘l;c
m providing me with the occasion to come to the United States and ta
cuss with you the topic that 1s so mteresting to all of us
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1t 15 not possible to deal with the chemical composition of bone salts with
out first discussing the properties of the calaium phosphates and particular
Iy those of tricaleum phosphate

The Ewstence of Tricalaum Phosphate

As you know, the nature of tricalaum phosphate has often been debated
during the recent vears and even the very existence of thus salt as a crystal
ine entity has been questioned In my optmon all of the uncertainty con
cerning the nature of this compound dertves directly from the properties of
tricaleum phosphate  1ts crystalline particles are so small that they are able
to adsorb many other elements particularly the reagents from which the
salt 15 prepared m an aqueous medium The cristalline character ot trical
cum phosphate 35 unquestionable as the substance diffracts \ rays How
ever the mterference lines recorded are very diffuse which 1s a conse
quence of the smallness of the crystallites

Another factor which disturbs the mterpretation 1s the problem of dehm
tion Ths 1s particularly the case for hydroxylapatite This name ts some
timeg apphed not onlv to the true natural compound but also to tricalcium
phosphate which has adsorbed calenim hydronide m al out the same proor
tion as 1n the molecule of hydrovxylapatite

THE FROPERTIES OF H1DROXILAPATITF

Hydsoxylapatate 15 a complex salt composed of tricaleum phospl ate and calcum
bydroude the relative proport ons of which are ind cated by the formula

[Ces(PO.)+]s ® Ca(OH); or Carg(POy)s ® (OH),

that 38 to say three molecules of tricale um phosphate fot one of calerm hydrorc
e This substance exsts naturally Its properties have been reviewed by
Mitchell Faust Hendnicks and Reynolds % It gnes tle same radiogram as
tricaleium phosphate but the terference liies arc fine which indicates good
erystallization. 17 4 A
temperature sor
Der cent of the ‘
bigh {between 1
Synthetic tricaleum phosphate and hydroxylapatite have often been miy
taken for one another, because of the occasional similarities n the chemical
camposition of these substances

OPINIONS CONCERNING TIIE EXISTENCE OF TRICALCIUM PHOSPHATE
There are two different opons about synthetic tricaleum phosphate
and these can be sumimanzed 1n a very smple way The bauss of the dis

weMitchell L Faust G T Hendrchs S B and Reynolds D S The Minralog
and Genes s of Hydroxylapatte dmer Minerol 28 336 (1943)
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cussion 1s the following fact when phosphoric acid and calerum hydroxide
are mrxed together with water, 1 such amounts as to correspond to the
Ca/P ratio of tricalem phosphate (194) the precimtate obtamned has a
Ca/P ratio which, according to circumstances, may vary between 194 and
214 or even more Greenwald**® has found very hugh values {up to 279)
but most commonly the r1tio varies between 194 and 2 25

The First Opinon

According to some authors, tricaleium phosphate does not exist as a
chenueal entity  In their opimion, the precipitate with a Ca/P ratio of 2 14
15 pure hydronylapatite WWhen the value of the ratio 1s lower (down to
194) the substance would be hydrosylapatite having adsorbed some
PO, 10ns A Ca/P ratio lugher than 2 14 would be due to the adsorption of
some calcium hydroxide This opimon has been supported by Klement ™
as well as by Hodge and collaborators 11

The Second Opwnton

However, according to ather mvestigators tricalcium phosphate actually
evists A preapitate with a Ca/P ratio of 194 would be pure tricaleum
phosphat  When the ratio 1s higher, there would be adsorption of some
caleum hydrowide  The mmportant pomt 1s that this calentm hydrovide
would not be fixed 1 the crystalline lattice unless the precipitate has been
brought to a high temperature These two opimons are thus opposed to
ewch other and we have supported the second ome for quite a few

years T 17
ARCUMENTS FOR THE FIRST QPINION

The arguments which have been presented 1n favor of the first opumon
are the following ones

Pomnt 1 e
Radiograms of synthetic tricalcrum phosp) ate and natural hydroxylapatite

wdentical 174

Aad with Cal

169Greanwald I Auomalous Effects m the Titration of Phosphoric

- mr'e"vl‘!rnv!df’ J Am Chem So. 66 1305 1306 (194} - - Nat

ton
156

T6l " (1938)
**2Dallemagne M ]
Substance of Bane Hull s;;; Ray Sey Luege 17 45)and 68 ¢
173Dallemagne M The Chemcal Mature

Theas for g.‘;‘ppoll\mrr{em of Higher Teaching Gorditne Liege (194 &ms e Gl
16Taylor N W and Sheard C _ Microscopic and X ray Imestiga

fcatio of Tissue J Brol Chem 81 479453 (1929)

and Brasseur H  The Diffraction of X rays by the Minersl

451 and 488 (1942)
Roy Ser Liege 11 an B tance of Bone



DALLEMACNE 157

Powmnt 2
1 tricalaum phosphate with a Ca/P ratio close to 214 13 progressively heated
up to 900° C, the radiogram does nat change 175
Pownt 3

The analysis of the precipitate only occastonally gives results corresponding to
the thenretrcai composition of tricalerum phosphate

ARGUMENTS FOR THF SECOND OFINION

Our arguments m favor of the second opmon can be summarized as
allows

Powt 1
ineral b 1s th ble up to a high whereas pre
cipitated tricalesm phosphate loses water from 100 to 700° C until complete
dehydration has occurred The amount of water released 1s varmble hut 5 per
‘ . e has been brought
. \ginal substance
This fact had

N

From the composition of apatites i general, we have come to the conclusion
that tricalem phosphate contans two molecules of water for every nme atoms
of Salcmn“L Thus would amount ta 387 per cent of water Such a_composition

[Cay(POL)a}s @ Ca(UH) and
[Cu(POL)-15 & H.(OH)-
The abuve formulas refer to the alpha form of tricalewm phosphate The PEE;]

form Cas(PO,); corresponds to the substance compltely dehydrated at 700
A somewhat d fierent hypothesis has been propnsed by Hendricks and Hull 77

Thanmsl oaf L 2v 4 . . o P

*Trome! G and Moller H _The Formation of Poorly Soluble Calcum Phosphates

Jom Water Solution and the Relationship of These Phosphates to the Apatite Group
anorg aligems Chem 206 227 210 (1932)

pSchilecde A Sclmidt WV, and Rindt H __Contribution to the Subject of Caleum

Phosphate and Apatite £ Efékirochem 38 633 631 (1932)

glg;%k;xg§z)B aod Hill W L The Inorgantc Constitution of Bone Srencc

yHendneks S B and Hil W L The Nature of Bone and Ph sphate Rock
Proc Nat Acad Sc 36 731 737 (1950)

jChaudron G and Wallaeys R Synt) esis of Apatites by Sohd Phase Reacts e
Bull soc chm France 16 132 (1949)
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Fig 30 Dehydration Curves of Alpha Tricaletum Phesphate Prepared
by Two Methods

Curie a was obtamned by heating the same sample of synthetre alpha tricaleum ©
phosphate progressively, and weighmg 1t every 50 to 100° C. Curze b was obtamed
by heating each of a number of different samples of cqual weight at a fixed tempera-
ture for 12 to 2% hours, and then weighing 1t The sertes of fixed temperatures was
chosen 1 such a way as to give & reading every 50 to 100° C
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Iig 31 The Dehydration Curves of Synthetic Aljha Tricalerum Phos
phate and of Bone Salts

The ume for syuheti alpha incalowon phosplate 1 plotted from the same data
as Curte b of Figure 30 The dekydration cure of 1l ¢ bone salts was obtamed by the

Gre' method as was That of syhthete alpha st “hosphate (see Cur-e b
Figure 30)
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the H O which s part of the crystalline lattice and this added water 15 alyo
eliminated between 100° and 600° C  As we said before the amount of water
winch 1 elimnated between 600° and 700° C 1s much more constant The pre
cipitate partially dehydrated at 600° C 15 able spontaneously to tecover the water
which 1t has lost The completely dry substance obtamed at 700° C 1s stable 170

A typical dehydration curve of synthetic alpha tricaleum phosphate 1s shown
m Figure 30a 1t can be obtamned by using Chevenard s thermoscale or simply by
progresavely heating up a sample of the precipitate, which js weighed every 50°
ur 100° C However another method can be used  instead of bringing one sample
«f substance through the whole range of temperatures one may use different

'

phosphate and hydroxylapatite

Powmt 2
The refractine mndex of alpha tncalenm phosphite ss differcnt from that of
hydrovylapatite 1t 15 _about 13590130 while that of hydroxylapatite s h gher
(between 1640 and 1651)

Pownt 3
T m the presence
xide one obtains
nd the refractine

1t ea laar narfertly

1e0Dallemagne, M_J and Brasseur H e Nailurc of the Principal Salt of Bone

Th
Studted by 5 Fay Diffraction Experentia 8 469471 (1947) )

91\Vallaeys R_and Chaudror

the Hydraxyl Radical for Ch

Fluorine Compt rend Acad o
l aler

Dallemagne M )J g B and l.h:anhdle{c_ham,ms of sts Formaur, Caloum (S0,

phates,

sy
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Powt {4
i

tricalesam phosphate 3%
These facts tend to show that there 15 an wnportant difference between
mitural hydrovylapatite and synthetic alpha tricalomm phosphate either
pure or having adsosbed some caftum hvdroxude  Precinates of tertary
phephate eadied Bndrocafapatie Lecavce of 2 Ca/F sato of 214 do not
actually have a cowplex molect'e kke natural hsdronylapatite, they rep-
resent only a purely physical assosabon of srcaloum phosphate and cal
cum hydrauide

SUPPLEMFNTARY RFMARRS ON THE SECOND UPINION

Ths calls for some upplementart remarks

Pomt o
Tirst our theory 15 not wcompatible wub the fact 1hat wne van cbram beta trs
caloum phosphate by calemating at 907 C 10 presence of dicaloim phosphate
tricalewm phusphate laving sdsorbed some cvfcrum hydeosude that 15 the so
cilted hydrovylagate This fact has been demonctrated by Hirschran and eol
iabaratars 134 But st 1¢ true also f one uses vatural hvd uxy hpatite stead of
the physical assoriation of sicalrum phosphate and caleim bn drovide

Fownt b
By o ghosphorie sed and an excess af calenns judsoside togedher with
water 7t 109° € a5 has been done by Chaudson and Wallaeys ! * one obtams

particular btance yinch s m s B e same retrague i< 20 sipha tru
<alcum ghosphiate (about 1610 versus 15901 This substance contams some water
but also some cslowm hyd oxde which 15 bound 1o the mulecule w a more m
timate way than would be expested from a simple surface pheromenon  Thns
substance can abo be chtamed by bobng pure alpha tricalensm 1 hosphate for a
1o tme 366
Pomt ¢
us al<o menteon that precise measurement of the ¢/ parameters of natural
|\vdro‘()|apzmt carbonate spatste and alpha trnalowm phosphate reveats defintte
differences which pernut makiug a {urther distnction between these substances 164
These constderations are 10 {avor of the actual exmtence of tricaloum
phosphate as 1 cristalhine chemicad entity able to adworh other muneral
molecules

‘The Matecular Compasiton of the Bone Sate

Tt 15 very interesting to recall the storical deselopment of studies and
Rygatlicses cuncermng the mulcunlar composinan of the hone salt
“™Hirchman, A bobel & T hramer B and {ankuchen T p\n\(i) Diffrac
ton Study of Fheh Fhoqhate Runes J Riof Chem 170 23 291 ¢

MBrasceue Ho Daliemagne A0 J and Melm J Remarks on lm‘ Linatut on of
Hydeaxstapatue and of €I lvrzmmo Syithewized by the Wet Method Rall S0 R 3
St L ge 20 447 457 (1951)
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YLISTORICAT DFVELOPWMENT

Berzelus one hundred yexrs ago used the words 4ricaloum phosphate
when he spole about the bone salt Discussions on the basie questson ac
tuallv started i 1862 when Hoppe'®s compared the compasiton of the
funeral fraction of bone with that of the nunerals refated to apatite and
found on guantitatne analss that the atormc ratios were sl m theee
tno groups The ratio Ca/PO,/COy 15 about 10071 37/021 for bone and
100/1 42/0 15 for carbonate apatite

Half a century fater Gassmans®® tried to bring more expermental e
dence 1 favor of Hoppes opimon I thus hypothesss was sight that
15 f bone was actnally made of carbonate apitite the atomwc ratio
Ca/PO,/COs5 should reman constant s all cwunistances  Gassmann de
clared thys to e true after studymg many samples of normat and rachitie
bone Mareh \Wellmann, and Urbany ™ questioned this concluston  ac
cording to them trcalomm phosphate s ch i Jegwndent of bone
carbonate This has been confirmed many times sice then  therefore the
theors that the bone salt was carbonate apatite had to be dropped

Howeser m 1926 the mineral substanice of bone was exarined for the
hrst tme by x roy diffracnon and the radiogram that was obtamed was
that of an apatie ** An mterpretation was offered by Klement ¥ who
stated that bone tissue contams hydroxylapatite assowated with free ca
bonates Klement used some very precise results callected by Gabnel™
who tad weighed the different muneral constituents of bone  From these
sesults Rlement tred to compute the elements of the structure of the
molecite  He found the followang ratio Cag{ POL)2/CalOH)2/Call0s
= 300/099/04 which ts sumtlar to that of hydroxylapatite Cay (PO
Ca(OH) = 300/100

In 1 long seres of papers hlement brought arguments an favar of s

wHoppe T Studies on the Composition of Dental Enamel J techow’s Arch 2813
(1862)

z

wsiGassmany Th  Chemeal Stud es on Normal and Rachite Bone Hoppe-Sesf 11
70 161 (1911)

hes s of Bome Salts
#0farek §  Vellmann O and Urbanys L Chemcat Synt
N R niais 2 7 yorol Chens 226 3 17 (1034)
35D Jong W F The Mumeral Substanre m the Bones Ree
45 445 443 (1926) .
The Composttion af Bone Suppart ng Substance Z phystel Chem

Tee Chim Pays-Bas

l%khjtgtm R 3
181 137 142 (199, -
199Gabrre] Chem cal Stud es on the M nerals of Bomes and Teeth Z phs!

S
Chern 18 257 (1894)
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hypothesss  Fiis explanation however, did not satisfv everybody and
Stlberstemn'®* ** for mstance, pointed out m 1935 that, if Klement s hypoth
ests were night, most of the CO, contamned mn bone would not be m a
combmed form, on account of the relatne lack of cations Yet, the calcula
tions done by Klement seemed conclusne

THE DISCOVERY OF AN ERROR

In 1943 I repeated the calculations of Klement?$* and noticed an error
m them ** In one operation, the decimal point had been msplaced, and the
results arrnved at by Klement were wrong In fact, the Caa(POy)2/Ca
(OH)»/CaCOs ratio 1s not 300/099/04, but 300/071/07 wiuch 15
definitely different from what should be found in the case of hydroxvi
apatite  300/100

The whole question had to be reconsidered, and 1t 1s interesting to note
that a msplaced decimal pomnt can give nise to such arduous discussions as
took place between Klement, Gassmann, Marek and others Vhat Silber
stesn said was right In order to combine amons and cations 1n the form
of molk 1t 15 necessary to reject hydroxylapatite as the mamn bone con-
stituent  Only one solution seemed plausible tricalcium phosphate  Of
course, 1t was necessary to admut the actual existence of this substance, we
have discussed this point before

Trcalcium Phosphate as the Principal Salt of Bone

If we admut that alpha tricalaum phosphate 1s a real chemical entitv, we
should now consider the arguments which mahe us think that this substance
s the principal bone salt

METHODS FOR ISOLATING THE BONE SALT

TFirst 1t 45 necessary to discuss the different physical and chemical meth
ods which are used for 1solating and studying the bone salt

Calcination
o c

onty Sw* €
\9Sithersten L A Study of the Chemical Composttion of Bone  The Temur of th
Horse Compt rend Acad sc Paris 200 4.’[-42.!“2193:) e e et e

Sulberstem L Contributin on the Ch t Composit f B Th
of the Horse Bull Soc chim biol 17 667-670 (19353 " o Femar
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Boilmg and Tryptic Digestion
The method used by Bell and collaborators!9? consists m bail ng powdered total
bone for 24 hours and i submitting the remaming orgamc constituents to trypte
digestion  However this method cuses structural alterations (ne have said  at
before about tricalcum phosphate) and an important loss of i eral elements 194
1 asling with Glycerine and Methyl Alcohol
The procedure employed by Gabriel!®0 has the great advantage of usmg an
anhydrous mediom The mineral elements are not dissolved 1f they are carefully
washed with glycerme and methyl alcohol Some structural modifications may
occur but the radiogram 15 not altered Armstrong1® was right n castmg some,
doubt upon the value of the procedure but we do not know any better one There
15 no doubt that with Gabriel's method caleium citrate 1s changed mto carbonate
One may wonder 1f m total bone calcism and phosphorus are really
combined together The r combination rmght be the result of the destruc
tion of the organic matter on which the atoms of calaium and phosphorus
would be fixed mdnidually n periodic alteration If thrs were true, fresh
total hone probably would not give a radiogrim corresponding to hexagonal
or pseudo hexagonal crystallites Cartier'®® has shown that shees of sheep
cartilage impregnated with caletum and s rophosphate groups do not dif
fract \ rays because the mneral elements are fised on the preosseous or
gnic matrig

It 15 also possible that 1 total bone tricalerum phosphate 15 bound to the
orgame chuns nd not to molecules of H O Th's could explam the pert
odic structural characteristics observed by Caghot1 * but it cannot le con
sdered vet 1s 1 well established fact

ARGU MENTS FOR ALPHA TRICALCIUM PHOSPIIATE
AS THE PRINCIPAL BONE SALT

Alpha tricalcium phosphate 15 the principal element of the bone salt
isolated by Gabrels method ® The following arguments Justify this

opinion

Pont 1 "

The results of quantitative analysts are compatible with the hypothests |h.1,t"|ﬂl

bone salt 15 composed of tricalcium pi osphate liaving adsorbed ather mincta
elements calcum and magnesium carbor ates as well as sodiwm and potass

carbonate (or bicarbonates)

1 and Structural
1Bell G H_Chamber J W and Dawson I M The Mechn cal

Properties of Bone n Rats on a Rachitogenic et / &/ 3swo 108 26 300 {1947
Beaglie M Brasseur H Dallemagne M ] and Melon J DRcvxcwo!M:ﬂ ods
of Mmerabzation of Bone Aruli micrnat physiol 57 411 418 (1920)

Composition and Crystal Structure of the Bon
h't'{rtbnylr Intorrelations 2 11-31 (19:0)

193 Armstrong W D e Salt Trns
Hacy Confercnce on
196Caryer P Personal communication (1951)
191Caglote V. On the Stru ture of Bone ftf } congr na ! chum pura opplicata
Rome Pt 1 320330 (1936)
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Pout 2
The radiograms of bone and tricaloium phosphate are wdentical

Pomt 3
he refractive ndices of the bone salt and alpha tricalcum phosphate have
appraximately the same salue

Powt 4
Calcmatron of the bone salt at 90° C results m the formation ether of hy
drxo)lapam: or of carbonate apatite depending on whether CO can or cannot
e from the substance After calowation the refractive wndex bas a tugher
“alie. and 1t becomes wmpossible fo separate the carbonate fracton from the T
I ate fracsion by anv chemeal method. These facts cam be confirmed by the study
of the ¢/a parameters of the radiogram

Powtt 5

Toss of weight 1t » easy to comptite the amount of water eliminated as the total
loss of weight 15 equal to the loss uf H O plus the loss of CO, The amount of
water eliminated from each sample 1s plomd agamst the lemperamre (Figure 31)
The same procedure 15  ed with samples of synthetic alpha tricalcium phosphate

. a - s - ' PR

f
phosphate  we have observed that the relative amount of water contamed m
tricaletsm phosphate 1s greater when the salt has adsorbed some calelum hydrox
e or some carbonate

PRI ' .
water fixat Lo . P
calerum ow -

tricaleium v o

water 13 al '

heher the water reteased by tricalcrum phosphate combines with calom e
1o form calcrum hydrowde m this way the syml\:sh of hydraxylapatite 15 made
passible  Such results are obtaned onlv sf the bone salt very finely powdered
beated m an oven ventilated so as to permut the ellmxmlu)n of CO

This observation concerning the Kinetics of the formation of true hydroxy!
apatite 15 2 fundamental argument wn favor of the opimion that tricalciom phos
phate 15 t1'e ma 1 const tuent of the bone salt

The Nature of the Bone Carbonates

Logan and Taylor™® hue olnerved that mmerahzed bone'™ treated with

"‘Lm:nn Al A, and Taylor H L. Solubshty of Bone Salt III Partial Soluticn of
M Jq7m(1mc€mmm contaming Caluwm Phosphate Precipitates S Biol Chem 125

=Bone salts abtamed by Gabriel s methed 1°
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dilute hydrachlone acid at 100° C refeases more or Jess selecttvely part
of ws carbonate more than 50 per cent of the total amount of the car
bonates s dussolved aganst only 10 per cent of the phosphates The soly
tion contuns  brge amount of magnesium and sodiwm together with some
calemm  Honever it cannot be safely asserted that these elements were
exclusively bound to CO. 1 minerabzed bone as part of the phosphates
also have been dissohed

We hare found a method which provides a more selective separation of
the carbonates from the phosphates With this method, the lkaline earth
arbonates are changed mto oxtdes  these are soluble 1 water while the
phosphntes are not Bone samples are progressisel; heated up then m
mersed tnto wates free from COp» The final solution now contans the ele
ments which were bound ta €Oy groups m the onginal substance  This ac
counts for most of the sodium and mignesium present 1n bone as welt a5
for 1 small fraction of the calerum ™ 2% (For additonal discussion of
these studhes see Page 220 )

Conference Discussion

Armstrong  Thank vou Profescor Dallemagne We g preciate your
very clear and complete g ton \re there g or brief com
ments® As T sad earl er I think the discussion would be most expeditionsh
watmed out of the three mam performers would have an opportunity to ¢
cupy the cemter of the stage without emenng mto prolosged discusswon at
this moment 1t would be m order however to put questions of fact of
nterpretatian

Hamilton  How are the Lone s1ls obtamed for these studies on delndra
tion? In Tigure 31 how dd you obtan the bone salts?

Dallemagn, By Gabrsels method that 1s to sav by heating (omiubﬂnc
to 200° 1 glycerme with 66 potossum hydrowde for 3 mlf hour © and
then washing with methy ] aleohol

Armstrong s tus a procedure which hydrolyzes and sofal thzes the
protemns?

Dellewagne  hes
’
Meyer  The gheesine 1s washed an bat ss there ) mtroges feft

Dollemagne No the mtrogen ts gone

{ the Magnes ua aod the
200 1tk A and Melon J  The Chem cal State o
Sngl:l:‘:)?glr‘n;nc Sa{ts Arch ¢ teriat physol 58 188200 (19 0)

2Dajtemagne M J  Unpublished data
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Hendricks  The tesidual mtrogen content 1s usually of the order of 1
haif per cent st at?

Hodge No
Dallemagne No we find no nitrogen
Hendricks Oh there 1s some surely

{rmstrong 1 have carned out the procedure and there 1s no detectable
nitrogen m the residue

Hendricks  On teeth, Dr Armstrong or on hone?
drmstrong  On teeth My expenence has heen with teeth

Hendricks  Ttis very much easier T thmh to remove the mtro,en from
dentn and enamel than it 15 {rom bone

Daliemagne  No It 1s just the opposite It 1s easter to remove the nitro
gen from bone than 1t 1s from teeth because teeth contan organi matter
which cannot be destroyed by potasstm Indroxide This organe com
ponent 15 prolably a heratine

Armstrong Do you want to make anv comments now or later with re
gard to the evidence obtamed from the differential <olulality of the com
ponents of the bone salt m acid?

Dallemagne 1 hese not made new expeniments i that respect How
ever the solubhty m acid 1s very different for fresh bone treated by the
Gabricd method compared with calemnated bone salt

MeComnell Mav 1 ack one question of detail please? Did T understand
correctly that when vou heat the tricalaum phosphate at some such tem
terature as G00° water recombined with the calcum oxide? That would
seem strange because the decomposition temperature of calenn hydrate 1s
below 600°

Dalleinagne It 15 mdeed a surpriong fact that caloum oxide blocks
water at such « high temperature

McConnell Well caloum oxide 1s 2 very good getter for water It will
grasp any water 1 the immediate vicmty  But the decompasition tempera
ture of calaum hydrate, Ca{OH)~ should govern the maxmum tempera
ture at winch the water would le retained

Dallemagne 1t scems that the water ¢an be bloched m the calaum hy
droxude Lecause of the combinition of this compound with the trcalcmm
phost hate during the treatment 1n the oven

McConnell  Then you are postulating essentiallk 2 hyvdroxylapatite
structure
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Dallesnagne  Yes At first, without any doubt, alpha tricalerum phos
plate has an apatite structure The best argument about this results from
% ray diffraction studies Moreover during the heating, the calcum hy
droxide 15 progressively mtroduced into the lattice of alpha tricalewm
phosphate and at this moment the compound hecomes stable up to a
hugh temperature

Newman 1 would like to mterject one comment which I think does not
have any bearing on the conclusions reached Robert Kumin™ pointed out
that tlus water released around 400° to 600° corresponds to the dehydration
of the hydromum 1on, this suggestion leads to interesting speculations

202Kunm R Unpublished data
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THE CRYSTAL CHEMISTRY OF FRANCOLITE AND ITS
RELATIONSHIP TO CALCIFIED ANIMAL TISSUES

DUNCAN McCONNELL

Trom the Department of Verdogy College of Engineermg
The Oluo State Umzersity Colunbus Ohto

Armstrong  Dr McConnell 1s next Vost of you hnow that Dr \Mc
Connell 15 the onigtnator and the chief proponent of the concept that carbon
1s a constituent of the apatite lattice T would now hke to ash my friend
and former colleague Dr McConnell to present the evidence for his mter
pretation of the constitution of bune muneral

UcConnell Thank vou Dr Armstrong for not saying the onh pro
yonent of this theory  (Laughter) I Lope my comments will be a little
more comprehens:lle to you than some of your comments of yesterday
particularly on collagen were to me—if 1 may be pardoned for a slhightly
facetious remark

The foremost question on the composition and cryvstal structure of cal
cified tissues 1s whether or ot the carbon dioxide 15 contamed withm the
crystal lattice of the apatite bhe substance Several important types of
avdence will Te presented in order to justify the conclusion that carbon
dioade as CO; groups occurs within the crystal lattice of the mmeral
francohte and therefore could occur 1n the lattice of the substances which
make up dentin dental enamel and bone

Before we discuss the evidences that mdicate L0, as a lattiee constituent
of francahte 1t seems advisable for us to examne some of the data which
have led to the conclusion that CO 1s not a lattice constituent of claified
tissues

At the Second Conference on Metahohc Interrelations two vears a ¢
Dr W D Armstrong © presented an excellent summary of the formulas
which hase heen applied to these calaified tssues  \fost miestigntors have
assumed that dentin dental enamel and bone are quilitatnvely 1dentical but
quantitatnvely different This assumption will be retamed 1n the present
discuswion and further Justification for this assumption will be presented

The Problem of Isolaung the Miaecal Phase Withour Modifyiag It
If we admnt as an it premuse tint the substances of dentin wnd bone

**Am trong W D Compoe hon and Crystat Sgpucture of the Bone St Trons
Iy y Cor ference on Uetabol ¢ Interrelaticrs 2 1131 (19:0)
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are not single phases™ but ave mixtures of orgamc and orgame
compounds the problem of examiming one phase 1n the absence of all other
phases may become extremely difficult This 15 particularls true if the erys
talline phase of mterest happens to have a lumted range of stabulity with
reference to mteraction with gases and liqnds at various temperatures

Considering the comparatnvely mnor vanations which oceur 1 the bodies
of vertebrate ammals with respect to the concentrations of dissohed mor
ganie salts, and with respect to pH, temperature, and <o forth, one mght
surmase that calafication tahes place within a hmited ringe of conditions
and that the caleified tissties have limited tolerance toward pronounced
changes Therefore one would hardly expect to heat calafied tissues or
bring them n contact with acids or caustics without sigmficantly altenng
their physical and chemucal properties  Consider the simple compound
CaCO; for example Two forms of thus compound commonly occur
naturlly, as the mmerals aragomte and calete The former oceurs as of
thorhombic crystals and represents the major phase of the shells of most
mollusks Calote 13 far more common and 1s the essential component of
limestones and marbles as well as the shells of foss:f molfushs Pateontal
ogists do not conclude that fossil mollusks employed different biachemscal
processes in shell {ormatian, but merely that aragonite 1s a less stable form
of CaCOs and 1s converted to calate under the conditions of rock forma
tion The analogy has himited value but 1t rases a significant question
15 1t possible to separate the mmeral phase of tooth or bone substance front
the organic substances present without i am way altermg the physical or
chemical properties of the morganic phise? Likewise one can ash has
the unmadified mineral phase ever been examned 1 the absence of con
tanunating substances and are its physical and chemcal properties acciirate
v known?

Althongh obviously 1t would be sumpler to confine the present diseussion
entirely to francalite (a mineral substance which occurs m small, cleat
transparent, homogeneous crystals), thiy 1s not entirely possible because
many of the data have been obtaincd on the more complex, heterogeneous
substances of calafied tissues Two unportant sources of mformation are
the data bearing on the solubikity 1n acid and on the behavior ont heating
These evidences must be examuned mn light of the general properties of
munerals

1 properties s€b
2044 phase 1s an individual chenmcal substance with defintte phy sieal

=r=hlep(m theoty at Jeast) by wechamcal processes from other phases o::x:{;:s;n:::
the same system 1t may be a rrystalline sold a glass 2 molten hqwd,

solution, or a gas
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Obtained from Dissols of Caletfied Sub m Aad

Most silicate and phosphate minerals have sery hmmted solubthity m
water and dssolution s differential  thit 1s the stoichiometry of the solid
phase 1o not preserved n the hqud phase L C Armstrong ® for ex
ample found that feldspar dissolves mcongruentlv in water The velouty
of removal of the alkales or the alkaline earths 1s sigmficantly greater than
that of the alummnum and the stheon  The known structure of feldspar
dicates that the energy of bonding of sodium potassium and ealctum wm the
feldspar 15 less than the energy of bonding for the aluminum and silicon
and thus that the former would be expected to Le Liberated more rapidly
Unfortunately 1t 1s no stmple matter to predict atomc configurations from
the mode of dissolution of the chemical constituents of a muneral and
the case of carbonate apatites it even appears to | e uncertan from dissolu
tion data whether or not the carbonate component 15 1 the lattice At the
sume time 1t should te jomted out that the dissolution rate of CO from
francolite 15 quite different from the dissalution rate of CO» from a mix
ture of calute and flunrapatite and that “herman Finat and Wetser %
have employed thry empirical difference to estimate the calate content of
rock phosphates However since the 1 one salt cannot come into equihibrium
with a mineral acid (such as HCI) we can assume that the solulility data
will not wvield salualle mformatum on the structural environment of
the CO,

Information Obtained from Behavior on Heating of Calcified Substances

Several mestigators mcludmg Dallemagne  and Sobel®* and their
respectine o workers have reported that the hone salt s comverted to
anhydrous tricaloium phosphate at some temperature above 600° € havin,
last 1ts CO content i the process The tact that 2 muxture of ealaum car
Lonate and tricaloum phosphate behaves sumlarly 15 taken to indicate that
the bone salt 1 a stmlar minture  This conclusion does not follow for rea
sons which can be sliustrated by general mimeralogscal principles

oArmstrong L € Deconpo stion anl Alteration ot Feldsjars and Spodumenc by
Vater 4 Mneral 23 810 820 (1340)

78S lverman § R Fuwat Rk and Wewer J D A Method for Distingusshmg
Tree Calote frm Structurally Hekd Carbonate in Carlorate Apatite ( \bstract)
Frosram of 1} mter 1951 Meciing_Ar1 Cristallogr Asse  Washingten D C p 34
11931) [Alo sce fm Vmeral 37 211 222 (1952) ]

#Dallemagne M J Drasceur H  and Melon ] The Const tution of the \linerat
Substance of Bowe and Syntlesis ni Apatites 8wll Soc Chom Tramce Frimeer
Trincstre 16 DU33 145 (1949)  (Abo see earlier references oo ntaned in this work )
2uQebel A E  The Local Factor in Lalcifican n, Trans Wa 3 Conference on Metar
b 141 gnlcnrl‘zlwns 2 113143 (1950) 1 Also sce carher relerences contamed i this
worl
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Let us consuler the ssomorphuc seres CagAl (Si04)a—CazAl (HiOy)s
the members of which form cubic crystals  the temperature of sygnificant
decomposttion for the former s about 1000° C for the Jatter apparently
fess than 350° C < and for the mtermediate 1somorphic varants would [e
expected to be in the mtermediate temperature range Among the apatites
the fluorine contaiming compotnds are the most stable and hydrated com
vounds would be expected to decompose at ower temperatures regardless
o1 the presence or 1bsence of COjz groups within the structure If as will
appear later hvdrogen can enter posttions withm the structure of apapte
which are normallv occupred by phosphorus the temperature of decompust
tron for a hydrated carbonate contaiming calettm phosphate wth the apatute
structure rght be appreaably less than that for francolite

The Concept of Isomorphism and Cacbouate Apatite

While we are considering the gener1l muneralogical prinetples which are
applicable to francohte and which Ithewrse may apply to calaified trsues
particufarfy dental enamel 1t 1s pertinent for us to discuss the concept
of 1somorphism  Plagioclase feldspar one of the common roch forming
nunerals 1s not a simple compound m the usual sense of the chemmst but
15 mtermediate m composition between NaAlS1;0s and CaAl St O« Thus
the calaum ranges from zero to one atorn while the sodum ranges from
one to zero and the silicon 15 replaced by alununum to the same extent a3
the sodwm 1s replaced by caleum  Therefore n the plagioddase feldspars
of an tgneous rock no definite ratio between either the calcium and sodnin
or between the alummum and silcon would be expected wd wm smwple
ratio that happened to accur wonld be fortuitous

For exacth the same reason one would not expect 1 constant or simple

ratio for the caletum to phosphorus to carbon m a carborate patite if the
carbon 15 capable of substituting for phospharas or crlerum cr both Mer

ertheless thus lick of constancy of the Ca P C ratio has beett emploved to
support the conclusion that carbonate apfites do not exist even 15 1D

erals *t°

The Evidence Against 3 Submecroscopie or Collordal Form of
Caletesim Cacbonate i Frapcolite

cate quite clewth

While we are considening C1 P C ratios we L ould inda e e

that 1f francolite were a mature of submucrascapic of <o

w00)\c\urdie H F Personal communication (1931)

Ray Anahs of
e 1 Glock G E and Murray [ \[  Chemcal and %
Dt:!l;elw‘\‘lsmgnl 1::1 Synthenic Apatites Tr Tgraday Soc 33 308 363 (1939)



MECONNELL 173

of CACO; and fluorapatite it would be a simple matter to deduct equal
maleculr amounts of C10 and CO  from the molecular rtio of francohte
and thereby obtain the compnsitiin ot fluorapatite Stnce we da not obtany
the composition of fluorapatite In such a deduction we must either 1ume
that several nuneral anthsts ot iternittonl repute hve made unusulh
large analvtical errors or else conclude that francolite cunnot be a mixture
of fluoripatite and CaCO; whether the latter 15 i <ubmicroscopie or m
any other form

Tt 15 well known that the \ rav diffraction limes of CaCO; have not | ven
found 1n francolite or m normal caleified tivsues even though about 10 per
cent of C1C0y In we ght must e present 1f all of the O that has been
dctermined by analysis 1s allocated to this compound  This significant nega
tive evidence has been disregarded m several instances and far more oh
scure evidence has been emplosed n reaching the concluston that the
C1CO; 15 present ma collowdal or submycroscopie form

Comments on the Nitrogea Absorption Data of Calafied Substances

Recently Hendrichs and Hull ' have presented some interesting results
based tpon measurements of the mtrogen absorption and the solubihty
actd of steamed bone dental emamel and francolite I have commented al
rexdy on the vabdity of mterpretations based upon the soulal ty 1n acul
of calafied substances Let us ¢xanune their mitrogen al sorption dat and
acertam whether or not alternate iterpretaticny are avar'able for thesc
results Undentibhy the mitrogen absorption of the francol te was far m
exeess of what it should have been hased n the normal external surface
that would be pro luced In crushing the mternl to the sizes mdrcited by
Hendnicks wnd Hill  Ihe stemed bone showed 1 remarkable constancy of
aren (by the BT methed) for three sieve wizes 4 to 8 16 to 30 and
100 to 200 Thus 1s what would be expected for a hughls porous matersal
having pores large enough to he accessible to the mtrogen molecule Aidg
ley* recently has obtuned s lar data for opal and found 40 m /g for
5210 100 BS «eve partides The braad diffuse x 11y diffraction bands
produced by Fone confirm the small size of the particles

The surfacc areas crlculated In Hendrichs ind Hill ' for dental enamel
nd for francolite were quite different from that calculted for steamed
bone  The arens changed by an appreciable factor for the finer particles
nd the miximum surtace areas reported were 7 3 and 68 m /g for fem

“WHendricks S B and HAl W L The Natore of Bone and Phosphate Rock
Proc Nat dead Si 36 73173/ (1930)

T\lidyles H G Chaleedoms and Tlint Geol Mag 88 179 184 (1951)
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colite and dental emmel respectively  Since the ~ tay diffraction pattern
of frincolite will be discussed m greater detarl Later, 1t will suffice at present
to recail that this substance does not produce broad, diffuse diffraction
hands Nesertheless, Hendrichs and Hull hiave concluded that steamed bone
dental enamel and francolite are similar, that all three substances contam
03 adsorhed 1t the discontinutties withun the crystals, and that the mtro-
gen absorption data support this conclusion  Although an explanation (or
the absorption data on francolite 1s not d apparent a ¢
ab-arption measurement for apatite would have been most mteresting, 1t
15 unfortunate that Hendricks and Hill did not give this value for com
parison

The X Ray Diffraction Data of Francolite

Quite 1 contrast with the experimental difficultres and the consequent
possibility of error assoaated with the mtrogen absorption method 1s the
simplicity and the high accuracy of the x ray diffract on method It1s pos
sible tor example to compare the umt cell edges of francolite and flvor
apatite, as well as the mtensities of the numerous atoric planes withm these
cry stals

Precision measurements of the dimensions of the unit cells of francolite
and fluorapatite were obtamed at the National Bureau of Standards with
the assistance of Mr H E Swanson, these data are contamed m Table
XI Imasmuch as the umt cell for francolite was less w the symmetnical
direction 4 and only very shghtly larger m the umgue direction ¢, we ¢on
clude that the carbonate groups of Hendricks and Ml cannot contubute
to the average dumensions of the umit of structure  Nevertheless the umt
cell of francolite 15 sigmificuntly different 1n size from the unit cell of fluer

apatite

TABLE X1

Compansont of the Urut Cell Dimensions (in Angstrom Unts}

[

934, | 689; (07373
939, | 688. | 07323

Francaltte (Staffel, Germany)

Fluorapatite {Cerro de Mercado, Mexico)

(Al data determined at the National Bureat of Standards)
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The precision < ray data also revealed appreciable intensity differences
for certain fanulies of crystallographic planes Particularly the prismatic
planes (hk0) show greater for lhite than for fl
The speczal prismatic reflections (300) are compared with respect to certain
(hkl) reflections for these two substances m Figure 32 where complete re
versals of relative mtensities are shown

AlcConnell and Gruner®® have powted out that the optical properties of
carbonate contaiming apatites are different from other apatites principally
because of their higher birefringence Some years ago we were fortunate
1 obtamung from Magnet Cove Arkansas some samples m which a car
bonate apatite occurs as a hydrothermal replacement product on the fluor
apatite  Figure 33 shows the overgrowth of the carbonate fluorapatite
that 15 francohte on the common fluorapatite 1n a very nice fashion The
large crystal which contains some inclusions and 1s a somewhat imperfect

3

‘ )
. asao . a - a

4 B3
APATITE FRANCOLITE

Tig 32 Compansons of Intensities of Diffraction Spectra for Fluor
apatte and Francolite for Diffraction Angles (Twice Theta) n the
Region 40 to 44 Degrees

[Reproduced by permiss on from McConnell D The Problem of the Carbonate

Anattes 1V Structural Substitutions Involving CO, and OH Bul} Soc Francar e
Mineral Cristal 75 1n press {19:2)]

B™McConnelt D an{ Gruner J W The Problem of the Carbonate Apatites 111
Carbamite Agat te from Magnet Cove Arkansas Am M meral 23 157 167 (1940)
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Fig 33 Photomcrograph Showwng Carbonate Apatne Replacing Fluor

apatite

The carbonate apante 1y 2f & | ghter substince the fuorapatite the darkes Taken
potarized 1 ght with \wal prisms mn crossed poston Magn ficat on 24 X {Renro-
The Probem of the

duced by permuss on from McConnell D and Geymer J W
Carbonate Apatifes 111 Carbamate Apatite from Magnet Cave Athansas, An
erafogist 23 357 167 {1940)]

erystal has surround ng 1t n zomal arrangement another constituent the
optieal properties of which are different But what 1s even more elearlt
shown m Figure 33 15 an overgrowth on the end m optical continiaty if
you please simnce the ¢ axs 15 m the plane of the {hotograph we get the
mavtmum hirefriagence and the retardation differences here are very sig
ntficant mdscatimg that the birefringence of the catbonate patite 15 sereral
fimes that of the ordinars fluorapatite

Now when we took these ¢ry «tals and put them sato a dilute vdrochloric
aud solutton st was read Iy apparent that the materil nith highes bire
fringence {the carbonate apatite) dissofved sexy rapt
of CO  whereas the Buorapatite dissohed wuch more slor

Q15 hberitng bublles
wiv and gne
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no mdrcation whatever of Iiberating CO, The optical properties then ot
francolite and fluorapatite are defimtely different becanse mn this instance
there could not e a question of the retirdation teing due to differences in
thickness, since the constituents of the thin section were all cut wnd ground
mexacth the same way and the thichness was the same and the orientaticn
ws the same

Also noteworthy 15 the fact that francolite 1 frequently l1axial and may
show an optic angle as great 15 40° #** The mean vefractive index of tran
cohte 15 shghtly less than that of fluorapatite However there apy cars to be
no straight{orward correlation ] etween the optical pre perties and the €O
ontent ** and this fact suggests that COy groups enter the structure in
more than one way or that some other constituent 15 also sul ject to mamor
phie sut stitution within the structure s will be explamed Iter both pos
sihihties appear to occur

For the precent we shall } e content to conclude that 1) there are differ
ences 1 the dimensions of the umt cells  2) there are differences 1n tle
relative mtensitres of certam famibies of atonme planes  3) there are differ
ences i the densities and 4) there are differences i the optical pre perties
of francolite and fluorapatite 1 Therefore there are differences m the
crystal structures of these substances By thus 1t 15 understond that the
awerage umt cell of francolite contams different component aton~ and
these atoms of necessity are arranged n shyhth diffcrent wavs  These
conclusions have no Tearmg on any {orosity which the erystalh mw bave
regardless of the method of measuring thus porosity

Before seehing an hypothesis capahle of explaming some ot these differ
ences in the properties of francolite and fluorajatite 1t nught be well ¢y
mention one other obsersation ol tamed by~ rav diffriction methods
Mthou, It some small measure of defect 1 indicated 1n the francolite pattern
Test ting m partia loss of alpha one resofution the widths of the diffrac
tion lines are not noticeably increased Tlus observation completelv fails to
confirm the sugpestion of Hendrichs and Hill 7 that discc ntinwties of the
otder 01 mucron ewist m the frncolite wristals  Likewrse it should be

that di with Iy hirger spacings presumibly
woull produce scattering of wave lengths within the visthle range but

\rDeans T - Francolite from the Sedunentary lror<t nes of the Loal \fiasures
erel Van 25 135 139 (1938)

Gilluton € O ani Seclye T T Frarcol te o Carbonate Apatite 17 m Milburn
= Trais & Lroc Roy Soc \eto Zealond 72 191 198 (1942)

&Cruner J W, and MicConnell D Tle Problem of the Carbonate Apatites The
tructure + § Crancol te 7 Arist 97TA 28 215 (1937)
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nerther broadening of the X r1y diffraction maxmma nor visible scattering
are observed for the small clear, transparent francohte crystals

The Chemical Analysis of Francolite

In an earlier attempt to explain the properties of francolite, Gruner and
McConnell**® developed a structural hypothesis which can now be regarded
as incomplete It was based upon merely one high quality chemucal analysts
of francolite Other recent concepts concermng isomorplusm of minerals
were unknown at the time, so that the hypothesis of these investigators for
francolite as well as the conclusions ansing from their collaboration with
Armstrong®'” on dental enumel and dentin now requre modification

Frve excellent chemcal anlyses of francolte from widely different
geographical sources are now on record If a few simple crystal chemcal
assumptions are applied to such analyses, 1t becomes feasible to calculate
the number of atoms of each kind which will occur 1n the average um celt
since these numbers need not be ntegers The detailed methods for making

TABLE XII
Summary Computations from Composite Analysts of Irancolite
Tlectrical Equivalence Spatial Cquivalence
Ca Mg Sr 2X08% 19781 Ca Mg Sr 980 989
Na 1X001 001 Na 001 001
H,0 0X010 — [ HO 010 010
PV 5X536 2680 -
C +X068 272 1000
H 1X052 052 PV 536 536
C 34 X068 051
+4983 1 H ¥ X052 013
600
o} 2X2388 4776|715 2388 2388
T 1X 212 2124p 212 212
—4988 2600

W D The Relationshp Betneen

BGruner ] W McComell D Armstrong W D - The Relahogshp Bee

Crystal Structure and Chemscal Composition of
121 771781 (1937)
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these caleufations are ginen elewhere,” * only the summarny rewults need be
considlerest at this tsme (Table NI

An Hypothesis for the Structure of Francoltte

Hendrcks and Hili?® prevtously recogmzed the possthilits that four car
bon atoms mught substitute for three phosphorus atoms mn the crvtal battice

Fig 34, Projection of the Structure of Fluorapante on the Basal Plane
(001) Showing the Symmetncal Intraduction ot (O Groups m Siih
stittson for PO, Geonps

The wiit cell 15 vuthned. The large afen corcles represent oxy gen stomm exuept
those ca the unit-cell boundary fines Which represeat fustine the 1uszvmedaite orodes
sepresent caletum atoms  the emall open conles phosphiors e smalt sodd cveles
arbun and tie large shided corcles water molecules  The arrot epducates the diree
ton for swewmg Figure 35 {Reproduced by permrsyion from Met. nnell D The
Crystal Chemsstry of Carbomate \patnes an? Thor Relatymstsp £ the Lompositicn
of Calesfiod Tresues 7 Prewt Aes 31 53 53 (Febriany 1032)]

P*McConnelt B The Problem af the Lacbonate Apattes IV Structeral Substitu
s Invching CO4and O Gl Sac Frangace Sneral Cristal 13 prevs {1932

;‘s"gﬁfg‘gskzvaz)m and ML W L The fnorgamc Constitutien £ Tone Sreencs
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of apatite The present hypothesis retams this suggestion but places these
carbon atoms m different coordinates and thereby obtains different effects
with respect to the optical properties and the mtensities of certan famhes
of diffraction maxima A schematic representation of the arringement of
the crrbon 1toms in the umit cell of francohite 15 shown i Figure 34 and 2
more detaled representation of a portion of the atoms of the umt cell m
Figure 35

THE LOCATION OF THE CARBON ATOMS

In the proposed structure one fourth of all cirbon 1toms would be sur
rounded by oxygens m such a manner as to enhance the birefringence and
the other three CO, groups would tend to alter the intensities of « ray dif
fraction maxima of the prismatic sort  Qualitatrvely, these effects are con
sistent with the observed data Quantitative proof of the structure must

& &

he
Fig 35 Clinographue Projection of the Atomic Atrangements #i1 7€
Vicumts of the Three Fold Awis for Fluorapatite and Irncolite

g Tuor

Ths figre s 2 view from the diection of the arcox m Pig 31 Left Fluor

apatite with calcum atoms m six fold coordmat on Right  Francol! s
fBemation of a CO; sroup parallel with the basal place (001)
calaium atoms by water mulcculiesh The fractions represent t

of the un t cell 1n the direction of the umique axis ¢ o

11D The Crystal Chemstey of Carbonate Apatites uonsh

o ttion. of Lalified Trsies 1 Dent Res 31363 (Februaey 19521
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awart far more accurate data on an analyzed sample of fluorapatite

Dat1 and conclusions regarding very shght alteration of the coordinates
of the calemm atoms as presented by Bale ® are completels meantngless
when apphed to an apatite cristal of unknown chemmeal compostion
Beevers and \cIntyre?’t decided that st was not the calerum coordinates
that needed further refinement but the phosphorus coordimates Howenver
there 1s no 1nd cation that these 1 estigatars worked with analvzed maternal
and therefore although their conclusions are different from Bales no re
lance can | ¢ placed on thesr results Incidentally thetr paper fails to gne
their newly determined coordinates for phosphorus

THE LOCATION OF TIIE HYDROGEN ATOMS

The proposed hypothesis for the structure of francolte deals with the
questicn of the location of carbon to be sure but 1t also thhes into account
the observation that all of the francolite samiples that have been specificalh
tested contam water (or hydroxy! 1oms) which 15 hiberated above 300°C
Althc ugh the chemical data exanuned by Gruner and McConnell '* reyealed
this fact the true significance was not appreciated Ly these authors at that
time Leeause the possible substitution of hydrogen atoms {or such elements
as phosphoruy was not recogmzed

One 1somorphic series 1 which silicon 15 completely replaced by four
bdre en atoms has alreads been mentioned  Pabst has shown that Cay
AL{S10,)-{OH)4 19 1sostructural with CagAl (S10,)34# That phos
phorus ean subistitute for silicon 1n this structare has buen demonstrated by
McConnell®™* for the composition (Na Al Ca Te)yMm(POL)s (OH)
Adhitu il examples of $10, or PO, being replaced by HyO, or H 0, are
feund for visete? and montmonitlontte ¥ ¢ It 15 cencluded  therefore
that alth wagh francalite has il of the finorme positions filled with fluonne
““Pale W I' A Comparative Roentgen Ray Diffractin Study of Several Matural
Anatites an the Apitite Like Cinstituent of Ltor ¢ and Tooth Suhsfance  im Roent
gennl 43 735 747 (1940)

TuBecvers C A and Melntyre D B The Atomic Structure of Flwor Ajatite an]

e ,‘j;"‘ ooshp to That of Tooth and Bome Materil Afweral Vay 27 204 257

Pabst A The Crystat Structure of Phzolte tmr Wynral 22 81 868 (1937)

(’;,\“E'(.(nndl D Griphite a Hydrophosphate Garnetmd fm Vaneral 27 432461

i.ﬁ{ﬁf gpllm beene o Zedke vl the hysltme Strocie aid Lok
o PO and H.0, Groups  {nc Mlneral 37 €09 617 (1952)

;’,’,\‘(rlcq '6';'" D The Crystal Chemistry of NI ntmonillmte 4t Vineral 34 166

PLC onell D The Crystal Chemistry of Montmortiomte 11 Calealut n of
Stroctasal Formula Clay Munerals Bull (1 ondon) 1 179 188 (1951
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hydroxvl 1ons or water molecules or both occur withmn the structure of
francohite Furthermore, 1t 15 assumed that the crystal chemical caleulations
are capable of mdicating the distribution of the necessary hydragen ons m
view of the principles of 1somorphuc substitution

Sumimary of the Thess on the Structure of Francolite

These assumptions pernmt an indication of the remaiming portions of the
structural hypothests together with some of the principal consequences and
applications thereof The entire thests can be summarized as follows

Pomt 1
The fattice of closely packed axygens m francohte 15 essentially simil r fo that
of fluorapatite

Pont 2
The fluorine posittons of fluorapatite are completely occupse ! by fuarse n
francahite

Powt 3
Carbon atoms substitute for phosphorus atoms but for each 12 ovigens this
mvolved four carbons replace three phosphorus atoms although thesr caords ate
posttions are different

Pomt 4
For each four COs groups thus formed approximately three hie m 2 planc per
pendicular to (001) whereas one 1s paralle! with (001)

Powt 5
The CO: groups lymng parallel wth (001 cause vacancies m certarm calowmt
positions on the simple three fold symmetry axes

Pomt 6
Where vacancies 1n these calcium positions occur the space 15 filled by watet
molecules

Pomt 7
Some of the phosphoru: of
1 francolite

Pomnt 8 .
The water liberated above 300° C from francolite represcats re combunat on of
these hydroxyls or hberations of water molecules substituting for calcu
oth

contam 1 vdrngent

Pownt 9 "
“The COs groups lying parallel with (001) cause the high birefrigence of fran

lite

Pownt 10 u
The , groups perpend cular to (001) contribute the observed intensity
ferences for the (hk0) planes of francolite

Pomt 11
The lesser density of franest
substitutton of consmuenof .

1+ not refated to porosity but 15 produced )
¢ werght
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Pomt 12
e contraction mn the ¢ directimn of the wnt cell 1y the result of the wcreased
polarization of the carbonate groups
Pomt 13

The very shght increase m the ¢ dimension s the result of substitution of water
molecules for caleram which occurs to a very small extent

Pot 14

There 15 10 constancy m the rat) of Ca P C to be expected nor 1o any found
on analyst

Pomt 15

The heating of an unstable somorpluc yarant contan mg »ater mecules and
tvdravyl 1ons of the sort postulated for francolite could easih produce a trans
furmation to beta Ca;(PO,); 1f sufficient hydrogen were present in these forms

Powmt 16

If the quantities of water and mdm,ls were msimfcant the trwsfrmatt
m ght not occur or might not be detectabl

Pomt 17

Pomt 18
Since the suhuanm of tecth and benes contain hydroxy! rons whith ¢ rrespond
to the fuorine 1ons of Ruorapatite 10 addition to the other hvdraxyl sons and
Water melrr:uh:s memmncd they will iberate larger quantities of water but tl ey

o not correspond 10 any definste hydrate such as the formulas proposed for alpha
tncalenm phosplite bydnate
Pount 19

The so-called ‘alpha tricalcium phosphate hydrate may represent an ssomorphic
vanant which 15 otg:r\nse simiar, but does not contain COs groups  Under these

orcumstances  thy P H O rafios would be expected to differ stightly f the
com fittons of prepatation were altered
Loy 20

the so-called
almn lncalnum phosphate h\drate would be expected to d\ﬂ'cr accordmg to
difierences mthe Cx P H O
Pomp 21
e conclu ton that CO, growps are adsorbed on submicrnstopic dhecontinuities
:x(hm {rancolite crystals 13 inconsistent with the evidence obtamed by x ray dif
Pomy 22

\ The dilferential du(nluum daln lead to ambiguons conclusions concermng the
hcation of the

Pont 23
The thermal transformation data are simiarly enreliable w determinug the

structural enviconment of atomie groups within a complex nomnrphic yanant
Particalarly 5o, 1f the ssomorphic saruant 15 a complex hydrate
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Pomt 24
The optical properties the density, and the chemical composition for the mmeral
phase of dentin and bone have not been determimmed for samples where an un
altered and uncontaminated condition has been demonstrated
Powmt 25
Precise data on chemcally analyzed samples of fuorapatite are required betore
the guantitative differences between the structures of fluorapatite and of francol te
can be resolved adequately by x ray diffractron methods
The preceding 25 statements are phrased without quahfication for the
sahe of brevity Together they comprise the hypothests for the structure of
francolite and 1ts relationship to the substance of calcified ammal fissues
Qut of context any indvidual statement 15 probably msleading, 1t 1s cer
tamnly mcomplete



HENDBICKS 185
COMMENTS ON THE CRYSTAL CHEMISTRY OF BONE

STERLING B HENDRICKS

From the Burean of Plant Industrs, Soils and Agricultieral Enpnecring
U § Departiment of Agniculture Beltsvalle Mariland

frmstrong 1 think 1s would be wise, before we annteurs open our dis
cusson for us to hear from the other expert Dr Hendnchs will vou speak
now, please?

Hendiiels T dont hnow whether your defimtion ot n expert 15 a man
who really hnows something about something or 15 just another mn 1 long
way away from Washington

Well 15 you know, I dont subseribe to what Dr Dallemagne and Dr
McConnell have just told you That 15 one statement Somehow or ather T
therefore, either have to preh holes, Tittle holes here and there or elsc have
to gue another broader point of view

Last week, T remarked that I didn’t want to come to the Confcrence par
teularh because I had presented last year all that I hnew ahout this subject
Then I saud to myself “What will Dr Dallemagne and Dr AcConnell
‘5% And I did write out quite accurately mdeed and precsels what
each of thum has sud  That shows no particular astuteness on my part
but 1t shows that 1f you go through these arguments 1n a particular sort
of way, according to the classical cancepts hustorscally vou will come out
with the answers that you have heen gnen In other words T essentially
dagree with onlv one of the pomnts that have been presented 1 spohe to
Dr McCounell during the mtermession about this one namlv that the dif
fraction pattern of francolite 15 rather mtkedls different from that of
bone salt

The Vahdity of Comparing the Data from Mineral Substances with
Those from the Bone Salt

You have hetrd abont the materal, francolite about the muneralogteal
“beutes of carbonate apatite, and abont other substances of thiy sort and 1
thik you mght jusnfiviy ratse m your munds the question “What s the
telationshup, af am, uf these matertils to bone®* 1 believe that when vou
txunme this question very thoroughly, you will find that these mtenals
form eatrel Justfiahly paraflel caves for dhscussion The only reacon thit
‘\'\N “ulntances are miroduced mto our deliberation at this tume by Dr

{eConnell and 1y uthers 15 amply the fact that the geological processes for
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their formation have been very much slower than the buologreal processes
for the formation of the bone salt nd as 1 consequence tlt you cm
obtamn these materials 1n Jarger better defined crystals Becawse of sucl
crystals you can carry out a more precise examination of therr cristal
properties and possibly can then deternune the structures of these particular
substances Simlar considerations apply to tricalerum phosy hate hydrate
ahout which Dr Dallemagne spohe Tlus 1s a materal that has to be pre
pared synthetically agam you mught question the relationstup if any of
1t to the bone salt Tricaleium phosphate hydrate 15 the type of matenal
that you obtam from synthetic systems of CaO/P O, and water I bebieve
it 1s entirely justifiable to mtroduce this synthetic materni because the
phenomenon mmvolved m 1t also enters into bone

Now I have to present some very difficult matters, and go qu te deep
mto some crystallographie subjects I will try to do this with the least
possible torture I am going to attempt to explun to you the nature of the
structure of a crystal tecause that 1s mvolsed here I am gomg totry to
show vou the nature of crystal optics becanse that too 1s mvolved here
And then finally I want to show you something very odd about another
compound which 15 not directly bone but which will allustrate these phe
nomena too

An X Ray Diffraction Pattern of Francoltte

Dr McConnell discussed an « ray diffraction pattern of francolite 1
want to challenge the validity of this particular pattern In miy opion
the principal reason that the sample of francolite gave this j artrcular pattern
was due to crystal orientation I would Jike to read another statement from
Dr McConnell This 1s from Gruner and McConnell®*” about the structure
of francolite Thev state the followng  The pliotographs of almost I;“"
fluorapatite and francolite agree so well with one another that only on t?l‘
mspection are certam differences revealed  That I thinh 15 a true s 1:’
ment To have a photograph of 1 specimen that 1s oniented 1s not unusuI1
because of the difficulties for instance m mounting the specin ens for !tm;s
type of diffraction pattern To let the matter stand however \»oul:IﬂEtm:
lenge almost all of the hiterature wluch states that the diffraction p -
of all of these materials are essentially sumlar Such stitements hgl\_ e o
made among others by Bale Hodge Hendrichs ind Hill ’lhewhs\cr: .
Dallemagne and Brasseur McConnell Gruner and Armstrong e
T quote the people at thuis Conference Such statements were made
Tovborg Jensen and Moller * * among others

+ 9TA
TiGruner J W and \cConnell D Tle Structure of Francolte 7 Ard
208 215 (1937) ot
=Tovborg Jenser A and Moller E Imestigations i, ;he Propest es of
Enamel by Means of X Rays Acta odon scand 6718 (1
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In answer ta my ohjection, Dr McConnell savs neverthcless that he be
leves that the diffriction pattern 15 correct as he stated 1t so we are lett
with a clash of facts Now, Tovborg Jensen and Exa Voller™ say  [he
Iattice constants of hydronylapatite were found to be ¢ = 9431 and
¢ = 6857, m excellent agreemnent with Thewhs but deviating greath from
Burrr The same salue was found for dentai enamel, that 18 the same
value of the glancing angle was found for enamel and for hvdronylapaute
but as enamiel 15 a collord and the Lines of a large, scattering ngle cannot
be measured the lattice constants of enamel =re determined with lews e
coracy ' It 15 the precise pomnt that led Hodge and Bale”*2* ° to sm
that bone 15 hydroxylapatite, because they never saw any difference m dit
fraction pattern between the bone salt and svnthetic hvdroxylapatite  This
15 the underlying reason We examined this pomnt 2 hittle nt heve Iast vear
and we want to examine 1t again

The Structural Features of Crystals

Now, what 1s a crystal? A erystal structure 1 the pattern, such as Dr
McConnell has gnen i Tigure 34, illustrating the projection of the atomic
arngement upon a plane  The atomic arrangement 1s defined 1n terms
of a snull paralteleppedon Tt 1s hike a cigarette pach 1t the volume of
the pack 1 reduced by a hundred mullion fold, you will have 1 unit that 15
adequate to describe the structure of hydroxylapatite \athin this small
unit, which 1s the unit of structure, the atoms are repeated according to
the ssmmetrv clements, and those symmetry elements were figured out
m chissical erystallography long before «-ray diffraction wa» discoresed
Thes were figured out aceurately m 1895, as a matter of fact lefore anv
use cotld Le made of them, from the obsersation that crystals hnve certan
extermal forms It foliowed that cryvstals could be deseribed by group
ey There are 230 dufferent methods of describing them

Hydrovslapante belongs 0 a pasticular erystaf system It has & partin
ar externl symmetry of ats faces Therefore, the one problem 1> to find
the atomne arrngement within this httle umt, and that 1s what we call de
te1m st of the crywtal structure After you have determined the struc

ture of thy umt yot can burld up the entire crystal by translational repets
fw of thys un

hl B other words, there are two structures here There 1s that of the lattice
Which 15 bt up by transltional repetition of the smallest umt and that

ot is 1 C.and 1 Joum Ph
e Bl W ¥ The Mo Conseon of the Lol T «
PHadge 1 ¢
Cont Scme Observatins on the Dyman res of Lalalean n, Trone Wy
Merewe on Merabolie Interrelations 2 73 112 (1950}
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of the smallest unit which 1s the basic feature that detertmines the struc
ture of the crvstal X ray diffraction 1s dependent on both of these struc
tures It 1s determined by the structure withmn the umt and 1t 1s also de
termuned hv the repetition It 1s the repetition that gives the lattice con
stts such as were shown for francolite The lattice constant a mught be
one dimenston the lattice constant ¢ nught be another dimension  Actual
Iv apatite has a hexagonal umt while the cigarette pack has an ortho
rhombic umit  There 1s one additional pomnt which 1s a hittle more astute and
which goes a httle deeper into the nature of mathematrcal crystallograg hy
that 1s within a umt a hexagonal one for mstance crvstals are bult vy
according to hexagonal symmetry 1s 1 subgroup of operat ons that are
monochmie  They are of lower svmmetry

The Nature of Crystal Opuics

Now what about the crystal optics® Well the crystal o] tics also are
based upon the symmetry of crystals In the discussion that has been gnv
en it was correct to refer to the crystal optics that have been mentioned here
The crystal optics 1re measured in a very fundamentally different wav
The diffraction pattern of the structure of a crystal 1s taken with x rays
and the rewson X rays are useful for these measurements 1s that x rass
have wave length d mensions of the order of the distance between the
atoms and the lattice The reason you get 1 diffraction pattern 1s that there
15 4 regulir repetition of the units and 1t 15 the regulr repetition that gnes
the diffraction pattern The crystal optics as [ say aho owe ther ongin
to that crystal regularity However they probe m a much different tpe
of phenomenon They probe with 1 wase length of the order of 1000 to
10000 atomnc dimenstons Wave lengths of the order of 1000 of these
units of structure are required to descrile this materl m mcrescope
dimensions

na
You can see immedhatel, that crystal optics will average the phenome

that are tahing place withur the crystal The \ ray diffraction will notf:
greatly average the phenomena It will measure more precisely what 15 lg“e
g on within the umt of structure The optics will more nearls mcafnm
what 15 going on 1n the so called real ervstal that is across the dimens

of the crystal as a whole

The Mol Refractuity of Hydrovylapatite

v the
Now I want spectfically to go rather deep into crystal opmsk::duu
moment and 1n so domg I will indeed show that the particular s

npos
that Dr Dallemagne mentioned for trictlem phosphate 13 really impo
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sible It 1s not debatable, 1t 15 quite impossible ** The pomt s this that
the optical properties of a crystal depend upon the polanzabibny of the
atom ] can ilusirate this 1f you wich A ware hits the atom disp lces
an electron and sets 1t mto forced vibration the degree of which s 1 pr |

erty of the atom The properties of the atoms are such that those At m~
which are negative and those Wh ch are more loosels mnde contnibute me t
to the index of refraction  Specifically vou can tahe Landalt Burnstein

or any set of tables of physical constants and vou will find there e
atomuic refractivities of materialy  or you can find these constints
Bragg s 1 aok on the Structure of minerals 1f vou wish Some steme e
fractiunes which have the dimensions of 1 volume are cilem—2 um

ongen—3 S0 em?, and hvdroxyl—same as onigen Dhworme has o
seotially the s1me polarizalnhty as oxygen There 1s 1 little uncertunts 1n
these values but they are relatively precise The Inghly charged wns wh
25 phoy hiorus and carbon whatever the charge on the carbon m .hu 1

ase low and you mught take them as 040 em® If you caleulate the m |
refractivty of hydroxslapatite, whieh has Teen correeth wnittco

Ca1o(PO,)s 8 (OH)» by adding the atonne refractivities you get 1134

There 1> a dulferent method however and quite a clssical metho  of
finhng the value for the mo! sefractivits Thns 15 to derise the valucs from
cther compounds The calcum fizure nught have been dernved from al
aum chlorude or calcium oxide, the oxygen figure from magnes um oxide—
totally unrclated substarces These vahies are tonme constants nd the
ery<tal 1n which you place them mzkes no essential difference tn thar value

The atonme constants are obtamed from wint 1s called the Lorenz
Torntz formuh’ and 1 bel eve alf of you whe are texchung probabls j1e
‘ent it to your students The ‘Lorens Lorentz formula sns this  tht the
mot refrctinity—~this 15 2 pedagogicnl session tou see=—~1s equal to the
molecuta volume times V' squared minus one vser ' squared plus two
where \ 1 the average refractnve inden  In ather words

moleculir weight Nl
nu b refrctivity = »——
density N2

This \alue which proves to le 116 cm *, can b used to calealate the mol
rrglrxnrunu of ndroxylpatite  The difference between this value and the
value of 1134 oltuned from the atomic refractu ties 1 very snnlt and

JThis apprcach ha r pl
be o - R Stephemon ¢f the

Nat o) Barenn o35 Ianm,uf:;:d ped by A S Toener and S e
Pragg W

v L\Hnm" Atotute Structare of Vmeral € raell Unn Pree Tthaca N Yo
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of the smallest umit which 1s the basic feature that deternunes the struc
ture of the crvst! N iy diffraction 1s dependent on both of these strue
tures Tt 15 determuned by the structure within the unit and it 1 abo de
ternuned by the repetition It 1s the repetitron thit guves the fattice con
stants such as were shown for francolite The lattice constant @ mglt e
one dimenston the Inttice constant ¢ nught be another dimenston  Actual
Iv 7patite has a hexagonal umit while the oigarette pack has an ortho-
rhomlic unst  There 15 one additional point which 1s a hittle more astute and
which goes a Iittle deeper mnto the nature of mathematical crystallograg hy
that 15 withm 1 umt a hexagonal one for mstance crystals are luilt o]
accordmg to hexagonal symmietry as 1 subgroup of operations that are
monochme  They are of lower symmetry

The Nature of Crystal Optics

Now what about the crvstal optics® Well the crystal o tics also are
based upon the symmetry of crystals In the cdiscussion that has been giv
en 1t was correct to refer to the crystal opties that have been mentioned here
The crystal optics 2re measured m a very fundamentally different way
The diffraction pattern of the structure of ¢ crystal 1s tahen with ¥ rnys
and the reason \ ravs are useful for these measurements 15 that x ray»
hnve wave length dimensions of the order of the distnce berween the
atoms and the lattice The reason you get 1 diffraction gattern s thit there
15 1 regular repetition of the umits and tt 1 the regular repetition that gnes
the diffraction pattern The crystal optics as I say also owe their ongin
to that crystal regulanty However they prole m a much different tipe
of phenomenon They probe with a wave Jength of the order of 1000 to
10000 atomic dimensions Wate lengths of the order of 1000 of these
umts of structure are required to descrile thuis material m mieroscopt
drensions

You can see immedrately that crystal optics will average thie pl enomena
that are taking place withm the crystal The x ray diffraction will noliL
greatly average the phenomena It will measure more precistfy what 'igm
g on within the umt of structure The optics will more nearls mc::mm
what 1s gaing on m the so called real crystal that 1> across the dm en
of the crystal 1s a whole

The Mol Refractivity of Hydroxylapatite
the
Now I want specifically to go rather deep into crystal opnc«(i:::""e
moment and m so domg I will indeed show that the pamcu!ar”: s
that Dr Dallenngne mentioned for tricalcum phosphate s really
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wble It 1, not debatable 1t 15 quate mposaible # The point 15 this that
the opticat properties of a crystal depend upon the polanzabiiy of the
atome 1 canallustrate this of vou winh Vo weve dues the atom disphices
an electron and <ets ¢ ito forced Vbration the degree of W fachs 2 prop
erty of the atorn  The properties of the atomn are such that thase atomn
whictt ate negative and those Bh ok are mure tousels made contnibute most
to the mdex of refracion Speaficatle vou can twhe Londol Boresten s
or am set of tables of phyorcal constants and 1o will find there the
atomme refractivities of materials  or wou can find these constanmts I
Brage »™? ook on the stracure of munerals 1f vou wash Some atone re
fractuaties which have thie dunenstons ot vankume are cabium—2 om
ocygen—3 50 cm?, wnd Wndroxad—ame as oxvgen  Tluarme his es
sentradly the same polarzability s ovagen  FPhere s a btdde uncertamn i
these salues but they are refatnels precse  The fughh charged s such
as phosphorus and carbon whatever the charge on the carhon minght by
are fow and jou might tike thom as 040 em [t o cakulite the mat
refractionty of Madroglapatite  which fus feen correcth  written as
Cara{POy)g # {011}z b adding the atumie refracusives wou get 1134

There s 4 different method however and quite o ohissual method of
finding the value for the mo! refractivity This 13 ta dernve the valnes from
other componnds The calonm Figure mught have hecn derned from cal
crttm chloride or Glaum enide  the sxagen figure from mudnes um oade—
totih unrelated substances  These values are atoruc eotstants and the
crvstal sy which Vot phe thent mzkes no evsential differesice g thosr alue

The atanne constants are obtimed from whar s Gitled the Lorens
Lorentz formula and I befeve all af vou who are teahing prohably pre
sent it to vour students  The *T orens Lorentz formult @3vs thie thw the
nio) refractnity—this 15 2 pedigogcnl stesiom \ou wee-—15 egual to the
malecular yolume tmes ¥ squared muams one over A squared phis two
where ¥ 1o the avesage refractine sndex  In other words

moleculas werght N —1
MmO} TEEractigy 2% e @ s
density N42

This ralue whach proves to be 116 am  can ¢ ised to (lulate the mol
refractnsty of hydroxyfapatte  The dfierenie hetweas this value and the
e o W34 dhtmwed dremn G ot selractnes s ver omall e s

*9This approach has beess doveloped by & B Pooner and § R Stephensun of the
National Bureaws of Standasds

T Drpg W L Awmn Seructure of Mmerah ol Lrwv Prec Ithaca N ¥
9 128 (1937}
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accounted for 1f oxygen has the value 3 60 mstead of 3 50—which s per-
nussible n this sort of calenfation But don't get the 1dea that this 15 an
menact quantity It 1s an exceedingly exact quantiy—the mol refractiaty
of hidrovylapatite 15 116 cm ®

The Mol Refractvity of *Tricalem Phosphate Hydrate®

Now, where do we go from here? Let us conswder ‘tricalcium phosphate
hydrate’ Dr Dallemagne mentioned the indices of refraction of these
materals You wiil note that oxygen lnrgely determines the index of refrac
tion It 1s for this reason amang others that the suggestion of Dr Me-
Connell that water 1s added 1n the position of calcym 1n the so called ‘car
bonate apatite lattice 1s smpossible It 15 for this reason that the suggestion
which was advanced by Dr Dallemagne for the structure of the ‘tricalerum
phosphate hydrate’ 1s untenable More specifically, one of the mdices of re-
fraction of hydrogylapatite 15 1645, and the other, 1650 The wdex of
refraction of tricaloum phosphate can be as low as 1590

The diffraction pattern of ‘tricaleum phosphate hydrate’ 1s closely the
same as that of hydroxylapatite, which means that the molecular volume
1s the same for both substances Now, 1f the mol volume 15 altered withun
the small bmts proposed by Dr McConnell the resulting change 1s only
of the order of a small fraction of a per cent A change of not more than
05 em? in the mol refractivity would be accounted for by any of the sug
pestions thit have been made for an alteration 1n mol volume, and the
change mught be m either direction  You will note immedsatefv that the
value for the mol refractinsty of the ‘tricalerum phosphate hydrate” would
have to decrease since the mdex of refraction of the compound s 1590
Now Dr Dallemagne did not use the refractive mndex except to sz on
the basis of 1t that the material differs from hydsoxylapatite Dr Me
Connell also used the refractne index only as evidence upon which to sav
that this matersal 15 different, without analyzing what the observed value
actually means It actually means that the value for the mol refractnity
must be decreased considerably, and 1f you go through and caleulate what
does happen, the mol refractity value 1s decreased from 116 to 073
The difference 1s 85 cm®  This shows quite clearly that oxygen must be'
left out of the lattce m the structure of ‘tricalum phosphate h)dm“f
The structure proposed by Dr Dallemagne did not leave oxygen out @
the lattice, 1t rather substitutes hydroxy groups or water for cafaust
d since the 1¢
Tation you find
* instead of be

You can look at this m another way A 1olume change
fractivities have the dimension of a volume Upon caleu
that the molecular volume of ‘tricalum phosphate hydrate, o
mng 3185 as for hydroxylapatite, apparently 1s 372 The density of th



RFADRICKS 194

‘trcalerum hosphate hydrate correspondingly droj ped to 288 which 1
aprocmtdy the chsened valwe 1 the formula of the maternl withn
the unat of structure 1s to be wntten 1115 €1 42(PO4) o (£ O)a Inother
words to explamn the observed refractne inden hosphate must have beert
left out of the umt structure as well as calaum  There 15 no alterntine

The Mol Refractisity of Carbonate Apatite

You can go throngh 1l of these arguments with carbonate apatite and
they are not quute so steskang The ndex of refraction of “tricatesum phos
phate hydrate dropped from the arder of 1640 to 160 for hndrovy!
apatite down to the order of about 1 563 to 1 590—a tremendous drap  The
refractve ndices of carbonate apatites did not drop »o markedh  How
ewer the refracttve index of carbonate apatite docs decrense as Dr Mc
Connell will verify  The vefractne mdex of carbonate apatte decreased
from the order of 1640 to 1650 for hydroxylapatie dowa to the order ot
1630 or 1620 1f anything happened the atonme volume decreased some
what

Tius 1s the way ta state the conflict There 1s a voud m the svstem QOne
group of people choose to say that the vord ss within the nmt f structure
The others namely myself m thus case choo € t0 say shat 1 15 ourade the
anit of structure  This 1s the nhole conflict  In other words you wan quite
precsely show that there are vords m the sidem beeause the refractive
tndices dropped  one group savs that the vo:d occurs withmn the nmt  and
the other s1ys that st oceuss between the umts m some way

Now the particular efaborate composttion thit Dr McConnelt chows
{or fluorapatite wr Tigure 34 53 based upon the assumption that the oy
gen atoms of alf the phosphate groups were there and m addition by
drony! groups or water substituted for calerum Such 2 substituts n which
myolues the addition of ovygen wonld raice the refractine mdex  Actually
what 15 observed® The den ity drops and the sefrctne mdex alo drops
1t 15 an s way that vouds appear 1o the system  The only question 1y
whether these soids apper m the umt of structure or Whethee they p
pear outsule the uwt of structure  Of course there are n1imy points minor
points on nhick one coutd quibt te

The Evidence Obtained from Anssotropisme

T want to mtroduce a dsffesent property of erystal optics Many (rystals
are antsotropic  that s the mndex of refraction depends upon the direction
m the crystal True enough francobite which i a perfecth yusufiable ma
terial to use 13 apparently biaxial What does the nature of the bravahty
men> Let me draw your attentic u ta the fact that sodwm chlonde winch
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13 supposed to be a matersal that 15 1sotropic often has a birefringence The
muneralogist and the [etrologtst have often solved this by a beautiful meth
ad  They hve called 1t anomnlous By taxonomy you see they have con
quered the phenomenon (Laughter)

The other pomt about 1t 15 that many hevagonal crystals have a tendencv
to be anomalous one of these for instince 1s the nuneral bersl and
another 1s the mmeral aragomte I went back nd dug up the old data that
we hind tahen m 1933 on single crystals of dahllite which 1s one of these
carbonate wpatites A large crystal of dahllite gives a umasial interference
ficure but fragments from a broken crystal are often braxial Moreover
dahilite has the unportant projerty of bemng very varable m its baxul
character ay 15> hnown from the observations of Lacrorx @ He worked
particularly with a material known as quercyite from 2 locality m France
It was so vanable as to suggest more than one form The alpha form was
aptically positive and the feta form optically negatnve or the other way
around I dont recall which In other words 1t was extremely varible
This vanability itself 1s a striking property simce niost crystals with exact
structures do not have such exceedingly vanable optics

Actually the birefrmgence wlich 1s the difference 1n refractive mdices
will show vou another thing In the carbonate group the carben atom and
the three oxygen stoms are all m the same plane, because of this wlen
the electric vector 15 perpendicular to the plane the optic properttes ar¢
marhedly different from when the vector 1» i the plane of the group 1t
15 for this reason that calette has such an exceedinglv high birefringence
The carbonate group mmparts a very igh birefnngence to any crystal 0
which 1t enters unless it has a number of different orientations There are
cubtc carbonates for example But 1f the carbonute group has a wingle
ortentation or 1f 1t were as Dr McConnelf says i the plane of the group
perpendicular to the hexagoml axis the birefringence would be of the
order of 004 mstend of about 001 as ohserved The lower lirefrmgence
that 15 observed mdicates that the carbomate group has 2 numi e of aif
ferent configurations [hese are simple deductions from the crysta) optus

The Parallel Case of Conchite

There 1s another pomt If I were to stop 10w jou would all sx)l W ft!l7
it 15 a matter of paying our money and making a choice Which 1 w
You dont hnow You are not all experts m this field Y ou can feat (Le
tman and consider his tale logieal and you hear another nd equally v
Ieve lum  The position posstbly would be letter 1f one found an ex

Slacros A o Miwralogy of Ln  a { Her Col mes 2ans 1 555 (1910}

EN
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analog with the characteristics that have been discussed  Francolte and
triealoem phosphate have heen used to some eatent < analogs  \ecording
Iy Iloohed for an analog so conuincing that the mineralogists and ervstal
lographers here would say  Yes damt thats true'  (Laughter) For
tunateh, one farned up very quehly It turned out to be the calaum car
1orate of moltusk shells which m 2 sense has a setting equualent ta bone

Mineralogists have been working on the material of moflush <hells ever
smce 1895 They called the material conchite  What are the ervstal prop
erties of conchute® Conchute 15 an aragomte which 1s one of the two com
mont crystal modifi of caluum carl In mothask chells it
very pure Calate the other common ¢rystal modifictte n of calemum c1r
honate alea appears i some motfush shells and i other ammals that form
shells  In this substance however the ciloum has the propesty of making
quite a Jot of magnessum mto the lattice

What 1s thus property of comchate that 15 exacth paraliel to that ot the
muneral {rancolite? The property w that its refractine mdices & ffer con
sideral v from those of common atagomte just as the refractue mndices
of francolite differ from those of fluorapatite  In additon conchite gives
s precisely the diffraction pattern of common argomte that st now
called a discredited mineral species  For that reason this mimeral conchute
ar the smineral name, conchite dropped cut entrely  But the eevstal optics
are exceedingly amusing  Comumon aragorate has the refractne indea
alpha equal to 15331 The value 15 exceedingly jrecse and I want to
wiite all the dnown figures The beta imdex 1« 16816 and the gamma index
1516859 The average refractive 1ndex {and dont add up these three and
driade them by three because that ssnt the way to get the average (lavgh
ter)} 15 1635 Mollush aragonste or conclute has alpha 1523 bets 1 659
and gimma 1662 with an aserage index of 1616 \s the mtersal has the
same < ray diffraction 1t hag the same molecular volume  The refractne

tdex howerer 15 fower which means that the mof refracn vity st be
fower

The erystals gne some evidence as was the case 3 dahliste of uusual
broperties Thss conchite form of aragonte snstead of shwing the usual
parallel extinction of theve sorts of materials shows a ontimual varsation
for the extinction position along on aggregate The actual case then 15
that the conchite form of aragomte as it ajpears m mollush shells s an
tact parallel with the ttetial m bone  The crse how ever 1s much sumpler
$ vee the compositran 1s fess open to mterpretation

The Nature of Crystal Growth

Agam, o question wught anse  That o wterasting but what wn one
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make of 1t>  Here somettung must be sard about how crystals grow o
have afl been discussing the question of what deternunes the wte at whe
the hone salt will deposit i the biological systemt 1\ hat determines th
ate at whieh the mollush will form ats shell? Last vear Bevelwder” * mien
noned the pomt and saxd 4 httle bit 1hout 1t He smd that alkaline phios
phatase w1s present at that poswion and collagen fibers were also presen
at the place where the shell was deposited Let me ask this question  whi
do you run up against n exact paraliel with the behasior of bone i crysta
properties 1 a biological system which his made the some equnalent s
of these properties? Well this has to do with crystal grawth

Now crystal growth 1s a comphented subject also It 15 more comple
cated than ervstal optics For nstance the Taraday Society m 1949 * de
vated a full conference to the subject The rerson I mention thy 1y tha
the wleas about erystal growth have changed ymmensely withm the hst
five vears  They had their fonndanons easher than that but most of what
we now hnow about crystal growth 1 4 result of the economie importance
of metallurgy Tt 1s betcause metals owe their charcterstics so mudh to the
physteal properties that are wvohed m growth that 1t has Jeen necessary
for the metallurgist to exammne the subject closely

Actually what these two biological systems have m corumon 1s the fol
lowmg i the mollush shell the sume condliton approxumately 15 met
at one and the same tme for two substances to form either aragomte or
calate  Aragomte 15 the more soluble metastable form The same cond:
tiant 15 met 1 botte where an morgamc matertal more or less 1s precipitat
g You have all argued deeply and long ahout whether there 1 a hiologt
1l mieraction or whether 1t 1s just an morganic phenomenon In {one for
mation the same condition approxsmately 15 met at one tyme for three suf
stances to form  hydrovylapatite caleum phosphate dihsdrate and caterum
carbonate One condition T apprecite 1s somewhat apart from the others
Hydroxylapatite can form as well possibly, as tricalerum phosphite dihy
drate—since the conditions for the precprtation of this latter substance are
not very different from those of hydroxylapatite and finally calewm caf
bonate In the one system the aragomte forms more often than does the
calete  The chssical physical chenusts always laugh that off m what I
fave atwavs thought even as a student was ap absurd way They vay that
1f 2 metastable form 15 likely to be present 1t 1s going to form first A !(Aet‘
ter statement 1s that the metastable form is not Jikely to form but of 1

2Bevelander G (Discusston on Mollushs) Trans Macy Conference o Vet ol e
(1951

Interrelsnons 8 222 (1
suFrah F € Due sstons of the [oraday
Gurney and Jachson Publishers London

Society Mo 5 (ristal Crouth (1949}
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forms 1t will form first It has no other alternative There 1s 2 very nuce
ditinction between those two statements

A crystal does not grow when its solubility product 1s met, but rather
when this product ts considerably exceeded The reason 1s that 1n some way
the Inttice must be started  After the lattice 15 started 1t will not necessarilv
conttnue to grow 4t saturation Tor nstance, caleite forms a plane contam
1ng certam groups, calaum and carbonate and then stops growimg hecuse
more energy 1s needed to begin the depouition of another plane ot atoms
than 1s required to continue a plane once 1t has started to form  In other
words unless the process imvolved 1n the mitial growth of crystals mdudes
a method for the contmuation of the growth the crystals are contnually
catting themselves off This shows up 1n mmeralogy m mamv «dd phe
nomena the existence of which the mineralogsts rehze but the causes « f
which they do not appreciate

Withun the last three years Frank,® a phystenst m Bristol kas come up
with a demonstration that most crystals have to grow by what can be called
spiral dislocations A spiral dnslocation ares when the repetition of these
depasiting groups of atoms 1s shghtly out of phase Then the growth can
follow a continuous spiral while mamtaming the tramslational properties of
the lattice and the crystal opties

Lhe mportant pomt m these phenomena 1 hone apparenth 1> that ma
terals that are excluded appear external to the littice between the transtt
tumal elements  There they comstituite a disruption to the contmuaticn of
the latice  Spectfically n the case of the mollusk shell the extraneous
materzal seems to he magnesum  Magnesium s excluded from the ar
tonite lattice and appears on the faces 1 the order of a few tenths of a per
et This causes the contmnuation of the lattice  The mmplications are 1
merately evident m the case of the hone materinl The apatite crystal will
£tow cnly i a very adventitious position at which there 15 a sort of nuclea
tion for the crystal, and 1t will contine to grow only because of these
;wea of disruption of phenomena that actually are taking place m the
lattice

T think that 15 all that needs to be sard It 18 not 4 simple subject with
Shich you are faced I would Iike to mention that one of the pomts disturh
Mg Dr McConnelf ss that I apparently have held from time to tme that

the carhonate apatite does not exist I have alwavs meant by ‘1t didnt

tust that the carbonate 1 not substituted sn the lattice Lhat the cir
Youate 15 present and thit the munerals such as francolite ewst, 15 selt
sident The argument al out these minerals and bone 1s how the carbunate
™ present
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Conference Discussion

Armstrony  Thank you very much Dr Hendricks I shall now ash Dr
McConnell 1f he would Iihe to make some comments apropos of the pres
entation made by Dr Hendricks

McConnell T would hke to make a very detasled reply to some of the
questians which Dr Hendricks has rased  He has referred to me a5
bothered or troubled by some of these pomts 1 am not sure tlat I am
T thnl there 35 one fundamental question that arses It deals wath the two-
phase system chalcedony which 1s even better knawn to the mimeralogist
and has been shall we s1y more thoroughly muestigated than the two
phase system conchite

In chaleedony we get the same diffraction pattern as we get with quartz
There are no intensity differences and no differences in the sizes of the
unit cell but the opticr] properties as m conclute are measurably different
beyond expermmental errar  However 1f one looks at chalcedony 1t 15 not
an opticilly clear homogeneous system It 15 1 cloudy material which
produces scattering of light in the visible range with no difficulty m ob
serving that scattermg at all Conchite n so far as I am aware also ap-
pears to be two phases and guves a scattermg within the wstble range
What the other phase present mny be we are not quite sure  Dr Hendricks
has 1mphed that 1t contams magnesinm T am quie willing to accept that
1t also probably contains some orgamic matter which has been produced as
already outlined by these httle mvertebrate animals

However mn francolite we have a different situation These crystals are
opticlly clear and bomogeneous Yet the umt cell edges by x ray diffrac
tion methods are measurably cifferent beyond experimental error and the
ntensities of the atomic planes which produce the mterference mama are
ufferent 1f T may be pasdoned for saying so Dr Hendnchs the dif
ferences 1 intensities are not due to anentation The ortentatton problem
fas been conssdered and a statement beating on 1t will appear i a manu
script? © now m the hands of an editor but I have the detatled dat here
1f awyhady wishes to see trem Pr Hendriwhs had an epportuiity to see
them last summer mcluding some unpublished charts tade at the ha
tional Bureau of Standards which show differences not only 1n the spacings
of these diffraction lnes for fluorapatite and francohite tut also ey
marked differences in the intensities Preciutions were used to prevent

1 Subst
Tle Problem of the Carbonate Apattes IV Structura
fons ol D o i OV B it Soc. frangaise \ineral Cretal 73 reest

(1952)
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orientation 1n that the samples were not compacted but were put loosel
mto the vessels, by Mr Howard Swanson, who 1s making the standard
comparison diffraction data for the Amertcan bociety for Testing Materials
at the Natsonal Bureau of Standards

If one challenges, then the intens ties on these apatite and francolite
curves, he 1s challenging our entre system for measuring intensities
Now, maybe Dr Hendrichs wishes to do so but that would nply that we
certanly have some mcrements of knowledge fmisstng 11 the determination
of our diffraction data because I have here the sample wlich was especually
prepared by Mr Swanson, to determine these intensities and the inten
sthies are different

I think nobody has demed that the cell edges are dsfferent If the cell
edges are different, 1f the atonmuc scattering factors are suffictently different
to contrtbute these differences i mtensities then I beheve that the crystal
structures, although remarhably smmilar must be different I thimk Dr
Hendricks made a pomnt that the refractive indices go down m francolite
They go down very very little I wish I had with me the calculations that
have been made on that point

Hendricks T can give them to you, 1f you lihe

McConnell  Well, 1 have some of my own (Laughter) Dr Gruner
and T first considered the apphcabihity of the “Lorenz Lorentz formula
back 10 194027 1 believe, and there 15 a good bit to be said for it How
eter, we dont know, really, with great preaision the ronic refractivities of
some of these atoms n different environments

Hendricks  You don't have to

McConnell  Certamly, 1f we are considering these data with reference
to the vectonal properties of crystals, that 1s directionwise as vou inds
cated then we must hnow very accurately the somic retractivities 1n order
to come out with vectoriat calculations The amount of water substituting
for calewm, to get the spatial equivalence, 1f you remember, was 10 parts
1 1000, or 1 per cent I am not prepared to state that we know the jontc
refractivities of any of these constituents to any such precision as 1 per cent

I think there was another difficulty There was an attempt on Dr Hen
drichs’ part to ciscuss bone I think we would Iike to discuss bone, but I
don't think we are prepared to discuss bone because that 1s an extremely
complex system I have attempted to consider the data which Hendrichs

“MCoinell D and Gruner J 3 The Problem of the Carbonate Apatites 11T
athonate Amat fo Fom dpar d Mt e A e Aferal 95 187 167 {19401
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and Hill have presented 1n the National Academy of Science Proceed
ngs®® and I saw that there was one notable omission They did not use
the Brunauer Emmett Teller method * for determumng surface areis on
the muneral, fluorapatite T wish vou had deternuned these surface areas
We subsequently did and we got the same value for fluorapatite that we got
for francolite within the error of tle measurement 2 But T thiok it 15
very interesting to presume 1ly that those di actually
ewst 1 a francolite crystal such as Hendricks and Hall have done and
then see what conclusions necessarily follow

One concludes without any knowledge of the type of discontinuty
winch occurs that these discontmuities would have spacngs comparable
to the wave length of light in the visible range and therefore would comert
these francolite crystals presumably to beautiful spectral gratngs of a
three dimensionat sort If jou will recall there was a difference between
the expermmental wnd the calculated BE T surface areas by a factor of 9
which I did not consider particularly good agreement If one tahes the
other extreme namely the 60 square meters per gram of surface area and
caleulates for 1 regular system of coordinates what the average terrup
tion of that s\stem would le he obtamns a value of 315 Angstrom umts
which should produce marked Lroadenng of the « ray diffraction lines
and should greatly increase the low angle scattermg  Nothing of that sort
1s observed and the diffraction lines which I showed you were not h gh
angle lmes but were farrly low angle tnes T have forgotten but I think
they were around 40 degrees In fact the francolite gives almost 1s mee
diffraction limes as the flnorapatite There 15 1 ittle decrease mn the alpha 1
alphh 2 resolutton which would be expected m terms of the 1somorph ¢
substitution which occurs

Hodge What was the surface area for the francolite?

McComell T will have to look at the orginat article which Hendrichks
and Hill published I have 1t might here They have a table that gives sev
eral values For francolite below s micron particle sze they show 73
square meters per gram and when they used somewhat coarser matersal
100 to 200 mesh they obtaned 32 square meters per gram and when the
particle size was 20 to 35 mesh they had 16 square meters per gram For
the steamed bome they obtamned salues which approwmate 66 square

28Hendncks § B and Hili W L The Nature of Bow and Plospl ate Rock
Proc Nat Acad Sc 36 731737 (1950)

205Branauer S Tfe dAdsorption of Gases and }apors ol 1 Plyscal Adsorpt on
Pr nceton Univ Press Priceton N J (1943)

240These unpublished measurements were made by Mr C M Hunt M neral Products

Division National Bureau of Standards
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meters per grim  But over on the nest page they use the flyonne content
as the basis for wlevlatmg the surface area of the discontmuties m tran
colte and ohtmn 25 §oreendl 6 square meters per gram { dont sce the
figure ight here  And <o 1t depends enurely on whether you use the cal
eulated value of 61 square metess per gram or some aserage measured
\alue Actually 1 used the measured value of 7 3 squire maters per gram
which n the far,est expenmental value ohtamed  On that basis oue can
wleulate the regular periachaaty of the mterrupt n of that fattie to e
abost 2600 Angstroms

Hedge You mean the 2600 Angstrom lenjth corresponds to the 7 3
“quare meters per gram?

UeConnell Well the greater the surfice arex the smaller the wmt of
wterraption of the latice abuamsly so 315 Ao, stroms would o rrespond
to the 61 square meters per gram and 7 3 corsesponds to 2600 Angstroms
But 2600 Angstroms 1» capable of produung scattermg 1 the vible range
and 315 Angstroms 1 capable of produemg very sigmficint wuattering ot
v rans There s no evidunce for ether phenomenong

Hedge But I thought you smd it was conststent with the pucture of hene

McConnell Well, yes st may e Lut the powt 1s that I think Dr Hen
drieks wees the terms bome ' a5 ¢ francolte unfess T am mustahen simost
8 though they were interchangeable

Hendriehs 1 hanve nsed them perfecth mterchangeabh
YcCunnell Well, thank yon for dung that

Hendricks 1 sancolite contans fuorme and that 1s the only dastinction
between francohte and bone

McConneli  The surface arers ate not m any wav comparable though

Now T guthered that you made two attacks on my structare Is that cor
7tet? Ope was pertaming to thss problem of the mtensities bemg due to
onentation  That 1n no measure affects the size of the unst cell of cousse
does 1t?

Hindneks o

WeConnecll So we stilf bave shat problem to contend wsth But I think
Thane been successful m demonstratmg that these satensity measurensents
were abtmned by the vers best methods presenths avarable to us  The other
attack I gathered had something to do with the general calculations that
wewe made on ervstaboptical properties and modved the dechne m re
fracne wmdex of the franwite tetow tat of fuorapatte  The one 1ndex
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drops down but the other one goes ap  Let us consider the average of the
dita i the lterature  If you assume a heterogeneous system that 1s 1f you
assume that there are two compdnents you come out with almost the same
refractive indices that one would obtam on the basts of that structure But
this francolite crystal duffers entirely from chalcedony It differs entirely
from conchite 1n the fact that 1t 15 a single phase and not two phases and
there 15 50 far as I am aware with all due apologies to the Brunauer Em
mett Teller method of determmimg surface areas no other evidence what
soever of any discontmuities m these crystals On the contrary there 1s
evidence that there are not discontinutties of the sort wh ch have been de
scribed namefy 315 Angstroms or 2000 Angstroms depending on which
of these various surface area measurements are used

Aristrong  This discussion certamly makes a brologist feel a httle Jess
disappointed ahout the progress of Ins own problem If vou people disagree
as to the constitution of 2 large crystal of an ewrth apatite what can be
expected as to a defimte opimion about the constitution of bone mmeral?
Now Dr Hendricks I believe the debate—

Hendricks Is this rebuttal?

Armstrong  This 15 rejoinder

Hendnichs How long do these discusstons ga on”®
Armstrong Ve are gong to have lunch n a few minutes

Henircks Well there 1s no point 1 mahing a rejoinder on the change
n the diffraction pattern All I have to assutne at the moment now 1> that
Dr McConnell and Dr Armstrong and Dr Gruner can take the diffrac
tion pattern at one time and state explicitly that there 15 no difference The
difference bemng you note that the (300) interference became the strongest
interference on the diffraction pattern and 1n the other 1t was of the order
of half the mntensty of a more intense mterference That 15 a thing f’““‘)
piched up at any tune and you all took the drfraction patterns of Yns £
was the same francolite specimen wasntat?

McCounncll 1 thinh you will find that that statement 15 qualfied -'ld;
quately to cover these subsequent data T think 1t showed that there ;vet
several snall differences but they were recognical le differences as I T
member and that 1s afl we have shown now really

Hendricks tou have confounded the 1ssue here somewhat ho“severy Zf;
pomting out that the atormue refractiisties are not exceedmgly p;ecaeem e
notice that 1 changed one for mnstance from 3 50 to 3 60 up ther i
board That 15 quite precise  But the pomt under discussion here xsr o
volved with the preciston with which those numbers are known
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what you drd nas to produce a suxall change in a (rystal and you are «n

cerned with the nature of that change You are concerped with the it

ference berween two Targe grantities and not with the yalue of the abs fute
magmtude of esther one of them  That 1s the precsse thing to loih at When
foched at  that way, the francolite drogs

Now, I thunk T would Iike te put on the hoard the refructive mnde ev of
dahlite

VtcConnell  Dr Hendricks, mav we stich to francolne since that s the
ase nuder cansleratton® T think that would greath sunplefy the problem

Hendricks Well vour own valtes for francolite are 1 625 and 1032
{see Tahle NIII)

MeConuell 1 am glad you know tham [ had furg stien them my~elf
{ldded later  The wean refractoe sndex for fuorpatite 1 gien b
AcConnell and Gruner?” as > 1631 but < 1634 The valuey greater than
1640 1n Table \I1T appear to be from some other sousce )

Hendncks And your walue for hydroxylapatite or the corresponding
fluorapatite 15 1 640

WeConnell  That 1s 3 decrease of approvmmateh severz parts m 10

TABLE X1it

Refractive Indices of Vanous Compounds

! @ ! e I b4
Catbonates
Aragomste 15301 i 16816 { 16559
20 =3
Conchite ! 1523 { 1639 { 1662
( 2E varies from 0° ta 27°
Phosphates
Apatte R - [ 16461
{ umaxial
Francolite l 1625 ] ~1632 )} ~1632
{ varably braxil
Tricaleum I Cal3 | — { —
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Hendricks  As a matter of fact 3f you take the best value for the mal
refractivity 1t leads to a drop of mol refractivity of 24 1t 1s less clear
here than 1t 15 1n the case of the tricalerum phosphate hydrate m which 1t
1s exceedingly clear Agam 1t drops the refractive index and this 1s a
question of the difference between two substances and not of the absolute
magmtude That ts the pomt to be emphasized

WcConnell  Would you care to say what mfluence the fluorme would
have on that Dr Hendricks? I am sure you are familiar with the influence

Hendricks  Practically none
WeConnell Oh 1 beg vour pardon! Fluorine 15—

Hendricks As a matter of fact 1f you take dahllite the mdices of re
fiaction are 1625 1677 Now to go ahead and throw the clash absolutely
n the opent the case of the partial solution 1s not to be cisposed of by the
example of feldspar VWhat you actually know m the case of feldspar 15
this  that 1f you boil it with water the water gets strongly alkalme m
other words there 15 a surface reaction that goes on which does perhaps
preferentrally remave the potassium  who knows? But to take results
like thase of Cartier and say that the calcrum cart onate does not complete
1y dissolve out of that system—well it just looks to me to te pomtless It
just does completely dissolve out There are no other crystal systems af
that type which behave hike that in which you dissalve out one component
and lenve 85 per cent of the materal there very argument I know states
that the caleium carbonate 1s there extraneously

AeConnell  On the other hand Dr Hendricks that 1s 2 very nice argu
ment which fits with your assumption of these discontinmities Of course
1n the first place you call upon an entirely different theory of dffraction of
crystals from any previous thearies which have ever existed Unfortunate
Iy the only example of this hypothests 15 the matersal under discussion
namely francolite Now if one attempts to examue this thing ina precise
way the CO; grovps as I understand st are at the suriace of the discon
contimuties Am T correct thus far? Please correct me as I go along i

there are any errors
Hendricks  Thats right

McConnell  These COj groups have 2 1 egative charge of 2 and thev
must be 1n electrostatic balance The only comemently available consfift
ents to bring them into electrostatic balance are constituents og the Ialtdt:f
stself  Presumably these constituents are the calaum tons  We wou
want to trouble the phosphorus tons m sp te of their much gher d;a:'f;
for a mumber of reasons which need not be elucidated here The calc
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and the carbonate then are related in such a way as to produce these dis
contmuities which you and Hill have described I am assuming that for
the { urpose of argument

Then how would that affect the periodicity of the lattice m the q direc
ton? If we assume that those COj groups are on clewsage planes which
are perpendicular to the ¢ axis for the purpose of argument on the tront
pmacord which we call (700) would these CO3 groups increase the dimen
s ons 1 the @ direction or decrease the dimensions in the a direction? I can
hardly concerve of any mechantsm by which they could decrease the ¢ di
mension and yet that 15 what actually transpires  The francolite 15 smaller
than the fluorapatite by 005 of an Angstrom

Viell now let s put the COq groups which are adsorbed on these d sc 1
tmutties 1n some other place The next stmplest place to put then would
be on the hasal pinacowd on the plane (001} agam balanang ther charge
with the calewm tons that are available 1 the lattice itself  All that 15 ol
served 1s an increase of 001 of an Angstrom umt which 1s quite smll witt
respeet to the size of these COQ; groups But we are putting the (O
groups 1n the structure m a completely 1symmetrical manner wlhich 15 not
related necessanly to the Inttice of francolite, so we should not obtarn am
regulnities m the changes of the spacing of the umt cells nor m the m
tensities of the diffractton maxima Nevertheless we do obwrve those
things by actual expermental techmes

1 cannot. refrain from repeating sometlung that has already been said
that 1f all of the physical properties of the francolte are different fror
all of the properties of the fluorapatite by smalf quantitatine amounts  the
structures of these two substinces must be different Then it becortes o
question of speculating on what these differences could be and I have at
tem; ted to show that the speculations which I have made would account tor
some of the experimental differences, namelv the mntens ties ot the diffrac
ton maxima for the prismatic zone—you will recall the wntensity of the
Ime (300)—should he mcreased and the brrefringence of the crystals Iike
wise should be increased

Burtter When you grind francolite, can you dissolve off the CO pref
erer tually ?

Hulncks Yes you increase the preferential solution up to the order
f 20 per cent of the CO. as preferentially taken off atter grinling but
Yery Iittle preferentially before grinding

Bertter And you believe of you ground it fine enough you could get
1t all off>

Hendricks 1 don't know Dont force me mto an apparently logical

e
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hole I could answer  Ves  Lut 1 also have reacon to bebese and I thih
st well come out fater +f Dr Hodge presents some data be has that you can
not necessarily grind francohte so fine as to get at all of the carbonate
Maybe you would have to grind 1t down to the order of 1/100th of a mt
cron m order to do that and you cannot grind down to those dimensions

4rmsfrong  Protessor Dallemagne you were unusually modest ths
mormng during the debate between Dr McConnell and Dy Hendricks
Perhaps you thought that two persons imvolved n the discussion was
enough 1nd three would make one too many I would hke now to give you
the opportumty to make further comments

Daliemagne  If you please I would like to ask Dr Hendricks 1f he
thinks that water adsorbed by tricaloium phosphate can explain the low
value of the refractive index of that component

Hendricks  No 1t would have to rasse the refractive mdex

Dallemagne Tt would have to rase 1t?

Hedricks It constitutes axygen mn the volume

Dullemagne Yes but 1f oxygen s not in it how does 1t enable you to
ruse the refractiie index? I speak about the adsorbed water

Hendricks  Dr Dnilemagne jou can grow crystals of this so called
tricalctum phaspl ate of the arder of 2 mucrons in length  The refractive
ndices are meastired on those crystals Dr Melon s measurements I judge
were made on crystals of that type Now 1f you adsorb water onto that
materil 1 cint see how vou can lower the refractive index of 1t Such
a procedure 15 adding oxvgen or 15 adding the polanzalility of exygen to
the system

McConnell  Except that that 1s what happens in chalcedony 1snt it
Dr Hendrichs? The refractine mdices ,o down tn terms of the adsorpt on
of water

Hendricks  In chalcedony I judge the refractive indices go down mere
1y because you re measuring the refractive ndex of a mxed quartz ur

sy stem
McConnell Yes tht 1s night

Hendricks  That is what T am holding here  that when you measure
the refractine index of tricaloum phosphate you are measursg the }:z!
fractive mdes of an a r apatite system and ad<orption of water w:tl;;\ (ufc
air apatite svstem raises the refractne index rather than lowers it e

something other than air mto it
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Dallewagne  Yes, 1t 1s probably the swme problem, but what do you
think about the ranng of the refractine mden of tricaforun phosphate 2fter
boshag this substance 1 water® The refractiie sodex of tricaleram phos
phate 1» raised from 1 59 to § 61

Hendricks Well, st 15 tosing water
Dalltemagne No

Hendricks  Then what 15 tt downg®
Dallemagne 1 don’t know

Hendricks 1 don't know, ether

Pallewmague  Generally, 1t ¢ontasms more water

Hewdriehs  In other words, there are two numbers gnen 159 md the
fater pasnt, winch T didn't fully reakze at the moment 161 was 1l gonen
Now, that 161 was ohtawned by batlog the sample I behere

Dollomagne Yes by boling

Hendneks  Well, 1 dont hnow fully what happens The only thing T
would do 15 to use the “Lorenz Lorentz formula and sav there » Jess 1oid
mat

Dallensagne  We don t huow what happens after boimg

Hendriehs That 13 20t T conld svy  The mdex went wp and there w lews
voud

Dalfesagne ¥t 1 the only thing we wee

Hendpeks Now, structrath 1 there auy other explananon that one
wauld suggest, other than less varl*

Dallumagne  Structuralh the waterference les become sharper

Hendriehs No, T would Just say that the substance 15 recty staihzed and
m beng tecnstafhized 1t 15 reduced to vord volumoe

Dallemagne  But what do yau propose about the structure, the molecular
structure, ot trycalerum phosphate?

Hendrcks O, I dont know I cant gnea conunatng argument as to
What that structure 15 You g me on thin sce +f you ash e to draw the
IOUEIN oF st bust I get up and skate ance  (Laughter) Masbe I ksre an
Whistration that might show it Letter and that wall save time

Tigure 36 shows the wurface of what these thungs are and 1t tres to
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Frg 36 Schematic Indications of Surface Compound Formation m the
Bone Salt

explam several of the po.nts that have been somewhat hudden m the argu
ments Instend of answering Prafessor Dallemagne diectly I will answer
lim after another fashion 1 thmh Dr Dallemagne has argued that
enamel the carbonate 1s present as carhonate apatite and m boue, the car
Danate 15 not there a~ apatite Ihe reason he has so argued 1 that upont
heating to something ke 1000°C, the carbonate of the twa substances be
haves differently In the case of bone, 1t 15 lost, and 1n the case of enamel,
it 1s not lost

Dallemagne  And another argument 15 that the refractine mdex of
enamel 15 much higher than that of bone

Hendricks  Yes, 1t 15 much higher  Possmibly the vord system i enatne!
3f this voud argument 15 carrect, 15 buried within the crystal and the car-

bonate cannot escape from 1t upon heating [he caloum (0 phosphorus

ratio has to be reduced to make tricaloum phosphate, which requizes adds
tion of phosphate to the system The argument based on refractne indes
indicated that phosphate was removed from the system If the volume re
maned the same, phosphate would have to be added to the sy»tem m order

to rause the calcwum to phosphorus ratio to 3 2
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Tricaleum phasphate bydrate 15 prepaced ¢ ahesit pH § The predom
nant mateculas spectes 1 the soluttan 1s H(PO )~ and ths or H (PO~
raes onto the surface  The questton now s the behastor of hydroxslapa
tte m exceedingly small erystals with H{PO:)= sons or with Ha(POL)~
w0ns o the surface T can well wnamne that such a Iittice would be ex
tremely permestie to kndragen sons that they could wander 1 guite readily
anl gne the unusual water foss praperties of the hidrate  This sdrate 15
mdecd wnusul sn the nature of sts water lous and contrists with mnst
hydrates v bong zealite fthe  Perhaps the mugration ¢ 1 the hadrcgen jon
Irom the surface mto the ery stal really takes place

1o answer speafically sbout the acd phosphate ¥ woufd sav that st can
be on the surface and the In drogen ton can mugrate relatively frecly through
the attice 35 a whole because it 15 essentially an 1on without size 4w a mat
ter af fact st could he the reason for loss of water from hvdrovvlagrrte at
H00° rather than haviny to go te 1300 as with normal hvdrs\lapatite
According to ths sdea the way to dundrow hite hudroxilapatite wuld be
to put acsd phosphate on ttw surface and thew heat the mzerat

Dallemague 1 thanh that 3f dwealoom phosphate were on the sarface
the measure of the refracty e mdos would giue the refractine mdex of the
drcalawen phasphate

Henlruhs Ol no st does not
Dallemagne  Nat necessarsty ?

Headnels This s not a surface wilt tredomn phost hate or dialoim
phosphiate on it The refractne mdex of a mtenal depends upon the
presence of vouds and surface components wod s determined In the can
tent per unit volume

Dallemame Tsnt ot trwe though that the conditions of prectpttation
of tndrovsIphosphiate arc not the szme 1s for dicaluum g hosphte

Hendricks Yes thars nght

YeComnlt Mr Chatrtmn 1 have saud aothn , about Dr Datlersignt
Presettation and indecd I hase wery htthe to way about it because by 1»
cansidermg quite a different aspect of the matter than 1 am I thmk we
can simplfy many of these muneralogical arguments as long as we confine
ourselies to unerals VWhen we get over mio these OTFamIc NQIganse sys
tems the sitintion certamly becomes extremely complex as I beheve all of
us will fully 1pree

Tut I thunk 4t as feasible sreespectne of the refrictne mdwes th
suder the hydraton pragerties of thus sa called alpha tricalenim phosphate’,
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by virtue of the fact that tf we wnte our conventional formula with the
Auormne as we familarly do 1t 15 not impo sible to atrne at something
which would have ratios of calowum to phosphorus which would te com
parable to those that Professor Dallemagne suggests But we dont come
about 1t by any such simple technics as Professor Dallemagne suggests ac
cording to my concepts

I huve postulated then for this tricalewunt phosphate hyvdrate the aly ha
form that there are hydroxyls w the fluorme position and that this com
pound ts a normnl hydroxylipatite except that 1t has water substitutn g for
caloum ard hydrogens substituting for phospharus  Now it 15 experns
mentally a fact that 1f you sary the environment of the precp tation of
this alpha tricalcum phosphate the ratio does not come out precrsely 3 2
and thns phenomenon 1somorphic substitution will very nicely explan de
partures from these atom ratios Tlus phenomenon will explam tle devia
tions 10 exactly the same way as I have called upon it to explun the de
partures sn francolite

Now with respect to the steamed bone and to the undeproteimzed bone
when we have protem present we have no hope tor allocating appro] fiate
amounts of water to three structural positions m such compounds a5 long
15 we hmve still another fourth type of water involied 1 the protemn sub
stance or collagen or whatever one wishes to call 1t In fact the analytical
difficulties here are almost msurmountable because we dont hnow the
energies of bonding of these hydroxyls and water molecules mn the alpha
tricalatin phosphate

1 had hoped to avoid a discussion of the mmeral visette which I recent
1y recesved from one of Professor Dallemagne s colleagues Melon but it 38
a zeohtic type substance It has a very complex structure which 1s never
theless cubic It 15 both 1 phosphate and a sthcate but m this mstance
large portions of the structural frameworh the YO tetrahedra be the)
phosphate or be they silicate are substituted by hydrogen atoms to the ex
tent of a third of all of the X O, groups 1 this entire framework stru ture
contamtng hydrogen rather than sihcon or phosphorus This mornig 1
gave yon another analogv-—the hvdrogan ets 1 which all of the silicon 18
substituted by hydrogens

Armstrorg  Arve there any further comments ot questions?

15 of the hydroxylapa

I ar hy pothe:
Dallemagne  One more please In yotr hyp § 5L e 15 on the sarface

tite as the base of the compound the p
of the crystaliite?

Hendricks  No not dicalerum phosphate Profescor Dallemag: ros
fizent phosphate as to make the sum of the formula that of tricalerm pl

ne but suf
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phate  Drcalewm phosphate 15 not on the surface but enough hsdrogen 1s
there ta balance the charge so as to make 1t tricaloum phosphate and that
will turn out to have the amonnt of water the H O fos the T, or Cayy

Dallesagne And we must explam the transformation of thit compound
at 700°C into the dehydrated tricalom phasphate

Hendricks  Yes, and 1f you try to purste that m detarl you are farced
to the concluston that the hydrogen mugrates mto the hattree cumbines with
the hydrovyl and 15 fost sn water You are rather fareed mto that struc
tural conclusion -

Dallemagne  But the ndroxy lapatite 15 stable ar 13007

Hendricks Yoy and that was the pawnt about 1 Is 2t stable w the pres
ence of surface hydrogen at 1300°C * Is not thns the % v to make 3t un
stable at 700°C * Pure hvdroxyhpatite 1s an wteresting substance hetause
1t goes to 1300°C without losing its water  The re1 on possibly 1s con
nected with the great separation of hydroxyl groups Now 1f hvdrugen
rugeates through the lathice, 1t can form water with the hydroxyl The
argument might not be worth ansthung but @ would be a tenal fe sort of
argument until other facts are presented agamst 3t

Hadge This ts not exactly on the present pont My Chaseman but 1
wiuld fthe to make 2 plea a plea 30t have heard before for the alandon
ment of the teem ‘alpha 1n connection with thns precipitated smatertsl The
plea which I have made here before 1s hased on the fact that there has Leen
for a fong tume, an alpha tricatoum phosphate in the hterature When a
moltent misture of CaO and PO, tm amounts such as to approwmate trical
< um phosphate 15 alfowed to ool the first exvtals ta <epacate out are called
dlpha tricolesson phosphate !

These ceystals are well defined crystals with a charactense x rav dif
fraction pattern and with optical properties that have been measured by
severat people {most recently by Bonner™) There 15 2 secondary hange
m this matenal somewhere asound 1330° € —1 forget the exact figure—
wih a modification m the crystal structure  a new crystal form appears
and this beta tricalcm phosphate aleo Was a charactenshe  ray diffrac
fon pattera and characterttic optical properties The first crystal that
Separates out from such a salt ts wsttally referred to or frequently referred
to, 35 the ‘aipha form  The form that appears at lower temperatures s fre
Quently referced ta as the beia form  These two terms apphed to tucat
«um phosphate have been sn the Iterature quite a while, so that alpha

MBorner I FL jr 4 frvest nlwn of tht System CaO P O, Thi
Rochester, Rochestee New Vock (1040 e :
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trcalenane phosphate s by defitution the crystal form that first separates
from the melt

If you start with the equalent of tricalcum phosphte by mrxing CaO
and P«Os and warm this mixture m a cruable the first crystal that de
velops 15 the beta form and with mncreasing temperature 1t changes with
out melting into the alpha form agan  Just for the sake of clanty m
nomenclature T wish we would not call the precitate from water sol 1
tion alphe triciloum phosphate hydrate because. the precymtate does not
have the < ray diffraction pattern or the optjeal prepestres of the first orys
tal that separates from the melt

McCounell  That sune confuston appl es howeser also to quartz Dr
Hadge to the extent that we now refer to /iugh and fory quartz rather than
alpha nd beta because the two opposing nomenclatutes exist 1n complete
parallel  This 15 not a unique situation sn which we use exactly tl e same
two Greek letters to men exactly opposite thmgs  Quartz 15 the most cont
mon example

Armstrong 1 am sure that biologists will not be confused by these
differences m terminology Dr Hendricks has another figure for us but
tefore he discusses 1t I want to flash back to the one he just presented
(Figure 36) to ask lim a questton When you allow the adsorption—or
perhaps I had hetter use the ward  assocnitron —of 1ans at discoutimunties
of the cryst1] surface do you require that there be an equivalent number
of pusitively and negatively charged 1ons?

Hendrichs Yes of course At any rate m the system as a whole

trmstrong  Well af that ss true then one should be able from the
analysis of the materal to cileulte the number of tons due to the hy
droxylapatite component and find a cation—amon bilnce among the som
not relegated to hydroxyhpatite

Heudricls  Oh yes and we do precisely this but 1 doesn t help J1s
Just Iatancing the books They will brlance erther with the modified erystal
structre or with the | hosphate and other 1ons on the surface There 1s 10
dhfficulty ahout that at alf In other words calerum 15 associated with the
negatrve surface 1ony  Tlere 1s caloum at the edge of the crystal and you
on t hnow how 1t stops

Arstrong  You referred to hydrogen 1on supplying some of the post

tive charges
Hendrichs Yes the hydrogen is mdicated Figure 36 15 Just schematic

ant doesnt prove anything It just helps you focus thes pomt of view 1

vour nund
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Armstrong  In the case of calofications occurring n biological media
do you think the concentration of hydrogen 1ons would be sufficent to add
any appreciable number to the product?

Hewdnicks 1 know the pH system 15 around 7 There are two answers
“%es,” and “Posaibly so * I don't fully know though

McConnell 1 would Iihe to comment on the status of this matersal
which might according to Dr Hendricks thesis be adsorbed on the sur
faces If 1t 1s the carbonate constifuent the most stible torm mn which 1t
could concervably occur would be the caleum salt caleram carbonate m
wluch case 1t should not be retaned at any such temperatures as 1100° If
1t 15 present as HaCOx 1t should leave very easily at much lower tempera
tures  Actualls, 1f you take some of this muneral trancohite vou can heat
it to approxamately 1100°, and hold 1t there for some considerable number
of minutes—I think 45 13 the longest period of time I have held 1t at that
temperature—and you analyze the materal and find that 1t ~till con
tams CO

Now, I can’t conceive of any bond hinkages there which would be more
stable 1f the CO, 15 actually not 1n the apatite lattice than the bonds m cal
ate and of course, the dissoctation temperature of the calcium cail onate
15 far below 1100° It 1s if I recall correctly 1n the viamty of 800°C

Hendricks  Well, there are various things one could say m answer to
that One of the simplest ones 15 that Dr VcConnell 1s a silicate chenust
and he 1v fanuliar with the fact that to dehydrate siliate melts 1t 15 adequate
to melt and crystallize them You can very easily get silicate melts to retamn
water at 1400°  Another common case 1s that quartz crystals often contan
water, and you can heat them up to 400, 500 or 6G00°

About the carbonate dissociation 1 would say that the carbonate n the
surface compounds really has a tendency to break up and gnve off CO at
temperatures on the order of 600°, which 1s the temperature at which
bone—that 15 not tao much mvolyed with entrapping the carhonate—will
ermit 1t ta escape

drmstrong  Would you anticipate that hydrosylapatite syntheuzed m—
I believe the word 15 “different environments —would have a constituton
or composition of extraneous matenals which would be cl nely rehted to
the composition of flmnd from which the precipitate 1s formed »

Hendricks  Yes, certanly To answer that other question about what
1s going to come down tn the case of bone you dont escape 1t You devise
A structure, and analyze 1t, and even 1f you find that 1t comes out the com
Position of tricaloum phosphate you 1 no sense escape the difficulties of

i
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vour pH argument Irrespective of that system you suil), apparently, would
have to have hydrogen 1ons there that you normally would not assoctate
witha pH of 7 Do vou see the pomnt?

Armstrong  Yes

Hendricks  No matter what the argument 1s as to how you put the stuff
together, 1f 1t comes out at pH 7 and 1s tricalcium phosphate, you still have
to argue that 1t apparently has hydrogen 1ons present
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DEHYDRATION STUDIES WITH SYNTHETIC
HYDROXYLAPATITE

WILLIAM F NEUMAN

From the Dunsion of Pharmacology and Toxicology Department
of Radwtion Bislogy, Scliool of Mediwcine and Dentrstry
Umzersity of Rochester, Rochoster, New ¥ ork

Newman 1 want to add one more note to the surface idea Figure 37 15
denved from some studies with synthetic hydroxylapatite We were trymg
to separate the apatite from solutions of varying composttion and of
course, as a control, we had to make sure that we had onlv sohds with none
of the contammating solution

Ve were very surprised to find that the water did not come off those
enystals very easily 1 was assured by an analytical chemist, who had been
studying a number of hydrated compounds, that centritugation at 2000
Tpm 1n a sintered glass filter would get rid of mechanically held water

Wa mantn £ oad & 200 -~ “ae Zaa

v

cent of 1ts own weight of water

There was another check on ths in which we labeled ‘surface phosphate
with P# and followed that by centrifugation of 40000 times gravity We
hnow that the water, 1f 1t were Just contamunating water would contain
P¥, and therefore roughly, 40 per cent of our P3* should come off In
stead we removed only a few per cent

Fam naw quite convinced at least at the moment, until more data come
mnand T change my mind (laughter), that what we have m this svstem 12
eystal which has a charge probably a negatnve charge Surrounding that
15 a hydration layer 1 which you can have a host of different 1ons reflecting
the solution properties and the solution composition

Conference Drscusston

«Irmstrong  One other pount that has not heen discussed today —perhaps
#18 raising 2 ghost that ought to remam laid—is 1n regard to the former
teaching that calerum carbonate might exist as such m the bone mineral
bet coud not be demonsteated by X ray spectrograms because of lach of
Sensitivity of the methods 1 Leheve that modern methods will disclose the
presence of the caleulated amount of calcrum carbonate 1n bone 1f the total
C0: occurs as carbonate In fact, two years ago, Professor Brasseur

-
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Frg 37 Exdence for the Exsstence of an Hydration Layer

The commercial hydrovylapatite was shaken with water and centrifuged m 2
sintered glasy filter In the figure are plotted the ame unts of water retamed at vary
thy speeds of centriiugation

showed me 1 Professor Dallemagne s faboratory, an x tay spectiogram of
bone which I was wilhog to admut showed the presence of calcum car-
bonate, and vou, Dr Hastings, had a similar spectrogram here a year 3go
Does tius subject need any further comment?

Hastings T yust want to say that we have been unable to get anv more
on ours It mav have been an artefact

Hendrichs 1 want to confiuse the ssue  You know, you an always
escape those arguments by saying the materal 15> amorphous Al the erys-
tal structure people rarse therr hands m horror and say, “No there 15 ro
amotphous calciun: carbovate!  Well, n a recent number of Screnee* the
amorphous caleium carbonate was described  But crvstallme calortnt cae-
bonate can be detected, and 1f amorphous caleruti carbonate 1s there, it 1l
2 Odum, H T _Nudibranch Spicules Made of Amorphous Calewm Carbonate, Sor-
once 114 395 (1951)
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ways has to be amorphous and not erystaline at least i so far o any e
amsnation has heen carned out

T nould say that alt of the people here today while they may have asgued
sbout marg things have agreed that the carbonate s there as se nething
other than calcsum carbonite, m other words weall sav Tthink as far as
we are concerned the question i prethy well seitled Wounldnt that be
right? Let s agree on one pomnt amvway

MeConnel 1 agree to that 100 per cnt (Laughter) fn tact | weuld
go further than that and «n that 1n thewe mmeral consiituents wheeh have
scme time conseqrience sn geofogical age nothing his cristathzed although
1t should certanty do sa because the less energenic form v-ould be the more
stable formr and that would be calcrte

Hendrichs  And of wourse alwns the stronger argluvent tn that the
tal system 1s wn<aturated with respect to caleym carbonate

MeComnrll  Furthermore another pownt shoutd be entphiagized 1\ hether
the calcrunt carbonate 15 crystallme or whether 1t 1s amorphous one canmct
deduct from the compasition of francolite molar equnalents of CQw and
CaD and come up with the storchtometrs of fluarapatite It cant be done
and the discrepanvies sigrificantly exceed the analvtial errors for such
determmaations—w hich 15 anothes rather strasghtforward argument T thmh
that francolue 15 a single phase

Geiger 2 1 Switzerland hay recentiy published «me data an thus powst
He didnt acmve at any straghtfornard concluwons 1 fwt cne omght
glean from bus pager that there 15 no solution to this problem which would
be an unhappy thought at this juacture However he did <how the o1t
culated results

Tolhs Dr Fendncks s Figure 36 [ vaw the word  proten ¢ Lan h
ter}

Hendricks  Fhat was just throws in there for good Jack

Tollis 1 wonld hihe to brng together perhaps what we disctsed 3¢
terday and what we have heard todn  What » yonr concept of the com
Bmation of the erystal and the matric?

Hendricks Oh T haventam concept | haven t wn goad wlox

Lolis s 1t a chercal comtnnation?

P Goger 1 Contobru e ta the Protlem of Carbomate Apatate Scharer  Hon
rmfng Petrag it 30 161 181 (1950)
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Hendricks  Yes, chemical in the same sense that all of these surface eom
pounds are chemical They have tobe If the surface concept of Figure 36
1s tenable, 1t 15 a chermeal combmatson It 1s a surface salt This carbonate
group 1s negative, and there 15 a posttive 1on n here, that 1s just as good
as 1f you were mahing caloum carhonate If that 1s the case, since the
protein carries both positrve and negative 10ns, and since the surface has
positive groups in 1t hke calaiim and negative groups like phosphate, then
the combination of the surface with the protem would be a tenable sort of
thing, 1n so far as lysine, arginine, glutanune, and succinate and o forth
exsst i the protemn  Succmate and glutamate and substances like that that
have free carbox], free ammno acid and free Lasic groups Then tins
would be a reasonable sort of system to form surface compounds

You would expect these phenomena, irespective of the validity of the
argument about the carhonate, because ultimately the crystal has to have
a surface In Figure 38 I have shown what the crystal 1 domng from one
pomt of view, that 1s from one view of the hydroxslapatite pattern
There 15 a regular pattern, but at the edge of the crystal, the pattern has
to stop and when 1t stops, 1t cannot remam neutral and 1t has to have sur
face phenomena Something odd has to happen at the edge

One 1s saying that these crystals are so small that the edge phenomena
have come to predommate, but no matter what size they are, they have the
chance of combining with other positrve and negative groups, and 1t might
Dbe that therem hes the key to the question of where bone precipitates

Armstrong It 15 a template?
Hendricks Well, I don’t know whether or not 1t 1s 1 template, but 1t
could be where the nucleating phenomenon lies

Kochaktan Would vou say that this 15 the growing pomt, that 1s, the
centers are anchor pomnts and further growth 1s due to accrepon of the
muneral crystals, or does the protemn have to continue to grow mn order to
provide new centers for further accretion of the mmeral crystals?

Hendricks  You mught have to do both There are two phenomena to
meet, and thrs, T am sure, will be agreed to by Dr McConnell, too Frst,
you have to start the crystal growmg, wiich takes a nucleation center For
imstance, 1f you want to freeze water, the temperature generally has to be
below zero Some sort of nucleation center has to be present and as far
as we hnow at the moment, their centers are just comemently cailed
“motes ¥ That 1s the one phenomenan you have to have for crystal growth
The crystal starts growing, and 1t flips back down to less supersaluraho:
But you have to muntamn a defimte supersaturation to heep 1t growing
It won't come nght back down to zero supersaturation, as @ rule
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Fig 38 Atomi. Arrangement on the (100) Face of Huvdrox:lapatite

Tle ri1ged spleres represent the oxygen atoms of the phosphate groups e st ppled
spheres the hydroxy! groups and the sw ail [lack spheres the calewm ons

Kochakian  \What I 1ad 1n mind was tor examle 1f you had a point
which was one of the pomts on your protein molecule and you got the
crystal started on that 1s that all that 15 necessarv? \lould 1t just keep
fm growng or would 1t go let us say to 2 certain size and then you would
have to start another spot with more | rotemn®

Choucroun  Yes
Herdneks 1t eould be either way

Jolnson  That gets to another question [ would lke to ask Dr Hen
drehs Since the growth of a crystal of whch yon gave us some mhling
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carlier this mormng 15 a mattér of displacements and since the growth of
mineral crystals such as francolte ordmanily produces massive crystals
compated with those found m bone 1s there any way of approaching
mathematscally the calenlation of the possible role of protem 1 decreasing
the amount of displacement or decreasing the duration of displacement and
hence being the lumting factor for erystal growth so that 1t cannot reach
the s1ze 1n some of your minerals?

The statement 15 made that colloid systems modify crystal growth pro
ducing abnormal growth long certam ases or lmtng growth along other
axes as contrasted to morgame mmeral systems 1 wonder tf perhaps we
can approach 1t some way here through the displacement 1dea and relate
our protemn problem to the crystal problem a lttle bit

Hewdricks Well we know a lot ahout these things but not enough to
mahe a quantitative caleufation on any cryvstal growth phenomenon prac
tically speakung

McConnell. Even the most favorable situation which 1s dental enamel
ts not clear e are still not 1 any position to do that even for dentat
enamel There the mdividual crystals are this carbonate apatite—1f T mav
le pardoned for caliing it that  (Laughter) 1\ e run mto textural and struc
tural difficulties The fabric of tooth enamel 15 very simple compared with
what 2t 15 1n bone because the continuty of the apatite crystal> be they
carbonate apatite or hydroxylapatite or whatever thev are has some dis
crefe dimenstans  But the crystals that we «re talling about in bone are
extremely small and give these very wide hnes and very diffuse diffraction
patterns because of the extreme smaliness of the erystallites, so one hasto
approch thes question I helieve m terms of the large homogeneous e1ys
tal systems and then see what modifying factors must chtam as we en
counter smaller and smaller crystalhtes

Now I have forgotten what d menstons we calculated but Gruner and
Armstrong and 12 gave on the basts of the measurements that ne made
on dentm matertal an tppro<imation to the size of the erystalltes and they
are extremely small The pertodictties of these crystallites are not contin
uous for any large distance and flerefore they produce these very eIy
poorly defined diffraction pattesns

1t seems to me that the way to tpproach this question 1s to ;
simple problems first and by all odds the simplest of all the sunple pﬂ:ur
lems 15 the question of the mmeral compositron of francolte If we eve

attack the

#Gruner ] W McConnell D and Armstrong
Crystal e‘:u{cmre and Chemcal Composition of Foat
121 771 781 (1937)

W D The Refat onslip Between
el and Dentm S B ol Chem
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solve that maybe we should go to dahllite and 1f we ever solve dahlhte
maybe we should go to dental enamel and 1f we ever sohve dental enamel
then we should start to think about bone

drmstrong  Dr Hendricks I continue to return to one of your illustra
tions (Figure 36) I hope you will allow this figure to be reproduced 1n
the minutes You show the association of negatively charged tons with
the surface of the material—

Hendricks  And positive 10ns

Armstrong  And posttive 1ons yes Now under these conditions would
you expect 1t to be possible to substitute one negative 10n for another? That
1 could you wash off the arbonate with 1 neutral acetate solution ¢r 2
neutral sulfate solution®

Newman  You could wash 1t off with water

Hendricks T am afraid 1n many of these preparations we wash off a
lot of the surface carbonate That becomes mvolved m the argument of
how you prepare materal We steam bone Ve treat it with cthylene
gheol in KOH and glveerm in KOH and 1t probably does quite bad things
to the surface constituents

Arustrong  But lets take a mmeral let « take francolite where veu
dont hate to treat the specumen badly

Hendricks  But vou do You see my whole argument about francolite
15 that francolite pulled a joke on you It burred the carbonate and vou
cant get at the buried carlonate Therefore you accept an impure sub
stance—mpure 1n the sense of a simple substance—whereas m hone you
say ‘Well the carbonate can be washed off In francolite the argument
ts that the carbonate 15 so trapped that it will not dissolve without complete
~olation of the crystal It 1s an old principle 1 beleve of industrial or
gwne chermstry that if you want to prepare a pure substance you prepare
1t finely divided crystals and not in coarse crystals  The bigger you make
your crydals the more mpure 15 your matertal as a rule because 1t oc
cludes impurities  Everything goes along much worse m a big crystal than
it does n a small crystal

Now Dr Hodge and 1 both tried to settle this by domg carhonate ex
change and 1 dont Lelieve that esther one of us should make hus figures
1ublic here at this time  Don ¢ ycu thunk that would be best?

Hodge Yes

Hendnicks  But the solution nught hie there Dr Armstrong  You smd
two years ago that a student of yours was working on carbonate exchange
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Arinstrong He worked mn a system m which there were two or three
labeled 10ns

Hendricks  And he got 1 a mess
Armstrong T could never make any defimte interpretation of the results

Hendricks  Well then quite a bit more experimental data will come
out on tlus subject when quite a hit of good exchange work 1s done with
carbonate on bone How st will come out at the moment I don't know
I did 1t one way and 1t didn’t come out very meely, and Dr Hodge did »t
another way and 1t came out quite differently, so there 1s 1o use 1 discuss
ing 1t today

Dallemagne  About bone carbonate, 1t 15 very difficult to separate Lone
carbonate from phosphate hy means of acid, because some phosphate passes
mto solution

Hendricks  Oh yes surely

Dallrmagne  You remember the experiences of Logan and Taylor ™
These authors treated bone salts with boiing N/10 hydrochloric acid and
the substance lost I think 50 per cent of 1ts carbonate content and only 10
per cent of the phosphate, the atid solution contamed magnestum sodim
and a small amount of caletum  According to Logan and Taylor, these ele
ments are combined i bone with CO But I think that this conclusion 15
not fully acceptable, because a part of the phosphorus goes into solution

1 have tried to find another method to separate the carbonates from the
phosphates of bone and we may operate by the following one The bone
salts are prepared by Gabriel's method 245 A sample of bone salts for 1
stance one gram 1s heated at 600°C for 24 hours and after thus treatment,
1t 15 1mmersed m CO. free water (250 c¢) The pH of the water rises up
to 12 and the phenolphthalemn 1mmediately gives a dark red reaction This
alkatmty may be neutralized by hydrochloric acid and this gives a first m
dication about the elements extracted from bone salts After complete ex
traction of the soluble compound the remaming sofid fraction may be
separated from the iqud fraction Thus latter contamns magnesium sodrta
and caleum  Actually, you can find m the solution all of the magncslul:n
and all of the sodum of the bone and a small part of the calcium, but the
presence of phosphorus 15 not detectable

1 Solution of
y Taylor H L Solubil ty of Bone Salt TII Part 1
Bokogan M A T g Calctum Phosglate Preciptates J Bl Chem 123

391-397 (1938) )
wGabriel §  Chemmcal Studes on the Minerals of Bones tnd Teeth 7 physia
Chem 18 257 (1894)
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“Moreover 1t 18 posuble 1o tepeat the same expermment werglung severat
samples of bone salts treating one of them at each of the following temper
atures  100° 200° 300° 400° 500° €00° 700° 800° and 900°C  After
the immersion of each sample tm CO free water one obtams for the dif
{event termperatures of treatment the CO loss of the sohid phase the
hahmty and the quantity of magnesium sodium and aleaum present m the
hquid phase The results of such expenments are mterestng  They ate
stilf 1n progress and are not vet fimshed Tut 1< tell you scmething about
them

The substances treated at 900°C no longer comtam (3 Lhe Juantmy o f
vdrochlaric acd necessarv to obtam Dty of the hgud phase 1
\attable and depends on the temperature of the treatment You an see
Tigure 39 that after 2 nise the curse drops  The quantaty of magnesum
calesm and sodim found n the different hique d  hases correspordiny, to
treatment at different temperatures varies i about the same wiy

During the treatment at 600°C and over the caloium and the magnesm
cashonates lose COw and get mto salution as ovedes during the subsequent
mmersion m water  How do you explam that (O of Lone w1 a lattiee
of carbonate apatite or a compound of the same type +f €0 by heating,
wan escape completely from the bone? Indeed carbomate apatitc 1 ther
mastable up to H0°C and more

Fhe bone salts treated at BOO° and 900°C lose less calerum and mn,
vestum dunng thoir nmnersian ta water because these etements are farth
combmed with the phosplnte fraction of the bone when the temperature
reaches 700°C At 900°C  the formation of hydroabipatite s more
complete  the second past of this molecule contamns either wlum mag
nesium of sodwm I thmk that ths 1s 1 supplementary argument i favor
of our fivpothesss that 15 10 sy the posssbality of the formation of by
droxylapatite from tricalewm phosphate and carbonates of bone trans
formed into ovedes by heating

How can you explun the formateon of hydrovlapante at 7009C or at a
tugher temperature 1f the substance 13 prmitnely hydroghapatite > Viere
s tree 1 couldn t understand the fact that the residual calowm and the
magnesium are able to combume with the phosphate dureng the treatment
w the oven

A valtd objections to ous hypothesis would be that as we hnow  sodm
carhe nate 15 stable at lugh temperature I socwm 15 present w bone m
the form of carbonate 1t would be diont ta explam the {ace that heating
mduces the destruictscn of this compound and the eseaping of alf of the CO
of the bone B ¥ thunk that 1t 600°C  caferum carbonate ts deve mposed
el gres calorym oxide  In the schd state caloum oxide 1 altle w0 react
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with sodum carbonate, through echange the (Os group 1s transferred
from Na.COz to CaQ, but CaCO; 3 mmmediatels decomposed and CU»
escapes I thnk 1t 1s a posssble explanation of the facts obcersed

MeComnell  Thrs seems to be 2 question that T znr eafled upon to answer
T think the statement that ¥ soade thes mormnyg as quite agppropos and passthly
should be vesterated  There 3> accordmng to mn coneept Professor Daile
magne so such thing really as an egiuhbrium between the hamd and the
sehd phase 1w any of these disolunon phenomena There cant be of ne
cessity o other words alt of these dissolutran phenomena have been
produced by one mechamsm or another under non equifibrium cundhtions
There are sast guantities of thewe dissolution data 1 the hterature which
are quite weamngless wih respect to equibhnum conditsons  heeause
equilibrium connot obtamr between the solid phase and the hquad phase
stace the constituents are drsohoing out of the sohd phase at different veln,
ies  In other words there i A0t (3t reachon gong on s nat a quesy
tion af sadwm chioride dnsoaating mto 3 numher of chlorue atoms and \
aumber bf sodium atoms wath the same velacity, 1t s @ question of the
cahusum connng out at a different velooty from the COx and the (0, cam
g out at a diiferent veloesty from the phosphoras Thuas 4 long as there
15 anv solid phise present there will never be equslibrugm m so tar as we
mean I equhbnum that the storclrametny of the hgud phase 1 the same
as the stoschiomerry of the sohd phise  There it never be any equitthream
butween the aqueous phase and the sohd phase and that 1s exacth the sort
of thing thnt we encounter m the case of ieldspar, the evample 1 gave
Bus mormng

1 should probably gtve the reference to these datt on feldspar ) he paper
s 1 Armstrong and tt s m the Awerecan Varerafogest ™ 11 he
tabes feldspar and puts 1t wm water—and Dr Hendricks o very fanuliar
with thes ghenomenon I am sure because he has sliuded to 1t om several
oeeasions—he tmmedintely gets 3 hugh afkafunty  which indicates that
sothm has come out of the crystathtes and has tndroly zed to produce 1t
Jou wish sodsum hvdroside  Now one can contmue to extract the sudim
and the sudum comes out at 3 very high relocity selative to the velocities
af dissolution of the alurunum and of the sivor  Dut 1f that procedure s
warned to wiimate womydetion all of the conshitaents can be clectrodily zert
and wilt pu to the cathacde, 1 fact vou get tome sthicon apparestly, by
such a techme as this Dont ask me why becanse that s very alarmung
from the standpomt of sihicate thenmstey But the somstpivents do 2l come

WAmsong 1 C Decompoution and Aftrsi of el 1ars and Spodumene L
Water  fomer Vinceal 25 810 B2 (1740)
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out, and the stoichiometry of the liquid phase becomes that of the sohd
phase but only after all of the sokd has been destraged

Now  there 15 no concevable techme~—and this 1 a generalization which
15 apphicable to all sihcate chemustry—by which you can prepare an aqueous
phase of calcium, of alumunum, or of stlicon, and by any straghtforward
techme evaporate 1t or reduce the solvent content to impotency, and get a
smgle crystalline phase which will have the stoichiometry of the hqud
phase It just doesn’t work that way

Dallemagne  But here 1t 1s not a question of equilibnum T am extract
g all that I can from the bone, because the carbonates, during the heating
to 600 or 700°, are transformed into oxides and so go into solution I am
extracting with hydrochloric acid with an equilibrium of pH 7—

McConnell  May T mterrupt you for a second, Professor Dallemagne?
You sav that the calcrum oxide, the magnesium oaide, and the sodum oxide
are present as separate phases® Tam sorry, I dida't understand

Hendricks  He jJust says they are not in the lattice
MeConnell Oh they are not i the lattice !

Dallemagne  They are not necessarily i the lattice
Hendricks  And beyond that, there 15 no necesstry statement
Dallemagne They are out of the Ittice

McConnell  Onut of the lattice? Then the lattice 1s brohen down to yield
these constitttents

Dallemagne It 15 not broken down My phosphate 15 not broken down
during the treatment In my solution I dont find traces of phosphorus

McConnell May I ask another question? You say these are non equilh
fum conditions  Therefore they have some time sequence and they will
change during 1 period of time  Is that correct?

Dallemagne  No

McConnell  Well then why are they not equdibrium condstions?

Hendneks They are not reversible  You cant put CO- back mto the

system and go bach to the same system
McConnell Well 1 that case, there 1s no equlibnium etther
Hendricks That 1s the specific reason that they are not i equihbrium

Dallemagne It 15 a matter of extraction, not equlibrium



NEUMAN 25

Hendricks  May 1 say i Dr Dall * Dr Dalk
has put a two pomnted argument here T'irst he has argued that because the
COa 15 lost m this wav the lattice does not have the carbonate i 1t But
second he has argued that because the carbonate 15 taken by heating with
formtion of tricalemm phosphate the lattice could not have been hy
droxylapatite, therefore 1t had to be tricalc wm phosphate hydrate

McConnell T can see that this bull has two horns
Hendricks Tt also has a tal  (Laughter) But that 1s the argument

UcConnell T wash we could stick to trancolite It would be simpler
(Laughter)

Hendricl s Let somebody else have the floor Mr Charrman
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EXPFRIMENTAL DATA ON THE SOLUBILITY OF
HYDROXYLAPATITE, ESPECIALLY THAT OF THE
DENTAL ENAMEL?* 3%

YNGVE ERICSSON

From the Department of Chenustry of the Royal Veterinary and
Agricuitural College Copenhagen Denmark and from the Department
of Operatiee Dentistry of the State Dental College Stockholsm St eden

Armstrong  Gentlemen 1 know that there are other comments which
nould be of mterest to this discussion  However I would pow hike to call
on Dr Yngve Encsson who has just arrived 1 this country from Sweden
Dr Ericsson 1s a worker tn the Dental School of Stockholm He has con
tributed to this subject partieularly with reference to the effect of CO
tension on the solubility of synthetic apatites and the naturally oceurring
biological apatites  Professor Eriesson wiil you proceed?

Ericsson Farst I must apologize for my malulity to be as free and
formal as you have been gentlemen, when T am going to present a few
results which might be of interest 1n this connection 1f T should try to be
qute ;nformal 1 would probally only be unclear

Six years ago when I was preparing an ivestigation of the salhvary
caleim phosphate with special regard to enamel dissolution and cares
came m contact with Bodil Schindt Nuelsen who was just about to finish
1 thesis on the satnration of the saliva with hydroxylapatite 0 She used
Bjerrum s formulas for the solubility of hydroxylapatite,*! and found the
saliva as a rule strongly supersaturated, often eight or ten times super
saturated T soon found reason to doubt that Bjerrum's values really could
be applied directly to the saliva and my theoretical calculations, as well as
my first experimental series seemed to strengthen that opion These
were equilibration tests with salna and powdered dental enamel at bads

Phosphate
24skpicsson ¥ Enamel Apatite Solubility Imvestigations mto the Caleum
Equitbenum between Enamel and Satwa and Its Relation to Dental Caries Acte
Odont Seandmar 8 Suppl 3 139 pp (1949) .
29This work was supported by the Swedish Medical Research Councf throug?
Sub committee for Canies Research

Schmudt Nielsen B The Solubi ty of Tooth Substance i
position of Salna Acta Odont Seandma 7 Suppl 2 83 pp ( 9 vt
21 N Tovbarg Jensen A and Damsgaard Sorensen nvestgatio
e oF o Phosphates " Tyerrim N Selcted Papers Murks
gaard Copenhagen (1949}
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remperature  Brerrum, and Tovborg Jensen wal whom I was worbang
and most other X ray crystallographers at that time conswdered the enumel
1o consist wunly of iy droxylapatite The salna samples equbbrted were
arlyzed foe exdaum morganie phosphorus and pH and the ranse strength
wis estimated

Tn all the calentations complete wntzation of the analyzed caloum and
phosphorus was assumed althought thts seemed a prioze an unlikely con
ditten  If this mode of calculation wnphed a systemtre error there was
howeser, the possttnlity that systemafre devations from the established
solubility product seght provide the key to the rature and cause of the
hiscrepancy

-
o
.
.
a
%
N
¥
] F ‘ 1 5 L i i
45 43 50 a3 85 &3 7O 15 80
i

Frg 40 The Solubilts of Frumel Apatite i Salna

The ord mite gives the values for w which equals the sobubadity found dsvided b
he Muf""!.v eapectad from the formuloe of Brer wmt  the bcxs’sx the pif e
open csredea are the valuey obta ned when R aid was added to the sl ke MY
Squares thase ohtamcd when 11C) was sdded 6 the salna. 1 vold triangles those
shiawed v hon factic 204 was added to the saliva and the solid ¢urcles are the vatues
«bta ned by recateulation from Fosd ek and Starkes?

MFostiel LS and Starke \ € Jr  Swlubility uf Tooth Enamel s sahsa at
Vancus pH Levels / Dow Ker 18 417 430 (1939)
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EXPERIMENTAL DATA ON THE SOLUBILITY OF
HYDROXYLAPATITE, ESPECIALLY THAT OF THE
DENTAL ENAMEL** **

YNGVE ERICSSON

From the Department of Chenustry of the Royal Vetermary and
Agrecultural College Copenhagen Demmark and from the Department
of Operatize Dentistry of the State Dental College, Stockholn, Sucden

Armstrong  Gentlemen I know that there are other comments which
would be of interest to this discussion However, I would now ke to call
on Dr Yngve Ericsson who has just arrived in this country from Sweden
Dr Ericsson 1s a worker m the Dental School of Stockholm He has con
tributed to this subject, particularly with reference to the effect of CO
tension on the solutilty of synthetic apatites and the naturally occurring
bological apatites Professor Enesson will you proceed?

Ericsson Furst, T must apologize for my mabrlity to be as free and 1
formal as 30u have been, gentlemen, when I am gomng to present 2 few
results which might be of interest i this connection  If T should try to be
quite informal I would probably only be unclear

Six years ago, when I was preparing an mvestigation of the salnary
calaum phosphate with special regard to enamel dissolution and caries
came 1 contact with Bodil Schmmdt-Nielsen, who was just about to fimsh
1 thesis on the saturation of the saliva with hydroxylapatite 20 She use
Bjerrum’s formulas for the solubility of hydro‘()lap:mle,“‘ and found the
saina as a rule strongly supersaturated, often exght ar ten times super
saturated I soon found reason to doubt that Bjerrum’s values really could
be applied directly to the saliva, and my theoretical calcatations, as well 3
my first experimental series seemed to strengthen that optnion These
were equilibration tests with salna and powdered dental enamel at bodv

hate
28Encsson Y Enamel Apatite Solub ity  Investigations mto the Calnua E?:svll‘m
Equilibriom Detween Enamel and Sahva and Its Relation to Dental

Odont Scandwa 8 Suppl 3 139 pp (1949)

249This work was Supported by the Swedish Medical Research Cours
Sub committee for Caries Research "
59Schmdt Nieloen B The Solubility of Tooth Substance m Relation to th2
pos tion of Salna Acta Odonf Seandma 7 Suppl 2 88pp (1946,
“stBjerrum N, Tovborg Jensen A and Damsgaard Sorenscn
on the Solubiity of Calctum Phosphates, m Bjerrum N Selecter
gaard Copenhagen (1949)
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temperature  Bjerrum and Tovborg Jensen with whom I was working
and most other X ray crystll at that time considered the enamel
to constst manly of hydroxylapatite The saliva samples equilibrated were
amalyzed for calaum morganic phosphorus and pH and the tomic strength
was estimated

In alf the calculations complete 1omization of the analyzed calaum and
phosphorus was assumed although this seemed @ priort an unlikely con
dition If this mode of calculation mmplied a svstematic error there was
however the possibuhity that svstematic dewiattons trom the established
solubility product nught provide the key to the nature and cause of the
discrepancy

s
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Fig 40 The Solubility of Enamel Apatite i Salnva

#Fosdck L. S and Starke A Solub 1ty of Tooth E
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EXPERIMENTAL DATA ON THE SOLUBILITY OF
HYDROXYLAPATITE, ESPECIALLY THAT OF THE
DENTAL ENAMEL?® 2

YNGVE ERICSSON

From the Department of Chenustry of the Royal Vetermary and
dagricultwral College, Copenhagen Denmark, and from the Department
of Operative Dentistry of the State Dental College, Stockholm Sweden

drmstrong  Gentlemen, I know that there are other comments which
would be of interest to this discussion  However, I would now like to call
on Dr Yngve Ericsson, who has just armed in thus country from Sweden
Dr Eriescon 1s a worker m the Dental School of Stockholm He has con
tributed to this subject, particularly with reference to the effect of CO.
tension on the solubiity of synthetic apatites and the naturally oceurring
biological apatites  Professor Ericsson, will you proceed?

Ericsson First, T must apologize for my mability to be as free and 1t
formal as vou haie been, gentlemen, when I am going to present a few
results which might be of interest 1n this connection If I should try to Le
qute informal, I would probably onty be unclear

Six years ago, when I was preparing an nvestigation of the salivary
caleium phosphate with special regard to enamel dissolution and caries, T
came 1n contact with Bodil Schrdt-Nielsen, who was just about to finsh
a thesis on the saturation of the saliva with hydrocylapatite *° She used
Bjerrums formulas for the solubility of hydroxylapatite,® and found the
salnva as a rule strongly supersaturated, often exght or ten times super
saturated I soon found reason to doubt that Bjerrum’s values really could
Le applied directly to the saliva, and my theoretical calculations, as well a8
my first expertmental series, seemed to strengthen that optnion These
were equilibration tests with salna and powdered dental enamel at body

um Phosphate

2#Ercsson Y Enamel Apatite Solubihity Investigations into the Cakmcmcs P s

Equitbrium between Enamel and Sahwa and Its Relation to Dental
Odont Scandima. 8 Suppl 3 139 pp (1949}

29This work was supported by the Swedish Medical Rescarch
Sub commttee for Cares Research Com
“stSchmmdt Nielsen B The Solubility of Tooth Substance i Relation to the
position of Salna Acta Odont Scandma 7 Suppl 2 88 pp (194

#1Bjerrum, N, Tovborg Jensen, A and Damsgaard Sorense
on the Solubility of Calcium Phosphates, 1 Bjerrum N Sel
gaard Copenhagen (1949)

Council through 1S
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temperature Bjerrum, and Tovborg Jensen with whom I was working,
and most other x say crystallographers at that time considered the enamel
to consist mainly of hydroxylapatite The saliva samples equilibrated were
analyzed for calaum, inorganic phosphorus, and pH, and the 1onic strength
was estimated

In all the calculations, complete jomzation of the analyzed calaum and
phosphorus was assumed although this seemed, ¢ prrort an unlkely con
dition  1f this mode of caleulation ymplied a systematic error there was
howeser, the possibility that tic d from the bhished
solubility product nught provide the key to the nature and cause of the
discrepancy

1
40 45 50 55 60 65 70 75 80

Frg 40 The Solubility of Lnamel Apatite in Salva
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Equilibration Tests with Saliva and Powdered Dental Enamel

The results of these equihbrum evpernents with sahva and powdered
dental enamel showed especialhs at pH values about neutrabty strong
devaations from Bjerrums figures In Figure 40 we hase the pH 1wy along
the abscissa and along the ordinate the relative solubility that 1s the ratio
(solubility found) (solubilty expected frem Bjerrums formuly) If
agreement with Bjerrum s formula should have been found we would of
course have found all the ponts located along the brohen line where the
relatrve solubthity 1s uruty but as you see they seem to follow a curved bne
1o the top at the lughest pH values The deviations were thus of a regular
nature and I think that 15 best ilinstrated by the loganthmce diagram m
Figure 41

In this figure along the abscisst we have still the pH values of the
sainas equlibrated with powdered enamet  Along the ordimate we have the
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The ordwnate gnes 1 e 1atues for fog 1 the abeissa the fF/ The key to the sv
15 the same as in Figure
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logarsthm of the relative solubility  that 15 the logarithm of the ratio
(solubility found) (solubility expected from Bjerrums values) The ex
perimental results are the same as in the previous diagram but m this
whollv loganthmic diagram the pomts falf along the broken hne which 1s
2 line of reference which will occur 1 the following diagrams too Es
pecially at pH 1alues of about 7 and higher we found greatly mncreased
solubility 1n the saliva in relation to Bjerryms solubility figures for pure
salt «olutions

a

q Tests with Hy p

Tn control experiments with pure well-crystalized hydroxulapatite as 1
still prefer to call it in HCl solutions using the same methed as Bjerrum
and his collaborators had used mn their bastc experiments solubilities were
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Fig 42 lhe Solubility of Svnthetic Hydroxilapatite n Salt Solutions

Thend o ot

1ral cond tion was approached from ¢l e supersatu=ated sile and 1 ¢ op  cwrcles are
those obta ned for solubrlity s COs contain ng sat § hitors whe the final cond tiom
was approacl ed from the ¢ dersaturated s de
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obtained over the whole pEl range question which agreed with Bjerrum s
“alues as well as conld be expected 1f account 15 taken of the hnow form
tion of complexes the amfluence of different particle sizes and analysis
errors  Digure 42 has the same diagrammatic composition as in the other
figures so along the ordinate you have the loganthm of the ratro Letween
solubility found and that expected The pomts we shall look at first are the
triangle signs which all fall i this area along the 1bscissa where the loga
rithm 1s zero that 1s where the relatve solubility 1s one (1) Tlus this 15
m agreement with Bjerrums formula This shows that the deviatrons
found 1 the stlina enmel expenments were not due to ex] erimental
errors

Equilik Tests with Sol S d with Caletum Carbonate

Of the salts other than calcium phosphate appearmng i loth dental
enamel and saliva carbonates are predonunant It seemed natural there
fore to test the solubility of hydroxyfapatite 1 the presence of the car
bonate system Thus same figure shows the results of the equlibrium ex
peniments with the same hydroxylipatite m salt solutions winch are sumul
tineously saturated with caleum carbonate  The pomnts we find here
roughly are along this same broken reference Line which goes through the
loganithmic diagrim  that 18 deviations of the same direction and the sime
otder of magmtude s those found mn the enamel and saliva expeniments
This was hydroxylaptite and calaum cathonate together m salt solutrorts

L he comparabtlity of the enamel apatite and the synthetic hydroxslapatite
was checked by equilit num experiments with the synthetic patite i the
salina The same relative solubility was obtaned as i the enamd and salva
evperiments Figure 43 shows 1l e results with the pomts falling along the
reference Jine The same relitive solubihty was obtaned as i the enamel
and saliva expenments

Equilibration Test with Sodium Chloride Hydrochloric Aaid Solutions

A number of tests with mdwadual tooth enamels m NaCl HCI solutions
showed agam the same charactenstics as corresponding tests with syn
thette dyurres depride wrad wak 3 per st salowm cortonate T shoul 1
perhaps try to eltborate somew hat on that though there were indeed sery
few expertments of that type There were some experiment, with andt
vidual enamel samples m salt solutions well defined salt solutions free of
carbonate and for companson experiments with hydroxylapatite calaum

mtte content If the same acs 1

1 lus of powdered enamel 1
we got a lugher finl pH
surplus I thmk that would

carborate mrxtures of different cilep="
solution was equili! rated with ¢ ver:
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mean that with the small surplus the caloum carbonate content was tou
smll to 1ncrease the pH value and the relative solulility as much as with the
greates surplus  If these values for the enumel samples were compared with
the correspondmy values obtamed with the same solutions and the same
surplus amounts of hydroxylapatite caleium carbonate mistures with 1 per
cent calerum carbonate only  then about the same pH levels and relathve
solulnlities were obtained But 1f 5 per cent calcium carbonate were added
mstead to the synthetic hvdroxy lapatite then lugher pH values and lugher
relatne solubilities were obtaned, and the marks fell hgher up along the
refercnce Line

Dental ename] has accordmg to many mestigators been considered to
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Fig 43 The Solubitity of Synthetic Hydrovilapante i Salna

The ordinate gives the values for Jog n where n equals the sofubrlity found dreded
by the solubility expected from the formulac of Bjerrum’ U the abersa the pH The
opew cireles are the values obwmed for <alia plus hydroxylapatite and the soltf
$pares are thoce far alna phus hydroxlap stite plus calcum carbonate
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contam about 5 per cent caleum carbonate The experiments Just men
tioned here 1n addition to the ~ ray crystallograpluc analyses of Tovborg
Jensen and Moller ** pomt however to either lower carbonate content or a
specal form of binding of the CO; component I cannot argue on that
Tovborg Jensen’s theory was that calcium carbonate was bound n an
amorphous form m irregular spaces i the hydroxylapatite system

The Effect of the Catbonic Acid System on the Solubility of Apatite

It seemed to be clear that 1t was the simultaneous presence of the car
bomic acad system which i some way was the cause of the changed solu
bility of the apatite i Dboth salna and earbonate saturated salt solutions
There was therefore reason to expect stmlar solubility deviations n other
bhiological fluds under phystological CO  tension for example m blood
serum

The apparently very strong supersaturation of the hlood with both cal
cium phosphate and calaium carbonate has naturally given nise to a large
number of mvestigations and attempts at mterpretation Most myestigators
have considered the explanation to lte mn un 1omzed compounds of calcrum
with protemn and other substances but the comprehensive literature on the
subject contains so many contradictions that no defimite conclustons can be
drawn

In the well known previous imestigation of Sendroy and Hastings ***
analysis data from equilibrium tests with blood serum and calcwm phos
phate made possible a rough recalenlation accordmg to Bjerrum s iormuhed
This gave solubilities at the varions pH levels which strongly resemble
those of the salna Figure 44 1s the same type of diagram as in the previotts
figures You have the same lne of reference and the pomts here are part
ly the recalculations and partly some expermments with human heplarm
plasma and horse serum The field of pomts falls along the reference l:j
although many of them are below There 15 also at the arcle m T'igure
the result of a calculation for the normal values of human plasma, that s
the calerum 1norgame phosphorus pH and 1ome strength of normal hun:leI:
plasma  This calculation was performed according to Bjerrums lon;:“e
for prevpiation ard the cwele bnppens to fall yust on. the reference o
These results must of course be judged with great care but thque "
to form an mteresting parallel to the solubikty tests with salna and ca

he Proj
233T oy bor ensen A and Moller A Tnvestigations n t
Ena;:! brf \JIeans of X Rays Acta Odont Scandva 6 718 (1944) A
lub 1 ty of ler
d Hast A B II Studes of the Sol el
e e e, B e Phosphate m Salt Sclation and B olog
Flmds J Biol Chem T1 783 796 (1927)

perties of Tooth
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extess phosphate  the open Irangles are the data (Ercsson) for horse serum
Hus hvdeoxvlapatite  the open squares are the data ( Ericsson) for human plasma plus
hydroxylapatte and the open errcles are the data calculated (Fricsson) for the normat

vales of human serum
bonate saturated salt solutions and they seem to point to the assumption
that the car] omic acid sy stem common to 1l these hqnds has a determinmg
mfluence on the solulibty of calcum phosphate

The mechanmism of thns carbonte effect on the calcum pho phate sotu
1ility 1 by no means clear but ~ome facts seem to speak n favor of Green
wld s theory of unomzed caloram phospho-carbonate complexes  Green
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wald®® made some experiments and caleulations which fed ham to the as
sumption of a complex (Ca~ @ H ® PO, @ CO;) and after the dissociation
of a hydrogen 1on (Ca, ® PO, @ CO3)—, Greenwald found also, an in
creased solubility of calemm carbonate m the presence of the phasphoric
acid system as well as the increased solubihty of calaum phosphate 1n the
presence of the carbomc acid system

These were the points that T wanted to present, and now I would rather
hear what sou gentlemen have to say

Conference Discussion

Armstrony  lhank you, Dr Lncesson Dr Hodge, would you like to
speak now?

Hodge 1 presented quite a selection of Dr Lricsson’s data last year, you
may perhaps remember 1n plotting caleim phosphate pH relationshps
solution His data were particufarly pleasing to handle because they were
some of the ones that fitted the lines best Apparently, they were 1ery care
fully and exactly done experiments, so that I have a high regard for the
numbers that he has just been showing us here

As far as the Bjerrum s formulation goes, I dont see any great case to
be made for 1t It looks to me Like an attempt to describe the solubihty re
lationships 1n a highly improbable manner If 1t 15 true, 1t calls for a reac
tion of about the mnth order, as I remember 1t

Ericsson In relation to Dr Hodge s remark I should perhaps, remind
you of Bjerrum s finding that he conld not arrive at the same concentration
when he approached equilibrium from the supersaturated side as from the
under saturated side There was always a gap between the concentration
found m those two cases even if the equilibratton was contnued for
months

Hodge 1 think the really important pomt, or at least an important
pomnt to see 1 these data 1s that we can find the same solubtlity behavior
for powdered human enamel and for synthetic hydroxylapatite, 15 that
right?

Lricsson Yes but these mvestigations should be contmned of course
Lhey are few enough, but they are consistent thus far

5 Greenwald I The Effect of Phosphate on the Solub
of Bicarbonate on the Sclubility of Calcum and Magn:
Chem 161 697 704 (1945)

ity of Calcrum Carbonate and
st Phosphates J Bul
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SOLUBILITY STUDIES WITH SYNTHETIC
HYDROXYLAPATITE

WILLIAM F NEUMAN

Trom the Division of Pharmacology and Tovicology Department
of Radiahion Biology School of Vediane and Denfistry
Untzeraty of Rochester Rochester \eo 3 ork

Newuman T would hhe to mike a few parenthetical remarks and present
a couple of figures 1f I nv  Figure 45 doesn t add much to owr under
stinding but 1t seems that esther the concept of solubihity shculd be aban
doned or proved Mr Levinshas and T too have performed 1 few wclu
Tihity experiments

Qur first problem was extremely variable results We were uung
synthetic apatite as the solid phase and found that if we centrifuged sus
1enstons of apatite we could get different values at different depths of the
solution  We couldn t get the sohd down completely Apparently there 1
a great deal of difficulty 1n removing suspended solid of microscopic size
These phosphate crystals powder during equilibration  We  therefore
switched to cellophane bags and then had trouhle with bacterial infectin
which gave us very erroneous results

Tmally, with aseptic techme and cellophane bags we got down to a group
of ponts that I have tnied to mdicate n the graph  One trouble 1s that
cello] hane bags occasionally leah The only way one can be sure 1s to do
thisty experments and have twenty of them that can be utilized

Choucroun  Did you steniize them*?
Mewman Yes but T tlunk 1t probably could have heen done lietter
Choucrown. You can autoclne cellophane bags too

Neuman  They get pretty rough treatment throu,hout the shakimg pers
od and subsequent handhng  \We dud finlly get values that are really quite
low Inthe graph they are expressed as moles per liter  These expernnents
were done m saline with «vnthetic apatite using approxunately the tome
strength of phsma We have used the best activity figures obtamalle for
the activities of mdnidual sons Fimilly we nsed the comluned total activa
tus of the severat phosphate 10n5 15 1 comentent way of express ng the re
sults but because the relitionships at the moment are not clear we are pre
senting the data in molr quanties

Hastirgs Whatss the pH of this?
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Fig 45 An Attempt to Determme the Solubslity of Hydroxylapatite

Most of the values located within the broken circle were obtained usmg dxalysxs
bags All of the other values mvoled analysis of supernates following slow spee
centrifugation

Newman  The pH ralues were betneen 685 and 689, 1f I remember cor
rectly

The next graph (Figure 46) shows two effects varying the solid and
varying the Ca/P ratio It 15 mteresting to note that with mcreasmg solid
phase, the calclum concentration increased and the phosphate concentration
did not Apparently, any 1on product that we could calculate here would fie
a functicn of the amount of solid phase present

which were the data gen 1n the previous
and phosphate was added
where
crease

Then, using one gram per hter,
graph caloum was added 1 xarying amounts,
1 varying amounts The results nicely mtersect the previous curve,
peither ton was added The addition of calerum always causes 2 de
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Iig 46 The Lffect of Added Caleum or ¥ hosphate on the Solubility
of Hydrovylapatite
Also included are data obtaned with varving amounts of solid phase The sof d

tircle the open circle wnth @ dot i the center the solid trangle and the solid squa ¢
cepresent 03 1 3 and 10 grams/Iter respectnely

i the final pH and the additton of phosphate to the solution although we
start at neutrality causes the pH to go up

This begins ta look Ithe some hind of solubility relationship that would
be consistent with your set of dat1 Dr Ericsson I just wondered sf you
had tried any experiments using varving amounts of sohd phase The rea
son T make this point 1s that the curves that Dr Hodge showed 2 couple of
vears ago were the reverse of anything one nught predict from solulility
When the calaum went up the phosphate went up  and when the crloum
went down the phos hate went down  In thus single wstance here, the
high calcwm 1s associated with a low phosite and the lugh phosy Iate
15 associated with a fow calaum  [lus gives some reason to hope for future
mterpretations It 1s quite obvious that 1If we now changed the amount of
solil and repeat the calcrum phosphate variation we are just gong to have
another curve moved up the aws a wav  As et we havent been brave
enough to add CO; to this system
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Conference Discussion

Vewman Dr Ericsson have you done experiments with sarying
amounts of solid?

Erscsson Yes T hase although not with sery greatly varying amounts
of solid and they gave consistent results There 1s a question as to the
preparation of hydrogylpatite How do you prepare 1t?

Neuman This 1s a commercral preparation on which we have x ray data
and electron photomicrographs The Ca/P ratio of this material 1s 2 15

Encsson Thete 15 no carbonate m 1t then?
Newman It 1s as nearly CO; free as we can get 1t

Armstrong 1 would hke to ash about the commercal source of hy
droxilapatite W ho makes hydroxylapatite commercially?

Hodge It 1s labeled ‘tricalcium phosphate” (Laughter)

Hendricks e knew that years ago

Acuman  That 15 one of the problems Bone 1s so variable e wanted
to have a source of material that 1s constant We, therefore purchased 10
pounds of hydroxylapatite Now all our experiments are directly com
parable e are gomg through the 10 pounds of hydroxylapatite

Eriesson In fact 1 made some recalculations after Holt La Ver and
Chowns * results which were obtaned with commerenal tricalcium phos
phate m well defined CO free salt solutions, that 1s I made the caleula
tions according to Bjerrum s formulae and found excellent agreement with
Ins solubility figures for hydroxylapatite

Hastings  Dr Erncsson one of the other things that we encountered
was that we could get very good solubihty products with calaite 1n salt solu
trons at different tonic strength varyng pH and so forth A hetle phos
phate would interfere with the precipitation from the high side, I mean

from the supersaturated side

\le V k and Chown H B Studies m Calaification
e Satub i].rty Boeet of Secondary and Tertiary Calcnum Phosplate Unler
\ atious Cond tions J Bral Chem 61 Cshoo 565 H( ]19325)5t e Calaeston_1

Mer v hand Chown, uds
Brimed gqixrbrffm T veon the Cal oy Phosphates and Its Biological Sig
rificance J Biol Chemr 64 567 578 (1928) Sty of the
Holt L E Jr Studes m Calofiaton T A Quantiatne Stuly 20 o7
Fawl bria Concerned VWit the Calerfication of Bone S Brol Cher
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THE LOCATION AND THE TURNOVER OF
THE SODIUM OF BONE™

I S EDELMAN, A H JAMES, and F D MOORE

Tiom the Department of Surgery of the Harvard Medical School
and from the Surgical Service of the Peter Bent Brigham
Hosptal Boston Massachusetts

Armstrong I should now like to hear from Dr Edelman who has some
mformation as to the location and the turnover of the soditm of bone

Edelman  Actually my getting involved with bone was indvertent Our
laboratory has been interested 1 the distribution of water and electrolytes
n the intact orgamsm using tracer methods *° % 20

One of the difficulties 1 calenlating the distribution of rons from 1sotope
dilution 15 the fact that the classical concept of diniding an organism mto
tracellular mterstitiil and plasma flind compartments s erroneous One
of the reasons that tlus suuple three compirtment system ts umald 15
that bone made up mostly of extracellular solids 1s not freely permeable

to all suttable tracers
The Content of Sodium 1n Human Bone

Tiom previons analyses ¢ we know that there 15 a consideralle amount
of sodim and water m hone For 1 70 kg human we expected that about
1000 meq of sodum (approamately 30 per cent of body sodwm) and two
to five liters of water (approxumately 8 per cent of body water) would be
n bone The tollowmg questions therefore remarm to be answered how
much of bone sodium and water 1s part of the metabolic pool? How nuch
can contrit ute to the formation of edema?® How much could be used to re
3This work was generously supported by a grant from tie Massichusetts Heart

Associabion
s9\[oore F D Determmation of Total Body Water and Solds with Isotopes
Sctence 104 157 160 (1946)
foore

39Schloerh P R Frus Hansen B J Edelman I S Solomon A K and M
F D“ The Measurement of Total Body Water i the Human Subject by Deuterum
Oxyde Dilutwon J Clin Tuzustigation 29 1296 1310 (1950)
wCorsa L Jr Olney J M Jr Steemburg R W

D The \Measurement of Exchangeable Potasswm 11 Man by
T Cim Imeshigation 29 1280 1295 (1920)

61Shohl A T  Vmeral etaboltsm Amencan Chemical Society Aonograph Series
Remhold Publishing Corp New York (1939,

Balt M R and Moore
Isotope Dhlut on
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place extracellular water and sodum n acute negatrve sodium balance and/
or acute negatne water halance?

The first difhculty we faced was that there are relatavely few anilyses
on human bone available 1n the | terature  Bergstrom®  at Children « Hos
mtal 1n Boston has datz mdicating that the figures for bone sodium have to
be revised upwards considerably and that the reason for the low figures in
the literature 1s that sodium 15 co precipitated with caleim when ovalate 15
added to bone extracts Our own analyses corroborate those of tamed
Bergstrom In any case we now estimate that there 1s between 1500 to
2000 meq of sodmm 1 bone in the human

‘The Exchangeable Sodium of Human Bone

The next problem was to deternune how much of this sodum s ex
changealle since we would predict that the non exchangeable fraction
would not he available for metabolic displacement The plan of the expen
ments was to use the ratio of the speaific activity of bone sxhum to scrum
sodium as the index of exchnge after distribution equibrium was at
tuned  That distribution equilibrium 15 achieved by 24 hours post myection
1s cvident from the data in Table NIV The ratio of tissue speaific activy
ties to serum sodium specific actrsity 1s approximatels 10 1n all tissues ex
cept bone by 24 houts post myection of Na? In other words tissue sodium
for the most part 15 freely exchangeable with serum sodium These data
corroliorate sinmlar observations reported previoush . Howeser from
Table \V 1t 15 evrdent that complete excl ange of sodim m dog bone does
not tike place in 24 hours  The maxumum exchange recorded 1s about 50
Per cent Ve felt that two interpretations of these data could be made On
the one hand 50 per cent of hone sodum muy be truly non exchangeable
and we hase reached the lmmt of the amount that will exchange or on the
vther, we mught be deahing with slow but continued exchange which woul 1
result in complete equ hibration with the tricer tf the expenment were con
tinued fur 1 long enough period of ime

Loltis When you talk of bone you are talhing of Lone plis marrow ¢

Ldelman  Of those listed m Table \V the femur was narrow tree the
11b was amalyzed as cortex plus marrow and the shull sample consisted of
the external phte

Now then n order to study sodmum exchange over long time intervals

© Lergtrom W Pursonal communieati n

Todanuy J F and Bale W T The Lenetration of Radcactne Sodmm and
I S(I‘l];:rllx)s w10 Extea and Intracellular ¥ hases of Tissues fm J 1 hvol 182 215
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TABLE XIV

Tissue Uptake of Na? in Dogs and Humans*

Subyect Tissue A“-_Tnssu: SA
Serum S A
Dog #37 | Skin 100
Ls Skan 094
Dog #37 | Skeletal Muscle 104
LS Sheletal Muscle 093
Jw Smooth Muscle (Gastric) 100
Dog #54 | Cardiac Muscle 115
Dog #49 | Cardiac Muscle 099
Dog #54 | Liver 101
Dog #54 | Kidney 12t
Dog #49 | Bram 099
Jw Gastric Mucosa 107
R K Erythrocytes 102
Dog #28 | Erythrocytes 094

*Equilibration time = 24 hours

TABLE XV
Penetration of Na% mto Bone in Dogs*

Tissue S A

Subyect Source Serum S A
#36 Rib 052
#£37 Rib 053
F49 Skull 036
#49 Femur 052

*Equitibration time == 24 hours
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we had to use sodwm?®, which has a three year half ife as compared with
a 15 hour half hfe for sodmm® In addstton 1t was essential that the
serum specific activity be relativels constant m that a raprdhy falhng serum
actity could ntréduce an artefact i the tissue serum raties  Thrs
condstion was satisfactorily met by maintaning the dogs on a rice salt p t
mik and suar diet  The anmmals Jost little weight and were i oad health
hy mspection  Sodwm?®® was mjected mtravenoush into two degs The
serum specific actrvity decreased only 12 per cent 1t the end of a month
This meant that the bone was exposed te a constant tracer envircnment

The results are summarized m Table AVI The fraction of bone sodium
exchanged did not mcrerse with time  About 50 percent of the sodium
exchanges m 24 hours and the same ratio was obtamned at the end of
month The depression 1n specific activity ratio i dog 76 at 24 davs 1~
probably partly experimental error and not sigmficant I would guess that
1f one carned the expeniment to the pomt where all of the ongmal lone
has been replaced by new bone, you eventually would get a ratw ot 10
But certamly for any mterval measured m months there 1s no deviation
from the exchange of 50 per cent

Armstrong  Did you biopsy the sheleton from time to time? You show
several observations on the sheleton from one to 30 days

Edehnan Yes Ve operated on these amimals under aseftic conditions
and the dogs did not recene any saline or plasma during the period ot

TABLE XVI
Penetration of Na™ into Bone in Dogs *
Dog #28 Dog #78
T qnlibrat on Tusue S A || Equiibrat on Tissue S A
e Source | o P Source | gem o g
Dans Dass |
I Rib 027 1 Rib 046
3 Rib 049 8 Rib 1 044
8 Rib 045 17 Rib 048
15 Rib 049 24 Rib ‘ 037
2 Rib 049 24 Shull | 035
2 Skull 043 30 Rb | 043

*Maintauned on low sod um (rice diet) for period of study
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study  They withstood the operations nicely We simply obtamed a sam-
ple of bone and a sample of blood at the trmes indicated 1n Table \VT and
they were analyzed sumultaneously Shult samples were not taken earlier
n the experiment m that we wanted to minimize sutgeal traunma and to
avod Iosing the ammals m the first weeks of study

The Distribution of Sodwm mn Bone

We now have the question of how to interpret these data from the yiew
pomnt of bone structure By chemical analyses of both dog and human bone
we found about 220 meq of sodwm per hilogram of fat free dry lone
which 1s 2 large amount  As a first approximation ns to how these fractions
(exchangeable and non exchangeable) mght be distrsbuted we made the
assumption that Dr Hastings has used for other tissues, namely, that all of
the chlonide 15 extricellular and that alf of the socum accounted for by
chloride would be freely exchangeable T'rom chemicnl analyses we found
that the ratio of sodum m association with chloride to total bone sodmnt
was only 010 to 0 20, in other words, free extracelfular sodium (based on
chlonde) does not account for all of the exchingeable sodm so that re
gardless of marrow content there 15 a considerable amount of sodium winch
must e part of the matrix solids which 15 exchangeable

It may be as Dr Hendrichs suggests that the sodium 1s on the surface
of the apatite crystal lattice or at least a fraction of st 15, and perhaps there
15 another fraction i association with other molecules Or Dr Hastings
suggestion we calculated that there are about 183 meq of atrate per kilo
gram of dry bone based on the figures m the hterature Thus there 15
more than enough citrate to nccount for all the exchangeable sorim

In addition we calculated the molar ratio of exchangeable calemumt to
excess exchangeable sodium based on some of the published figures for
maxunum calcum exchange, which seems ta he ahout 25 per cent of the
bone calaum  Is that night, Dr Hodge?

Hodge That 1s the maximum, yes

Edelman  Even with that maximal figure the molar ratio of exchange
able ealoam to excess exchangeable sodwim 1s 20 The molar ratio of total
calezum to non chionide sodim (excess sodium} 15 about 30, which suggests
that sodium occupies more of the lattice surface than calaum

Hastings  Say that agam, please

Edelman By subtraction of the free extracellular sodmm, based on nhs
sociation with chlonde, from exchangeable fraction of sodim, we get ;
excess sodium of bone matrre which 1s exchangeable The n;olar ;‘;lltxodt:e
exchangeable calcium to this excess exchangeable sodim 15 20, while
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molar ratio of total calaum 10 total excess so hum 15 30 In other words
there 15 proportionately less exchangeable ulnum as cvmpared with sodl
um Suntdarh the mohr ratio of exct to excl

sndum using the figure of 20 per cent c(rhauge far phosphate 15 98

While these ratios <o not define the distribution of “odium in tone they
dn indicate that we are dealing with 1 heterogeneous svstem 1 which only
a given portion of sodium 1s avatlable for exchange From the viewpamt
of metalohe mmphcations the problem that faces us 15 how much of the
excdhangeable sodum 1s avaitable for displacement from bone nto the free
extraceflular pool and 1f such stufts occur then we need to define the
critien determinants of such shifts

Conference Discussion

Follis Wil you tell a laymn what 15 the contentration of <odwm m
terms of per cent m dry fat free bone?

Fdehnan  In human and dog bone there are about 220 aull cquivalents
Foilis 1 dont understand milliequnalents in tht sense

Edelman 1t 1s about 220 mulhequnalents per hilo,ram of drv fat free
Lone I might also sy that analvtic results vary considerabls depending
upon the type of bone There are large varations of sodiim and water
ontent in different bones and 1t 15 onlv when vou correct to dry weight
that conssstent figures are obtamed

Vewman  You divide by 4 or 5 tenths per cent for nuiliequinalents

Hastings  Tive hundredths I would hhke to hear Dr Hendrichs com
ment an what that sodism m ght mean

Hendnieks  The sodium 15 and always has been one of the mice argu
ments for surface phenomena Of course 1n Logan and Taylor s * work
they found that the sodum was immediately taken off the surface on resolu
ton 10 factic acid The fact that 1t 1s not all exchangeable 1s not necessanly
confu ing m that even if 1t 1> on the surface 1t1s a question of whether vou
get at 11l the surface or do not 1 beheve the i 2170 experiments on calcium
and { he sjhorus do not get as large a turnover as you would expeet from the
possitle surface of the tone They are 1 behieve of the order genemllh
of half the figures thit you were gning Dr Edelman  mmeh  miore
down to the order of 10 per cent of the calciumi an 1 10 per cent of the § hos

“Log:n M A and Tasl r H 1 Solubitty of Bure Salt 111 Partal Solutt n
e and Carbonate Contaming Caloium Pl osphate Preciptates J Bl Chem
e
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phate that 1s available m the turnover there The 1dea 1s that the sodmm
which 1s not readilv turned over 1s buried down 1 sone cracks of the
sume tlature as the ones that were shown with carbonate This would be
the interpretation there I dan t beliese that the other mvestigators who are
partictlarhy arguing about carbonate apatite would be averse to having
sofum external on the surface of the lattice They would probly hue
no feeling one way or the other

McConnell T would agree to that 100 per cent unless somebody found
it m something crystallme like francolite Furthermore althongh 1t has
not come to hght previously there 1s one other pont on which Dr Hen
drichs and 1 would probably agree 100 per cent and smce there have been
so nviny pamts on which our opmions are quite divergent perhaps this one
particular pant should be emphasized because 1t does diverge from some
of the work that 15 bemng currently done 1n Europe

1 helieve that no matter what the composition of carbonate apatite 15—
and we will adnut that we don t know what the stoichiometrs of 1t 15 for
the moment—t certamly 1s not Ca;6CO3(POy)a and all erlculations which
mvolve any such nonexvistent compound as this are bound to be fallacious
There can be no such compound and Dr Gruner and T demonstrated that
many vears ago *® Crystochemicaily there can be no such compound

Bartter  If you take the CaCQj and put 1t to one side 1s 1t all right?®

Af Counell No you are just jugghng the formula and rewrting 1t
3Cas(PO;) @ CaCO;y There 1s absolutely no such compornd and although
Dr Hendricks and T have lots of differences of opimon we certamly con
cur on that

Hendricks  Thus 15 the reason that one structure turns bach into argu
ments of getting carbonate in place of phosphate and sl leaving the water
or hvdrosyl or the various other things out i position, n other words
that 1s the reason that the whole argument turned back on getting carbonate
1n place of the phosphate

There 1s one powt though I would like to raise about these skeletal ;et
placements I beheve 1t was pornted out here last year that the reason 1 ":,
you use alkalne KOH mstead of NaOH in Gabrel s system for removl:B
protem from bone 15 that if you nse NaOH 1t 15 marhedly (akex;‘ up ')
vour sample Tt will g0 up to the order of a per cent Ly weight mlt e <a:rc
ple It 15 uniquely concerned with the fact that sodum and mcmmlhus
1dentically the same size although thev differ m charge Tach has a ra

o £ the Carbonate Apat tes The
265Graner J W and McConnell D The Problem o
Structure of Francol te, Z Arst 974 208 215 (1937)
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of 09% Angstrom umts  Potasstum with a radws of 135 Angutrons unsts
15 too big to fit mto the calcium hole and doesn t go on the surface in other
words the surface does have one very exact geometry Tt escludes potas
s and 1t accepts sodiam

Edelman  Are those the hadrated radu®

Hendricks  No, just the radius from normal wns  The question ot hy
drated 10ns 15 more difficult

MeConnell \\e dont want to hear about that one

Armstrong  Are there any furthier 1deas to be expressed with regard to
the exchange of sodwtm in the sheleton? [ would Iike to supgest that at
chifferent times, an element may be exchangeable and nonexchangeahle
Certunly tlus 15 true with regard to calaum I you gne radiocalem to
s the rdio sotope will become sitwated in the «heleton undotbtedhy by
exchange for cdeim®® 1ons  With the passage of time the speaific activity
of the Lone reacties a hmiting law salue from wlich 1t does not further
dechne  This finding shows that the calaum ons winch enter the sheleton
become less freely exchangeable after a time

Hewdrichs Tt 1 the gt that D Dall alls tecrys
tallization
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STUDIES ON RADIOPHOSPHATE EXCHANGE IN
BONES OF RATS

WILLIAM F NEUMAN

Trom the Drasion of Pharmacology and Tovicology Department
of Radtion Biology School of Medieme and Dentistry
Unuersity of Rochester Rochester Net York

Newman T am getting embarrassed but T have another figure to show

Armstrong  We still have a few minutes 1 am going to ask Dr Neuman
to present his data after which T am gowng to call on Dr Hodge

Newman  This 1s just an experiment m which we mjected rats with
radiophosphate took out the bones at various trme mtenals and placed
them 1 an mert buffer to see how much of the radiophosphate will back
exchange In Figure 47 you can see with the passage of tume 1 the am
mals the phosphate becomes less and less desorbable I have mterpreted
this as evidence for the occurrence of the recrystaflization process 1 vizo
n the ammal

Conference Duscussion

Armstrong  How rapudly does this process occur?

Newman  These are fmirly young ammals (about 100 grums m body
weight) The expersmental period covered 18 days

Armstrong It would he a Iittle less than 10 days

Copp 1 shovld thmh the situation would be a httle different with grow
ing ammals where new crystals of bone sait are Leng laid down

Newman Yes Well we are tryng this with ammals of differeat 2es

Copp Ve found that was true with calaum The radiocaloum de
postted 1n the sheleton of young ammals was not rema ed to any apprect
able extent whereas m adult ammals there was considerable loss the
earh davs after administration

Newman That would be expected on the baws of reerystallization |
\\ith every recrystalization the crystal hecomes more stable Therefore
the rate of recrystaliization would fall with age But I dont think ltl:;s‘:on
cept of recrystallization 1s adequate to explam al) the phystological data
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Tig 47 The Decrease in Desortatle Radiophosphate of Powdered
Temur with Increasing Time After \dm mistraton of Isotope

Copp 1 dont think st 1s necessary to have recrystallization 1s st Dr
Hendnicks? In the young 1mmnl and i areas of new bone growth there s
acttal formatian af tiew crystals of hone salt  Another pomnt we obsersed
With respect to exchiangeable calesum in adult ansmals was that the turnover
was considerably less than 1 per cent 1 2120 mdicating that a good deal of
the bone caferum 1s not avatlable for reads exchange with the extracellular
calewm

Aochakian  Alf tius seems to tahe plice in thus erystal structure  Does
the j rotesn hase anything to do wuh this?

Hendreks T would sav that | rotem doesn t enter mnto 1t or do anything
except to interfere sith the (stent to wlach you can get at the surface 1
would sort of suspect that It smterferes markedly in a patticular bone as
to whether the 10n can get i there to the surface and produce the exchange

innstrong  In <ame sitwtions j rotemn matnx po sibly aceelerates e
chnge of the tons af the muneral { hace because a more ready 1ccess of the
body flurds 1s grermmtted  This sstnanon certunly 35 seen m the rachutic brne
tyhyas
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THE SIGNIFICANCE OF THE SKELETAL DEPOSITION
OF FLUORIDE™*

HAROLD C HODGE

Trom the Dursion of Pharmacology and To vicology, Department of
Raduation Biology, School of Medieme and Dentistry
Uniwersity of Rochester Rochester New Y ork

Armstrong 1 think Dr Hodge has some mformation about the turnover
of fluoride 1n the bone

Hodge 1 have been trymg to persuade Dr Armstrong to go ahead and
give fus data I think they are closer to the topic we have been discssing
This 1s a side 1ssue

The pont I want to talk about 1s our concept of the deposition of fluor
1des or what the sheleton does with the fluorides The reason this 1s time-
Iy 15 that there 15 a discussion 1n various parts of the country about the safe
tv of fluoridation of water Since m long continued, high lesel fluonde ex-
posures, people develop crippling fluorosts, preceded or accompanted by
osteosclerosts the question about the health of the skeleton arses

The widespread use of fluorides m the dnnhmg water of commumties
attempting to reduce the ncidence of dental caries has prompted a steady
retteration of questions concermmng the safety of this use Since one of the
prmcipal toxic effects observed when large amounts of fluorides are given
for long periods 1s osteosclerosis and sice bony changes are prommnent ut
crippling fluorosis 1t ts natural to nquire what the role of the sheleton may
be m the metabolism of flucrides At the moment our attenton 15 directed
to problems of mineral metaholism rather than to problems of safety, and
the questions regarding the hazards of water fnoridation will be mentioned

only 1n passing
The Fate of Fluoride in the Human

Although much additional work needs to be done to clanfy some of the
important aspects of floride metabolism, 1t 15 possible at present to shetch
1m the broad outhne of how the body handles fluenides (Figure 48) Fluor-
rde taken mto the body by any route and absorbed 1nto the body fluds 15

h the Umted States
s B b o B vty of Rosheses Atomie Fnery Proee
Rochester New York
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Tig 48 Diagrammate Desenptun of the Distribution of Amorbed
1lworides with Indications as to “ome I ffects

promptly disposed of almost w sty entirets  esther by depusition 1n the
sheleton or by excretion in the urme The pramptness of this disposal
should be stressed, 1n two or three hurs the process 1s practically complete
The rehitne magnitudes are also mmportant  subject to quification the
proportion m bone and urme s nearly enaugh 50 to 50 to justifv remember
g The fluoride concentration m the blond m the body fluids m muscle
and 1 most of the soft tssue » verv low—n few mcrograms per hundred
grams  The flucride ton concentration m the body flwds s ymportant be
ctuse thus 1s probably a contralling facter m the hyvpoplustic changes ex
Tuluted by the Ameloblasts assoctated with the fault m enimel formation de
sribed as mottled enumel  Presumibly the fluoride son concentration 1
not the controlling factor 1n the reduction of dental caries  the fluonde de
posited 1 the tonth muneral 1s commonly believed to be the critical factor
In the development of osteosclervss, both flueride 1on and fiuonde deposited
m bone muneral mav be mportant  the flunride 1on may wfluence the
production of vstemd or 1ts properties or the mtricate changes ocurning
durmg etlufication and tn addition the muneral crystals contatming fivoride
my differ sufhaently 1 physical chemcal properties from hydroxylapatite
«rvstals 1o be responsible for part af the osteosclerosts picture How these
effects may nterplay in the etiolony of erppling fluorosts 1s not knvwn

The Skeletal Deposition of Fluonide

1he skeletal depasttion of fluoride mas be regarded as a sort +f detont
cation aechintsm  Presumably tf substantial amounts of fluortde were not
depoited 1 the skeleton higher concentrations ot fluonde ron would 1e
wntaed for longer penods of tue Tarthermore there 1 15 Lyilence
that fluoride depositien per s harmful  The relwtionshap tetween the
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fiworide content of the bone and the fluoride concentration n the blood when
fluoride 1ntake 15 very fow 1s not hnown

Skeletal deposition of flusride occurs at all fevels of fuonde adoumstra
tion There 1s a widely quoted optmon that the hody tends to come iato a
sort of equibbrium state when exposed constantly to low doses of Auoride
Thus McClure said  There was no significant retention of fluorme 1 the
bodses of these voung adult men when total duly fluorine ingested did not
exceed 40 50 mg day ¢ When sufficiently long periods of time are
used m the evaluation of the retention of fluoride, the evidence appears to
support overwhelmungly the concept of continued storage Machle and
Largent  show a linear relationship between fluonde absorption and bone
storage m a human taking relatively large doses (up to 20 mulligrams daly }
In thus work nearly S0 per cent of the fluoride absorbed was deposited 1n
bone Vithout attempting to review 1 detaif the Tairly extensne literature
on fluoride retention the mcrease m the fluoride concentration with age n
the sheletons of residents of Rochester N Y may be shown (Figure 49)
T take pleasure 1n attributing the analytical data to Dr Frank Smith and
Mr Dwight Gardner

Although there was a marked varration between tndtviduals of the same
chronological age there 1s a strihing approximation to a linear relationshup
when the average bone fluonide concentrations for ten year age groups are
plotted against the loganithm of the age This graph mdicates a steady ac
cumulation of sheletal fluoride throughout hfe even on relatively low levels
of fluoride mgestion  Rochester water contams about 006 pp m of fluorsde
and the darly mtake of residents m food and water probably ranges from
050 10 mg About 90 cases were examined in the Rochester study®*,
these together with the 23 analvses of Glock Lowater and Murray ° con
stitute most of the available evidence on this pomnt More data are needed

The Rapsd Process of Fluoride Deposition 1n the Skeleton

Tt 15 probable that a rapid and a slow process are insolved 1n Auortde de

i f Fluorine
267McClure F Nondental Physwological Effects of Trace Quantities o
m Dﬁnh;ll ECnne{v and Fluorme published by Am A Adv Sc Washngton D C.

1946 74-92
: "~ son of Fluoride I,I

268, d Largent E J The Absorption and Excret
T bt 3t Thgh Levels of Intake J Indust Hyg & Toweol 2> 112123
(1943)

f Fluoride m
265 Gardner D E and Hodge H C _Sheletal Storage o de 1
theS'Hn::f:.aE Are Quarterly Teckmeal Report UR 700 pp 1214 (Feb 11 1922)
University of Rochester Rochester N ¥ 1952

20Glock G E  Lowater Fand Murray M M
Fluor(:ne m Bones Biochem J 35 123> 1239 (1941)

The Retent on asd Et munation of
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Fig 49 The Increase m the Iluoride Content of Human Sheletal
Samples with Age
The data are those of Sm th Gardner an{ Hodge ¢ The bone samples were taken
m

at :Auw];sv of residents of Rochester N ¥ (drinking water contans 00 { p t
voride;

position The rapul process 1s presumably an exchange reaction m which
the fluoride 1ons of the bodv flurd exchange with hydroxi] or bicarbonate
1005 of the surface of the mimeral crystals The speed of this reaction 15
well known, commercel filters are 4sarlable that remose most of the fluor
1de when cxcessne amounts are present an water merely by allowing the
water to flow over 1 bed of powdered bone The surfaces of the cristals
Present large arets on which this reaction can ceeur  Netman and col
leagnes™ apg Alegitian ¢ af > hawve shown that fluonde wompetes with
hadroxy 1 for postic ns on the mmeral surfrces Stace the total ~mount of

Theuman W 1 Newman M W Mame F R OLeary J and Smuh | A
‘(rll’/nus)urlm Chensstey of B 1e 1T Ttunrtic Deposton 4 BT Chom 187 ea 41

* Nearnn U and 1 sge H C Thindo Fxelaige with Hudr oba the Meeht
memoof Lixat 1 of 1} onde by Bione J Dent Res 30 467 (1921



254 FOURTH CONFERENCE ON METABOLIC INTERRELATIONS

surface will be more or less related to the total amount of mmeral mntter
present this concept 1s 1n agreement with the finding of Swvchuch and
Armstrong ™ that the principal factor determming deposition and fixation
of fluoride 1n a bone 1s 1ts nuneral content *

The Slow Process of Fluoride Deposition 1 the Skeleton

The slow process may plausibly be ascrihed to the 1mcorporation of fluor
wde 101 s 1nto the crystal lattice At least three modes may be suggested a)
growth b) recrystallization®™* and ¢) resorption and replacement of bone
by osteoclstic and osteoblastic activity To the slow process may be at
tributed the gradual storage of fiuoride even when very small quantities
are taken 1n daily over a pertod of years

Chontcroun  That 1s dangerous

Hodge No 1f 1s not necessaniy dangerous That 1s what [ just finished
saying  there 15 no indication that the deposition of fluoride per se 1s a
hazard

Now what 1f a person drank water contamming one part per millon of
fluoride and stored all of 1t? He would 1f he hved to be 70 years old have
1n his sheleton almost pure fluorapatite

McConnell Francolite I beg your pardon (Laughter)

Hendricks He would be a geological specimen

Armstrong He would be a fossil  (Laughter)

Neuman Does my memory serve me right? There was a cow on a very
ligh fluoride intake nd on post mortem analysis the bones proved to be
almost pure fluorapatite?

Hodge There are a few samples reported in the Iiterature with fluoride
percentages that were upwards of 35 which would be theoretical for
fluorapatite Anyway we have n loganthmic function here

The Removal of Fluoride from the Sheleton

1he removal of fluoride from the sheleton also 1s characterized by two
phases a rapid process and a slow process The rapid process most 1€
cently studied by Savchuch and Armstrong® * probably results from an ex

2138avchuk W B d Armstrorg W D
Sheleton of the Rt/ Biol Chem 193 575 582 (1931)

steNeuman VW F and Mlulryan B J  The Surface Chemmstry of Bone 1 Re
crystalbzation J Brol Clem 185 705 712 (1920)

Afetabe ic Turnover of Fluoride by the
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precision over a period of two years (data of Largent and Heyroth?)
The slow process as revealed by the straight line Just described may be
characterized by usual means, the half time constant 1s of the order of two
years It 1s reasonable to thmk that the removal of fluorides 1 the slow
process 1s accomplished by releasing to the body flands lattice bound fluonde
when recrystallization or osteoclastic activity destrovs a mineral crystal

Summary

The sheletal deposition of fluorrdes may be regarded as a detoxtication
mechamsm,  bone-bound fluonde s not a hazard per se  Fluoride 15 de-
postted 1n bone at all levels of fluoride intake and throughout the hfe of
the indinidual  Fluorde deposition and remosal from the sheleton imolie at
least two processes  the rapid phase, presumably an exchange reaction with
hvdroxvl or bicarbonate of the crystal surface, accounts for the imtil
changes, the slow phase a result of recrystallization, growth or cellular
activity, 1s characterszed by a half time constant m man of about two years

Conference Discussion

Hodge You notice, this 15 a loganthmic process, too  If you will pardon
me, I will make a pun  When we think of fluoride and the skeleton we
should remember that the log gneth and the log taketh away (Laughter)

Dr Neuman s data®™ "™ presented here in 1950, show that there 1s a very
preaise relationsmp hetween fluoride and hydroxsl 1on concentration  Mr
David Megirian has confirmed Dr Neuman's data, the hydrovy! ton and
the fluorxde 1o, as far as content 1n bone 1s concerned, are competrtars for
surface posiions Dr Neuman has also shown that the bicarbonate com
petes directly with fluoride for a posttion on the surface of the bone crystals
We have a fairly rewsonable picture of what goes on 1n terms of the de-
posttion, either by exchange, or hy building into the lattice The point
should be stressed that there 1s no evidence that fluoride deposited m the
sheleton 1s hazardous, per se

drmstrong  Dr Hodge, have you seen the latest number of the Jm;rn’all
of Biologtcal Chenustry? The conclusions of a paper it the Deremhe;:] 95
number are qurte contrary to some of those which vou have reached

Hodge 1 am surpnsed to hear you say that because 1 found your data

rption and Excretion of Tluorides
;;;La‘;ierﬁ,ﬂzz O{;;?:ngfsy 'g;h l\{;lzll:ohs;rnh%fA;Slzueldts at High Levels of Intake
7 Indust Hyg & Towcol 31 13+138 (1949) conger
216Neuman, \v F Bone as 2 Problem m Surface Chemustry Trons Macy Confe
ence on Metabolic Interrelations 2 32 72 (1950)
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to be i agreement with our conclusion [ wont try to pre<ent vour daz
but one of the prinapal conclustons that Dr Armetrong”  @me to wa~ that
the deposition of fluortde m the sheleton was proporuonal to the tatal
amount of nuneral matter present I« that nght

Armstrong  That 1s not the pomt that 1 though~ you stressed

Hodge  All nght This obvioush relates tu the total ~urrace that 1=
present which makes good seme  On which point did vou disasres

Armstrong Well perhaps I had better tate the cre Dr Hodge has
shown data obtained from metabolie balance studies carred our by Lar
gent” * which indicate gnen sufficent time after withdrawal ot fuoride
from the diet that the total fluonide ot the skeleton would be mobsuzed and
excreted T realize the hazards imolved in transtanon from the rat to the
human but I <hould khe to refer to expentments mn which rats were red a
tugh fluoride ntake and then the fluande supplement was withdeawn The
olervations were that fluonide content of the <keleton decrea ed fur a time
after which ime there was no evidence of amy further elimmation of fluor
wde from the skeleten I thinh this v i harmeny with what has been
shown here today by Dr Edelman for sodium It 15 alvo 1n agreement
with results obtaned with rdiocalenim  Thi finding 1~ anuther prece of
evidence for the incarceration of an 1wn tn a ~ituatton 10 bores trom which
1t 15 not freely molnlizable

1f you cou'd produce <ome effect upon the ~heleton which would acce!
erate the total turnover ot the mineral pha e then the fluoride or amy other
10 0 the sheleton could be brought into contact with the bods flwds and
nught agamn have 1 chance to be mobilized and excreted

Hendrieks  Is the question here one of time wcate though Isnt the
tats time scale small compared with the two vears—because 1t i the al~
solute timwe <cale and not the bological time ~cale that 1~ unportant wnt

Armstrong Yes However we could <ce that over 3 period of approws
mateh 100 das~ there was no change in the fuonide conren of the skeleton
The analvses were made directly on the txne< of the anmal <o that the
amy [ ations of analhises ot excreta nere avorded

Hodos  The penod of fluonde feedirg tTigure 30) was not qune 100
days, was 2?

Jdrmstrong It was 20 dave i one group 110 davs in another group and
davs in arother group The pomt 1> that direct ~keletal anahv<es fo-
flu nde shawed no agmificant decrvase i ame unt even though the fuonde
contert was much higher than normal, 1 penieds of 20 40 and 110 davs
arter withd; of the fluonde

P!
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precision over a pertod of two years (data of Largent and Heyvroth?™)
The slow process as revealed by the straight line jtst described may be
characterized by usual means  the half fime constant 1s of the order of two
vears It 1s reasonable to think that the removal of fluorides m the sl
process 1s accomplished by releasing to the body flids lattice bound fluonde
when recrystalhization or osteoclastic activity destrovs a mineral crystal

Summary

The sheletnl depasition of fluorides may be regarded as a detoxification
mechamsm  bone bound fluonide 1s not a hazard per se Tluoride 15 de
postted 11 bone at all Jevels of fluoride intake and throughout the hife of
the indinadual  Fluonde deposition and removal from the sheleton i olve at
least two pracesses the rapid phase presumnibly an exchange reaction with
hvdroxyl or bicarbonate of the erystal surface accounts for the imtial
changes the slow phase a result of recrystallization growth or cellular
activity 1s characterized by 1 half time constant i man of about two years

Confecence Drscusston

Hodge Younotice this 1s a loganthmme process, too  If you will pardon
me I will make a pun When we think of fluoride and the skeleton we
should remember that the log gtveth and the log t1keth away (Laughter)

Dr Neuman s data?”? ' presented here 1n 1950 show that there 1s a very
precise relationship between fluoride and hydroxyl son concentration Mr
David Megiran has coufirmed Dr Neumans data, the hydroxy! son and
the fluoride ron as far 1s content in bone 15 concerned re competitors for
surface positions Dr Neuman has also shown that the brcarbonate com
petes directly with fluoride for a posttion on the surface of the bone cry stals
We have a fairly reasonable picture of what goes on 1 terms of the de
position esther by exchange or by building mto the lattice The pomt
should be stressed that there 1s no evidence that fluornide depowited 1 the
skeleton 1s hazardons per se

Armstrong  Dr Hodge have you scen the latest number of the Jon;m’l
of Buologreal  hemstrs 7 The conclusions of a paper in the Dccembf’r! 19.
number are quite contrary to some of those which you have reached

Hodge 1 am surpnsed to hear you say that becatse I found jour data

t on of Tluorides
213, E d Heyroth F F The Absorption and Excre e
lllh{"ier‘:;xer O{;s:'nvauon:sy on Metabolism of Fluorides at High Levels of Intal

J Indust Hyg & Towr ol 81 134133 (1949)

276Neuman W F_ Bone as a Problem 1 Surfa
ence on Metabolic Ir terrelations 2 32 72 (1950)
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to e 1n agreement with our conclusions I won't try to present vour data
but one of the principal conclusions that Dr  \rmstrong” * came to was that
the deposition of fluonide 1n the sheleton was proportional to the total
amount of m neral matter present Is that night?

Armstrong  That 1s not the pont that I thought you stressed

Hodge All mght This obviously relates to the total surface that 1s
present wlich makes good sense On which pomt did vou disagree

Armstrong Well perbaps I had letter state the case Dr IHodge has
shown dita obtamed from metabohc balance studies crried ont by Lar
gent?*s which ind cate gnen suffizent time after withdrawal of fluonde
from the dhet that the total fluoride of the skeleton would e mobilized and
excreted I reahize the hazards imolved 1n transhition from the rat to the
human but I should like to refer to experiments n which rats were fed a
tugh fluonide mntake and then the fluoride supplement was withdrawn Tle
observations were that fluoride content of the skeleton decreased for a tume
after which time there was no evidence of v further elimmation of fluor
wde from the sheleton I think this 1s 1 harmony with what has heen
shown here today by Dr Edelman for sodwm It 15 al<o 1n agreement
with results cbtamed with radiocaloium  Tlis finding 1s ancther pece of
evidence for the mearceration of an 1on m a situats 1 1n hones from which
it 1s not freely mobihzable

If you could produce some effect upon the sheleton which would accel
erate the total turnover of the muneral phase then the fluoride or amy ather
1on 1 the skeleton could be brought into contact with the hody fwds nd
night agam have a chance to be mobihzed and excreted

Hendricks  Is the question here one of time scale though? Isat the
rats time scale small compared with the two years—because 1t 1> the ab
solute time scale and not the biological time scale that 15 importaut 1sn ¢ it?

«Armstrong Yes However we could see that over a period of approt
matel 100 days there was no change m the fluoride content of the sheleton
‘The analyses were made directly on the tones of the ammaln so that the
comy heations of analvses of excreta were avoided

Hodge The peniod of fluoride fecding (Ergure ~0) was not quite 100
days was 1t?

drmstrony  Ttwas 20 davs i one group 110 days i another group and
40 days mn another group The pont 15 that direct sheletal analyses for
fluoride showed no sigmficant decrease 1n amount even though the fltortde
content was much higher than normal 1n periods of 20 40 and 110 days
after withdrawnl of the fluoride supplement
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Johnson 1 would like to ash what Dr Hodge means by “harm per se”,
n contrast to what else® There 15 something that I have mrssed very much
n this conference namely the realizatton that there 35 a difference 1
matrices, the protemn component with which all of this nuneral physiology
and chemustry 15 assoctated  All osteoids or matrices are not alike, and 1n
the one cise of Auorde parsaming that I have seen, there 1s a very much
disturbed matry production  That 15 the reason I want to know why the
statement ‘no harm per se * I think that fluoride contained n sheleton
or present in the sheleton m large amounts during the pertod when the ma
trrs 1s beng synthesized may well be responsible for a highly abnormal ma
trix and result in a highly abnormal skeleton

Tollis Abnormal 1n what sense?
Johnson  Structurally
Follis Well, I mean how structuraliy?

Joluson The gross observation of the massive increase in weight and
spectfic gravity which 15 expressed as osteosclerosts, the muicroscoptc pic-
ture of abnormal Haversian patterns failure of the Haversian systems to
adhere together, laying down of a matrix materal that you would call oste
o1d but does not have the narmal visual texture, bemng granular and lumpy
The retrculum collagen and polysaccharide components do not stamn clearly,
as m normal bone At times 1t looks as though the two protemns, collagen
and homogenous polysaccharide protein, are independently desposited with
out bemng welded into a smgle new substance osteord Sometimes the -
volved trabeculae look parbotled i disorgamzation We have ignored all
the way through this discussion, the fact that all osteord 1s not alike 1 thk
that 15 gomng to conte up for discussion some day

Armstrong 1 do not mean to express any disagreement about the mam
cancluszon reached by Dr Hodge as to the—well, shall T say mnocupusness
of sheletally deposited fluonde The notion that the skeleton 1s a mecha
musm for detoxafication 1s a perfectly valid one The skeleton has a more
primitwve function, perhaps a more biologreally smportant function, than
that of grving ngidity to the body It not only 1s able to remove dangerous
substances from the circulatron, but it can also contrbute 1ons to the vital
flusds or to the environment of the more vital processes mn the body s well

Shorr Did these rats continue to grow well, Dr Armstrong®

Armstrong  There 35 much mformation as to how much flugride 15
needed 1o prevent ammals from doing well We used lesser amounts than
the mnimum toxic level The ammals were m good condition as regards

body weight and sheletal growth
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Gutman Perhaps some of vou have perused Roholms monograph on
fluorcsis He was a Damsh i estigator who was particularly mnterested in
the results of fluorosis m cryolite workers i Denmark and Greenland
Some of the effects of chrome fluonde wtoxication to be sure at much
higher lesels of intake than vou are dealing with are certamly impressive
X tays, for example show very extensne—let s call it calaification for the
moment—of tendons and muscle sheaths extensive arthritis of the spine
with nmdity of the entire spine and marhed osteogenesis  The final picture
of fluorosis may resemble advanced Pagets disease The fluonide content
of those bones was exceedingly lngh I would not say that fluoride was
wholly mnocuous 1n the skeleton under such aircumstances

Armstrong  There 15 no doubt that high mtakes of fluoride can produce
deleterious effects I am persuaded from everv bit of evidence I can
gather (and I am sure that Dr Hodge and all the other persons who hase
Tooked 1nto the subject would be mn agreement) that there 15 only one pos
stble Il effect that can result from the ngestion of water contatning any
reasonable concentration of fluoride That condition 1s mottled enamel
The most comuncing evidence that one can bring to bear on this subject
1s the fact that there are, perhaps a mullion people Ining m the Umited
States who have for many years been using a water with a fluoride content
constderably higher than that which 1s the recommended amount to be 1dded
to water So far as I know no confirmed case of skeletal fluorosts has
been deseribed 1 this country

Johnson  There 15 at least one that I know of He was autopsted m the
Army during the war and has been mentioned m the literature by several
people,’ 278 and 1t 1s that one on wlnch I saw the materrat and on which I
lsed my comments about abnormat osteord matrix It was a case®™ from
Texas which turned up as an incidental finding 1n a uremsc boy rassed 1 an
area notorious for fluorine motthng of teeth (which this boy also had due
to as much as 12 parts per mullion of fluorine n the water) And by the
way, the uremc disturbance m bone was distinet from and not to be com
fused with the fluorine Jesions

Armstrong Do you know the fuorde content of the bone speaimens?

Johnson  The analysis of the bones m this case showed specific gravity,

:\’eﬁd\t)orl. r:dl{ns l(l \rnﬂmn: of Bene ani R lat d Conf e ns Paul ' H cber

? Linaran J 1 d AMcMurray € v Flarde O teosel roas frm D mhine
Water Pat Jogy o Jriny (1943
TMNAT W A and Rerr | Lompostion of Humm Pare 11 Chronie

Flu ndk Por onung tm J A 5( 19.| 493—")7 {1938)
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2196 (normal control was 1838) sternum 069 per cent fluorine 1 fat
free bone ash vertebral 075 per cent and teeth 045 per cent The bone
contams about three times as much fluorine as 1s reported for upper limits
of normal (normal range 002 per cent to 025 per cent)

Hovard How do the criolite workers get m therr fluorme? Is 1t
through their lungs?

Gutman  Cryohte 1s an aluminum fluonde
Howard  But how does 1t get n?

Gutiman By mnhalation Cryohte 15 used to gre porcelam its glaze and
1t 1s ground 1n before baking Exposure 1s mostly by inhalation The same
apples to the cryolite mimers

Johnson 1f we grant that fluorine can interfere with the phystology of
the enamel cells how do we decide that 1t cannot iterfere with the same
physiology 1n the osteoblast? That 1s what the whole disctission turns on
You already have fluorme n vour bone salt erystal and you say that there
15 a slow rate of exchange Then why 15 not this exchanging fluorine capa
ble of influencing osteoblastic function m the immediate neighborhood?
Where 15 the evidence for a difference between the amount that is needed
to affect the ameloblasts and the amount needed to affect the osteoblasts?
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COMPOSITION OF TEETH IN RELATION TO
CARIES SUSCEPTIBILITY®®

ALBERT E SOBEL

From the Departent of Brochenustry The Jewnsh Hospital of
Brooklyn, Brooklvn N }

Armstrong Dr Sobel has a few remarks

Sobel T would just ke to pont out that there might he another ap
proach to the cartes problem than fluondes, which probably does the same
thing to teeth as fluorides This approach stems back to observations by
Logan and Taylor,®* Dallemagne et of *** *% Hendricks and Hill,*** and
Hardwick** that carbonate 1s preferentially dissolved from phosphate m
bone and tooth minerals The assumption therefore was made that a high
carbonate tooth would be more cartes susceptible than a low carbonate toath

We roceeded to produce the two types of teeth by putting a group of
cottore tats, 16 days old, on two types of diet one hgh w calaum producing
bugh carbonate, and one fow m caleum producing low carbonate teeth %
We then superimposed after a prelimmarsy period on thus diet the caries
producing diet of Shaw and his colleagues ' As a matter of fact Profes
sor James Shaw has done the ciries mdex studies on these rats at the
Harvard Schoot of Dental Medieine You will note from Table \VII that
30This work was supported by the National Institute of Dental Rescarch of the

Nationa! Tnstitutes of Health U'S Public Health Service Earlier phases of this

studv were supported by the Wilkams-\aterman Foundation

Plogan M A and Taylor H L. Solubility of Bone Salt 111 Partal Sclution of

Bone and Carb nate Contamng Calcwam Phosphate Preciptates J Bi | Chem 125

391 307 (1933)

‘S~ Datlemagne \{ J and Brasseur, H The Diffraction of X rays by the Mneral
ub tance of Bome ‘Bull Soc Roy Ser Liege 11 451 1nd 483 (1942)

b Jrassear I1, Dallemagne M J, and Melon, J  Chemical \ature of Salts from
"mes and Teeth of Tricaleam Phosphate Precipitates & ature 157 423 (1946)

Flendncks S B and Fil W L The Mature of Bone and Procphate R <k
rans Vacy Confurence on Metal olic Interrelations 3 173 189 (19913

* Wardwick } L Toomel Caries A Chemico physical Hy Phise Tine—

v thewss Phise Dnes

eoucil Brf Dent J BT 137 142 (1940) o

wohd A E - The Local Factor m Caleification Traw Mo Conferance on
wtabolie Interrclations 3 113 143 (1950)

;;’Sdmexgm. B S, Potts L, Shaw J H Zepphn M and Phllips P I
x0fal Caries 1n the Cotton Rat 111 Further Stulies on the Dietary I'ffects cf

Carbohydrate P ot <
T Vaminn'ge 4’5’5‘“4"1’2‘{‘% g;c on the Inculence and Extent of Carious Lewion
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TABLE XVIL

Influence of Diet on Cartes Susceptibality

Duet Number of Number of Extent of
Ammals Cartous Lesions | Canous Lesions
High
P . | a 108 25
Low Ca
AR } 27 27 56

the number of cartous lesions rs four times as great i the rats on the high
calclum dret with the high carbonate teeth, than in the other group with
low carbonate teeth, and at the same time, the extent of canous lesions 15
about four times as great

We used groups of 41 and 27 rats (Table XVII) They were spht it
ters 1 suppose one ought to look at a larger seres, but at least 1n view
of the statement of Dr Hodge today, that carbonate and fluonde compete
with each other, 1t 1s quite posstble that fAuoride can achieve the same com
position change resulting 1 a low carbonate tooth as would a low caletum
igh phosphate diet

Since these 1s a possibibity of fluoride poisoning, perhaps this approach
idicated Ly our studies, ought to be investigated also These findings, mn
a sense, are the direct outcome of th 1 K ledge of hizat,
appled to the canes problem and to me are Satisfymng for that reason I
Lnow that the time 15 late, and thus will not elaborate further |

Armstrong It 1s now close enough to five o’clock to allow us to bring
the meeting to an end I wish to express my deep appreciation to the guests
for therr attend therr pr and their Wearees
pecially pleased that Professor Dallemagne has been here e have en
Jjoyed and profited from his presentation and his discussion  We wish that
it were not so far to Belgrum and that he could jom us at the future
meetings

Follis 1 should like to express the feehng, 1 am svre, of the guests and
members of the sense of appreciation we have for you Dr Armstrong, in
arranging the meetmg  (Applause)

Armstrong  Thank you very much












