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JOSIAH MACY, JR FOUNDATION
CONFERENCE PROGRAM

TRANK FREMONT SMITH
Med cal Divector

1t gnes me great pleasure 1o welcome sau to the Third Conference on
Metabolie Interrelations

The regular members who form the nueleus of this group are ateeady
well acquamnted with the nature and puspose of the loundation Con
ference Program but for the benefit of the guests present I would hbe
to tale a few munutes to outhne what 1 15 that the Foundation hopes to
accomphish by these mectings

We are mterested fst of all 1n furthermg knowledge about metabolic
snterrelatiens and to this end vou have been brought tegether 1o exchange
wle1s experences deta and methods In additon to this parttenlar goat
tioweser there 15 a further and perhaps more fundamental sum which
15 shared by all our conference groups Ttus 1s the promotion of meamng
ful communscation between scientafic disaphnes

The problem of commumeation between disapt nes we feel to be a sery
zeal and @ very urgent one the most effective advancement of the whole
of saence bemng to a large extent dependent upon n  Because of the
accelerating rate at which new hnowledge s accumulatmg and because
dscoverses sn one field sa often result from mnfirmation ganed m quite
another chonnels must be established for the mast relesant dissenunation
of this knowledge

The ncreaswg reabzauon that nature atse}f recogmizes no boundaties
makes st evident zlso that the contimwed 1sefation of the several branches
of scence ss a sentous obstacle to scrennfic progress  Pasteulardy 15 1t s0
s medicine that the homted view througlh the lens of one dsapline
o longer enough  For example today medicrie must be well sersed in
nuclear physics because of the tracer tcelnques and the wyury which can
result from radation At the other extreme medicme 1 certanhy 2 social
saence and through mental health mast be concerned with econonme and
soaal questions  The answer then 1s not fusther fragmentation wto
mcreasingly ssolated spectahities isapl nes and departments but the
tegranon of scence amd saentific knowledge for the ennchment of al
branches This integration we fect can be encouraged by providing opgor
tamties for & muluprofesstonal approach 1o given topes

Although the fertthty of the multik crpltne approach 15 tecognszed
adequate provision ss not made for it by otr unnersties saenttfie cammtse
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and journals And perhaps, 1f we are honest we must admut the presence
of other hindering factors Partly semantic n nature, they may also to
some degree be psychological Admuttedly, 1t 1s oftentimes difficult to
accept data derived from methods with which one 1s unfamiliar By making
free and intormal discussion the central core of our meetings, we hope to
achieve an atmosphere which mimmizes as much as possible these emotional
harriers

Thus our meetings are in contrast to the usual scientsfic gatherings to
which you are accustomed They are not designed to present neat solutions
to tidv prohlems but to elicit provocative discussion of the difficulties which
are being encountered in research and practice Tor thus reason we ash
that the presentations be relatively brief and that emphasis be placed on
discussion as the heart of the meeting Our hope 15 that the participants
will not come prepared to defend a smgle pont of view but will take ad
vantage of this meeting as an opportunity to speak with representatives of
other disciplines 1n much the same way that they would talk with their own
colleagues m their own laboratories

We have now thirteen groups functioning under the Conference
Program The following topics are covered Adrenal Cortex Aging
Biological Antioxidants Blood Clottmg Blood Pressure Conuective Tis
sues Consciousness Cybernetics Infancy and Childhood Liver Inury
Metabolic Interrelations Nerve Impulse, and Renal Function When a
new conference is orgamzed the Charrman 1n consultation with the Foun
dation selects fifteen scientists to be the nucleus of the group and every
effort 1s made to mclude representatives from all pertinent disciplines
Trom time to time new members are added by the group to fill gaps m
viewpomt or techmque A himmted number of guests are musted to attend
each meeting, but for the purpose of promoting full participation by all
members and guests attendance at any meetmg 1s limuted to twenty foe
It 15 mevitable that 1 no topic can we possibly wclude more than a small
fraction of the key mvestigators m the field, and one of the difficulties i
formung a group hke ths 1s that 1t 1s necessary to leave out 50 many people
whom we would like to include

As you hnow the transactions of these meetmgs are recorded and
published This 1s done because the Foundation, m additon to its interest
m the problem of ¢ ation between believes that con
veying to those 1n other fields who are concerned with science the essential
nature of scientific research 15 also an ymportant problem i communt
rcation Logic 15 a vital aspect of science, but equally essential 15 the 1n
tustive Or creatne aspect In my opimon, research is as creative as the
pamting of a portrait or the composing of a symphony Although logic 15,
of course, necessary i order to rearrange, to test, and to validate, research
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thrives on creativity which has its source 1 unconscious, nonrational pro-
cesses Unfortunately, however, 1n the fimshed products which we present
to the world through our research reports thus mtegral part of scientific
endeavor 15 shrivcled by the cold white ight of logic By preservng the
mformality of our conferences tn the published transactions, we hope to
grve a truer picture of what actually goes on n the minds of scientists
and of the role which creativity plays

From what T have said 1t must be apparent that thewe conferences and
the published transactions are an experiment You are a part of that ex-
permment, and the success of 1t will be measured by how much you, as a
participant gamn from the conference \Ve hope that at this meeting you
will feel the freedom inherent mn the scientific method, and that 1f means
oceur to you by which we may improve our conference procedure you will
share them with us







BLOOM 1
RESORPTION OF BONE*

WILLIAM BLOOM

From the Department of Anatomy Unnersity of Chicago
Chieaga 1

drinstrang 1 there are no questions about procedure 1 will ash Dr
Bloom to mtroduce s subject of “Resorption of Boue

Bloom Resorphion of bone oconss normally m the remodelbng winch
tahes place dunng growtn This 1s usually a relatrvely slow process which
conpinues oier a long penod of tune and 1s therefore dufficult to fallow m
detatl  Dxtremely d and et Iy rapud ¢ ption of bone oc
urs 1 the accessory bone of the masrow of laying bieds w connection with
the caluficaton of the egg shell As the resorphon of Lone m these anmmals
may trhe place within 6 to 20 hours dependsny on the species of bird the
process 15 so rapd that cellular and ather changes cin be folloned much
tnore reachly

The fact that m gronng rats on 2 very hugh calewm and phosphorus
intake the secondary spongiosa s much longer than m rats ou vormsal
mmeral mtake wrdicates & fatture of resorpton to heep pace with bose
formation

Resosptvon of bone owcurs after phyvsical mgury 4o bone as fos nstance
after wradiation where there 1 severance of the pramnry spongiosa from
the caterfying eartilige 1t may be found under areas of Jocalzed pressure
1t takes place around metastases to bone and m certam obscure chronse
diseases {osteomalaca and Pagets disepse} It also occurs m the sewh
formed bone of the walins i the healng of fractures ~nd 3t 15 seen
certam ntechions of Lone and after large amounts of parathyrord hormone
either from mgection of the extract or from tumors of the gland

Effects of Parathyrord Hormone on Resoeptian of Bone

Tor some years we hmve been studying the effects of parathvrond
‘wormone on the resorption of bane  Shortly afler the mection ot tovie

Vs work pas aided by grants trom the Divivian of Research Grants and Feflow
ships of the ™avionaf Institutes o Health Pubhic Sealth Sesyire and the Vo allace €
and Clara A Abbott Memorial Fusd of the Unnersty of Chicago

Bloom W Bloom M A and Mckeen E {  Caloheanon asd Ossfication.
Medullary Bone Chamges w the Reprodacive Cyck of Female Prgeons dnat  Ryc
81 443386 (1931)
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amounts 1nto rats there 1s a breakdown of bone, particularly of the g)
tosa of the metaphysis We feel certam that m the very first stages o
process osteoclasts are not mobilized and accordingly cannot partic
m the large scale destruction of bone Later (9 12 hour stages), the
prominent 1n the areas of bone destruction

At last years meeting I mentioned the experiments of Barmico!
which he grafted parathyraid and other endocrine glands to buts of
which he implanted mto the cerebrum of nuce He found that the
resorption of the grafted bone only when 1t carried parathvrod g
He also found that with all types of grafts there 15 a considerable
formation of bone At the tume I mentioned this work I reported
Dr Chang m my lahoratory was repeating tt and that she also founc
remarhble resorption of hone that Barmcot had discovered* Dr C
sunplified Barmcots experiment by substituting mtact panetal Lone
Ius bone grafts and placing her tissue grafts as close to the panetal
as possible, beneath the connecttve tissue covering the bone In additic
mthing autogenous and homogenous grafts of parathyroid gland m
mice and rats she made many controls with implants of thyroid, anti
lobe of the pitwitary adrenal cortex, gastric mucosa, pancreas wurt
bladder mucosa, testrs, blood clat tendon, cartilage, various types of b
bone marrow, spleen, lymph node cartilage silk, soft paraffin  There
a marked resorption of hone beneath the parathyroid grafts m both
and mice As seen m section, the resorption hegins at the poles of the g
and the excasation may be for a considerable depth after 4 to 8 ¢
whereas the bone immedrately beneath the graft may show hitle resorp
at this time  This may possibly be due to interruption of blood suppl
the gland, but at any rate after 10 days or so the mavmal excavatio
beneath the graft and after 18 to 20 days the parsetal Lone 15 comple
resarbed beneath the graft

In the relatnely slow resorption of bone under the graft, osteoclasts
prominent and form an almost continuous layer on the surface of the b
whuch 1s being eroded

New bone formed at the periphery in moderate amounts, and 1t was €
m all cases to distmgush between the new bone and the border of
ongmal panetal bonie and to <ee wlether resorption had taken place o1

sBarmcot N A The Local Action of the Parathyrod and Other Tissues on E
in Intracerebral Grafts J nat 82 233 249 (1948)
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Traces of resorption of the bone occutred m some of the other implants
with the silk thyroid gastric mucosa but the amount of erosion of the
bone was small and probably 1s not permanent In only one case that of
the soft paraffin a small amount of cartilage developed m the connective
tissuc around the foreign substance or fissue

It seems to me that on the basis of Barmicot s observation and Chang s
corroboration of 1ts correctness we must come to the conclusion that a
potent materal for the resorption of bone 1> grsen off by the parathyrond
ghnd and that ths acts directly on bone  Surely 1t 15 difficult to reconaile
this localized resorption in the vicimty of the graft with amv theory which
holds that the action of the hormone on bone 1s secondary to 1 systemic
reaction This does not exclude the possibity or probability that the
parathvroid hormone may affect connective tissue 1n general (as well as
hone) Nor dees 1t explam why the action of the hormone should be so
effective 1n the zone of growing bone

H D of Fe 1 Activity of Cells 1n Bone

I would Iike to constder now some of the findings which Dr Heller has
made during the past year® She apphed the Hotchkiss stain to lits of
frozen dried bone and developed a useful modification of the v Iossa
method for demonstrating bone salt 1 developing and disintegrating bone
matrix  The Hotchbiss periodate leucofuchsmn method demonstrates gly
cogen and apparently glycoproteins The method as apphed by Dr Heller
works onhy on frozen dned matenal  Aqueous fixatives do not preserve
the ghcoproteins  Alcohol fixation lthough better than aqueous fixatives
changes the composttion of 1one matrix more than freezing drying does

Dr Heller found that 1 completely formed bone the ground substance
15 not stained or at most 15 an exceedingly pale pink  In bone 1emng tad
down and m bone being resorbed rapidly there were changes 1m bone matrin
which nppeared as staming of varying ntensities ranging from a definite
red color to a very deep fuchsio red Gersh and Catchpole who apphed
this method to a variety of processes m the connective tissue mterpreted
the tense statming as ndicating a low degree of polymenzation or aggre
gation of glycoproteins while a high degree of polymenization was re
flected 1 pale stammg of the matrix owing to the lack of free aldehyde
groups to combme with the fuchyin In our photomicrographs 1t is clearly
shown that whatever the chemucal interpretation of the process a marked
change m the ground substance of bone around the bone cells takes place

3Heller M Occurrence of Possibly Secretory Granules in Osteogemsc Cells  Tnat
Ree 106 204 (1950)
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after the admmstration of large amounts of parathyroid hormone The
hberation of osteocytes, made passible by the dissalution of the bone ma
trix, can be followed eastly

A fortunate accident enabled Dr Heller to develop a delicate sihver
method for staimng bone salt ¢ This method, based on a dilute slver mitrate
solution (0256) and exposure for only a few minutes to ultraviolet Ight,
permutted her to distinguush, after mjectron of parathyrod extract, between
the matrre around the bone cells and that which was a shght distance
away This matense blackening of matrx m the zone of resorption she
interprets as mdicating a greater solubility of bone salt and hence a greater
reactivity with silver mitrate

There are two pomts i her mntenal which should be emphasized first
the lacunae wihich at this ttme m the routme sections are found to be op-
tically negative (so called “empty lacunae”) are filled with a matenal
which stains deep red by the Hotchhiss and blach with the dilute siver
method Secondly, the change i the matrix as demonstrated by the Hotch
luss and the ddute silver methods 15 essentially co extensmve

Origin of Osteoblasts and Osteoclasts

On the basis of our expenience 1n the rapid formation and destruction of
bone we have come to the conclusion that the cells concerned m these
processes are the same cells m dafferent functional states That 15, when
bone 15 developmng mn marrow the reticular cells can turn mto ostechlasts
and these mto osteacytes When bone 15 being destroyed, whether by para
thyroid hormone tn mammals or by the stimulus producing the rapid
changes in the accessory bone during the egg laying cycle m birds, the
Iiberated osteocytes and osteoblasts form osteaclasts These, 1 turn, cant
go back to osteoblasts or can settle down as reticular cells I should ke to
stress that this conclusion, which we reached on the basis of a study of
rapid cellular transformations 1n the birds and after parathyroid hormone,
was foreshadowed many years ago by Koelliker’s observations based on
slowly progressive changes m bone over a period of weeks

Although most people speah glibly of osteoblasts formmg bone and
osteaclasts destroymng 1t, we have hitle evidence proving that these cells
perform these functions although it 1s probable that they do On the
whole osteoblasts seem to be universally present when bone 1s bemg formed
rapudly and it 15 quite Iikely that they are the cells responsible for Iying

Mamma!
B £, McLean F C. and Bloom W Cellular Transformations
x;l-ndll;t;ne]s\ Lnduet by Parsihyroid Extract dm 1 Anai 87 313 318 (1950)
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down the matrix of bone yust as the closely related fibroblasts make cof
lagenous fibers and reteular cells nnke reticular fibers  As mientioned
abgve we have seen ecarly stages of bone destruction after patathyrend
harmone 11 which 3t would seem that the breakdown of bome can take place
before osteoclasts are mobhzed i great numbers

We hwe been studying the possible role of collagen splitting enzymes
and depolymerizing enzymes on bone destruction The results to date seem
to mdicate that this s a profitable field of study but I weuld not cire to
say any prore abont the wark % s time

Confesence Discussion

Armstrong  Thauk you very much Dr Bloom {or sour presentation

Tie hare plenty of time to explare this subject very tharoughly  There
will be a number of questions I am sure m the minds of alf of us 1 shall
start the d scussion by asking the frst question

VW ere these grafts of the pasathyrowd gland vascularized thats dad thes
take?

Bleoms yes Roth autogenous and homogenaus grafts took very well
The findimg that the homogenous grafts took so ncely saved a great deal
of time and work  Although they were exceedingly smalf they coutd be
dissccted out beforehand and then put wte place 1 the anesthetized an
smals

Tollic Do you consider that thus new bone formaton was both from
pinosteum as well as the bone ateetf>

Blooms Y ou meart in the case of the bone prafts?
Folhis Yes

Bloon: T thmb we hate to distinguish between two tipes of bone for
ot n these grafts  Most of the new bowe anses as a result of westation
of the periosteal bone In addion there was some that seemed to develop
 the granutation tssme around the graft  In the tase of spleen and
one of the bone mrrow grafes 2 little bst of bone developed mside the
graft—~I would guess from the retictlar cells of those organs

Bur specsficatly to answer your question 1 think most of the bone comes
from the pecostenns of the pavietel bove  However w the cas of (e
wnimary Wadder for nstance I am sure that some of it also came from

tsswe of the or i they Does that help?

Follis Yes
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Hodge Dr Bloom I should like to ask thus question In the test where
you found a directional effect growth more to one side or more toward one
pole than another 15 there any chance that 1 cirenlation of hlood or Iy mph
15 going on in that direction?

Bloom This 1s not an explanation but 15 a guess This (drawmg at
blackboard) 1s the parietal bone with the graft 1bove 1t Actually there »
a trench along the perimeter of the graft The only thing T could thmk of
was that something was interfering with the blood supply i and beneath
the muddle of the graft perhaps affecting this portion of the glai d m some
wy At first there m ght be diffusion only from the periphery of the graft
and then after a weeh or so perhaps with complete vascularization dif
fuston would be 1 all dsrections In thus condition the greatest concen
tration would be beneath the center of the graft and 1t 15 here that the
excavation of bone 1s greatest

I have a few shdes showmg the effect of radiation on the metaphysis
Strangely enough 1t hits the part of the spongiosa where there are the
fewnest cells

drmstrong 1 should like to hear some discussion perhaps from Dr
Hendricks who I think has made the greatest single advance m our
hnowledge of the constitution of the mmeral salt I wonder 1f he would
give us the result of anv of his speculations with regard to the differences
in the uptake of the silver nitrate stan which Dr Bloom has obsersed
T take 1t that mn the cycle of bone resorption the uptake of the silver by the
bone salt differs

Maybe Dr Bloom can express this pomt a hitle more defimtely so Dr
Hendricks can see what I am drtving at  The whole questton comes down
to What 15 the mechamsm of the silver stamn of the bone salt?

Bloom 1 wish it were some reagent other than silver mtrate The best
way that I have been able to visuahze it 1s this If a relatnely large aggre
gate of bone salt and very small aggregates are stained for a short time
as Dr Heller has done with her dilute silver mtrate method and are then
examined with transmitted fight 1t 15 possible that the small ones would
appear hlach because the silver mtrate has penetrated most of them But
the stlver mutrate could not penetrate most of the large aggregate but would
only stain its surface so that 1t would accosdmgly appear yellowsh or gra
by transmutted hght If the stamn 15 demonstrating phosphate and carbonate
1t may well be that 1n one case it 1s demonstrating an exceedingly fine
powder as agatnst scattered phesphate or carbonate on the suriace of 2
very large grouping

T nught add that we have had great difficulty m staning enamel witlt
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siver mitrate and I thank st was Decause of that expenence tiat we fave
Leen thinking along these hines

T just want to repeat once more that I do wish it were <omething ather
tham siher nitrate

Hendneks 1 should Ihe to avod grong an unmediate nswer for the
teason that probably fifteen munutes would be requred to cover the
question

Arustrong 1 wish yon would descuss this question

Hendricks  In view of the contimnty of the sabject this mught not be
the approf riate tmie for the disenssion

Armstrong T thk it 1s

Hendncks ¥t would seem to me that Dr Blocm s concltston 15 a per
fectly reasonable one Enamel m onc cemse 1s a very comipact mitersal
with coarse crystals Surface area measurements iy Dr fodge and athers
show that the wpparent size of the pasticle 1 of the order of 05 ancrons
wheteas i much of the bone salt mutenal of hone stself the partle would
be of the order of a fiftieth of that size  Tint would constitute enough
dfference i evternal surface to lead to differences o reaction with a silver
salt, which reacts both with carbomate and phosphnte and ulnmately to
depasition of metathe silver {ollowng wrradation

Armstrong Y on are sansfied then that the revction coutd be on the basts
of partscle ssze and that we do not need to bring mnto conswderation deffer
ences of compasition or 1artions of absorbed substances on the particles?

Hendricks 1t does not Jook as though anv additonat pont would be
regured hut fhat st would be sunph a question of how much carhomate
phosphate surface 1s nahble to the st whidh T ynderstsd will both be
3 question of parucle size nd a question alvo of avenues Iy which the
Ry ¢att approach the particte

Ploow Yes Siber unfostunately has a prediection for reducing on
surfaces It 15 wideh used for coam other purpoves that { w sure hive
notfung to do with phosphate and carbomite

Tollis 15 there any chance of reducmg groups beng mde sraslable as
the mmatres 15 bewng destroyed?

Bloom  Possibly

Falis Growps that would reduce the sihver locally ?

Bloom  That ss possible
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Hendricks  Ts the silver reduced before the stamning or after? The silver
15 reduced later by the ight 1snt 1t?

Bloom By the hght
Follis But you can get staming 1f you do 1t mn the dark ?
Bloom And especially 1f you use a concentrated solution for a Jong time

It 15 1y ortant to remember that these changes in the matrix both with
Hotclihuss stun and with silver mtrate are apparent followmg parthyroid
hormone njection hours before osteoclasts are present n any great nunt
bers I think that this time relationship 1s very important

Follis T wonder 1f you would comment on the possible importance of
humoral factors in bone destruction

Bloom You mean ns 1 general mecham m?

Follis Yes that s the concentration of caloum and phosphorus

Bloom 1 do not think you can avoud that If I remember correctly—Dr
McLean can check me on this—m a rat en a very high calcium and phos
phate diet the metaphysis 15 very much longer than that it n ammal on &
normal diet

McLean T am not quite sure what question you are asking There are
twa answers I think  One 1s the effect of low calcrum and phosphorus on
producing resorption and the other 1s the effect of high calem and phos
phorus on preventing resorption

Follis The pomt I should like to hear Dr Bloom comment on1s How
much effect do you thik the local concentrations of calcram and phos
phorus that 1s the humoral concentrations have to do with stmulating
bone destruction?

Bloom This 15 the pownt I was gomng to make 1f my memory had served
me carrectly

Follis That 15 you think at the moment that the parathyroid hormone
locally stimulates the destruction of bone by the osteoclasts I was won
dering how mutch you felt in the -ibsence of that just lowern g the con
centraton of calcum and phosphorus locally would have fo do with the
destruction of bone?

Bloom 1 do not hnow At least I cannot see any other explanation for
the work of Barmcot Something comes out of the parathyroid which
affects the hone near 1t Secondly, the length of the metaphysis n a grow
ing rat on a normal det 1s much shorter than that jn a rat on a very igh
caleium and phosphorus diet where the metaphysis may extend far down
into the shaft s that nght, Dr McLean?
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McLeon That ss mght, but 1 Qo not thinbk that o the queshion he s«
ashng

Rlgom  No, but fet me treat st this wav  Presumnably there 1s an excess
of calersmy and phosphate mn the anumal s econamn, so that for some reason
at other bone 15 not eroded as rapidh as st nught be of there were not thas
exenss of <alorem and phosphate  That 15, on 4 genenl boddy Basss s
far as the pavathyromt hormone achmp generally goes I thank ot o mier
esting that, 1n a gronmg anmal at least the parathhrord hornnue hty the
metaphysis masndy, although e will also affect the costual bone ta a <hght
degree Why the parathyzond should affect the wetaphias m terme vt
sour guestion, T do not know

As to whether, hypothetieatl, dnmmsling the amount o cateram and /or
phosphiorus at a pomt close to 2 spicule of Yone would help rcsorption
your guess 1 as good as mune

Armstrong 1t seems 10 me that i order to mterpret properly the two
evpeniments that you hne just deserbed, Dr Bloom, vou need to hnow
the actunl rates of bone growth and bane elongatian i the tho Mtuatons
Tt seems possible in the siation that you bve draiwn on the 7ight that the
rate of bone growth i the anmal was greater than i the other tase thus

g for the el of the met;

Bloow: I du uot unh the high rate of gronth nauld take care of at
What 1 strikang here 1s a dinumshed rate of resorption

drusirong  This, m the end, amounts to an accunulation of more
sheleton

Plefer What would be the explanatian af bone formaten m a tuimor
when it 55 growng very rapdly * ¥n 2 mmor which 1 gremng too vipsdly
supposedly, for sts blood supply to keep up with i, the center of it 1 apt
to form bone Where does that fit?

Follis ¥ do not think you see that ~ery often do you, m tumors®
Fjesffer  In mice tumors, particularly ovarn tutors you do

Follis You certaly do not w hurans

Plofer Bone may be seen alsp an ser) stowly growing tumors m fmce
Bloow L bane seen calofication but I do not recall seemg bone

Tallis 1 do not recall ever hasing seen true bone metastasss m 3 tumor
that was not a howe tumer, extept 1n tunors that stnulate osteablasts, such
3s those of the prostate and breast



20 THIRD CONFERENCE ON METABOLIC INTERRELATIONS

Newman I thwk Dr Folhs might be thinling of the opposite situation
m which with Tugh caleium and low phosphorus one gets fair dev elopment
of trabeculre ind actual bone resorption  That 1s the converse

Bloom That s nght

Vewman  That 1s 1ssociated with a general condition of low morgame
phosphate

There 15 a question as to whether a local reduction of the morgame phos
phate level mght produce resorption m the way that a gemeral reduction
will

Follis  Certamnly you see 1t 1 other conditions besides parathormone
stimulation  In the absence of wny parathormone stmulation I wonder
how much 1s humoral (I mean n relation to calcrum and phosphorus) and
how much represents some other hind of stinlation?

I have another question I should lihe to ash Dr Bloom Hase you used
unfixed tissue that 1s Just frozen sections of unfived tissue?

Bloom Not frozen tissues All this work was done on frozen dried
tissues

Follis You would have obtamned different results I think af you had
not used frozen dried but had just used frozen sections of unfixed tissue

Bloom Without letting them come 1 contact with water?

Tolis That 1s nght

1 should also like to ash 1s 1t possible that there are other enzymes in
satna such as proteolvtic enzymes (perhaps Dr Hastings can answer
that) other than diastase?

Bloom T do not know

Follis You used salva?

Bloowt Yes

Foliis  Are there?

Hastings 1 do not know I think so but I do not hnow

Follis  Are you gettng anv other effect using salnva that might be a
proteoly tic effect and not an effect on the mucopoly saccharide?

T ask that only because one can change the metachromattc staming of
skin collagen by digesting 1t with pepsin  Skin collagen of course, 1>
ordmanly not metachromatic If one digests 1t with pepsin one can mabe
1t metachromatic  Trypsin will not do that That 1s of mterest I think
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Lecause st 35 well recognized that pepsin will digest collagen and that trypsin
will not One wonders whether one 1s not digesting mucopolysaccharide of
the collagen and perhaps hberating groups which ate left behind with the
difuent blue, say, making them metachromatic *

Bloom There are two pomts there I thunk vou have to keep sharply 1n
mind the differences between the amorphous binding substance and the
collagen fiber 1 believe 1t 1s the amorphous binding substance that 1s first
to go with trypsin digestion  After you get nid of the amorphous inding
sul stance, the fibers are certanly more fragile

Fols  How do you regard collagen® What 1s your concept of how
collagen 15 constituted ?

Bloom Years ago I was mterested in the question of the ntercellular
or extracellular ongn of fibers One of the problems that had to be settled
at that time was the relationship of precollagenouns fibers and reticular
fibers to collagenous bundles All three of them resist pancreatin digestion
One of the early histochemical agents was dilute acetic acid (or dilute
formic acid) Henle and others began to use 1t 1n the 18405 If you take
a bit of reticular tissue, watch 1t under the dark field and put on a dilute
organtc acd 0 5% or 0259 formic acd or acetic acid you do not see
anything happen to the fibers But 1f collagenous bundles are exposed to
dilute acetic acid you can see with the dark field that two thing> happen
(1) The picture becomes dull Tt 1s very much Iike what happens when a
bit of tn fonl 1s placed on a very hot stove It loses sts ghstening appear
ance, 1t becomes quite dull and 1rregular  (2) Something swells and that
something I am sure 1s the amorphous binding substance Just what this
15 chemcally and what sts relationshup 1s to collagen I do not know I had
hoped that Keith Porter’s electron micrographs would help, but so far they
donot He found a Leading 1n the very early stages of developing fibers
comparable to the beading 1n dissected collagenous fibers—the spacing 1s
the same

It would be very nice 1f 1t could be shown that the amorphous substance
would turn into the fibers by a condensation or rearrangement W hat this
binding substance 1 I do not hnow other than that it contains ghyco or
mucopulysacchanide I do not hnow the relation of this substance to the
fibers Gersh and Catchpole were noncommttal as to the exact relationshsp
of the amorphous substance to the fibers Is that what you mean?

Tolis Yes

Folls R H, Jr The Effect of Proteolytic Lnzymes and Fixation on Metachro
masia of Sk Collagen, Proc Soc Exp Bl and Med T6 272 273 (1951)
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T am not too clear myself Ve talk ghbly about callagen butsf you try
fo pin someone down as I have just tried to pin you down really 1t 15 1
very difficult problem to visualize

Bloom It 1s a very nicels orsented molecule and 1t develops normally
m certam positions 1€ you change the mechameal forces acting on 1t you
can change it Chemically I cannot do more than that Dr Foli  orpho
logically T could say many things

Stetten 1 should like to offer one frct and then a speculation

In studies conducted by Dr Marjorie R Stetten on hydroxs proline we
have made a suriey of the occurrence of hydroxvprolme Hjdroxyprohne
has been shown to occur m only three protems There 1s a very large
amount of this amino acid 1 gelatin a1d presumably m collagen where
there 15 every rewson to belteve that it occurs natarally It 1s not an artrfact
of gelatimzation It occurs as a munot component m elashn where 1t mat
be a true ingredient or mas result from contanumation of elastm with
small amom ts of collagen—a separation wlich 15 very dfficult And it
oceurs 1 a protemn from the amantta mushroom called phyallowdin but this
armuno actd 15 of the wrong optical configuration In other word Indroxy
proline as far as we know has a distribution which 15 almost as specificas
the distribution of thyroxm m thyroglobulin It 15 essentwally peculiar to
collagen That 1s the fact I wanted to offer

The speculation s quite wild Thyroxn has a spectfic function n thyro-
globulin and 1t may be supposed that hvdroxvproline has a specific func
tion 1n collagen Yet the funchion of colligen as far as I am aware 15
amply to extibit a high tensile strength 1 do not know of any other
function that 1t hts T should 1 e interested m hearmg any

That then raises the question what 1s this pecubar hydroxyl group
domng? The hydroxyl group offers pounts of attachment for other groap-
1gs In the linear polymers of mdustry when one wants a linear fiber of
high tensile strength one aims at pnimary lalence bonds connecting the
f together and therefore 3t 15 suggested that this hydroxyl group
of hvdroxyprohne may be offermg pomts of attachment for carboxy!
groups esther those of glutamic and which 1s afso Abundt n collagen
or of the uronic actd which 5 a major constituent of most of tle poh
sacchartdes which have been obtamed from this source

Folis  How about sulfate®
Stetten 1 donot hnow Ts there much?
Folhs  Chondroitin stlfunc acid? I think Rarl Meyer® has postulated



BLOOM 2

hasn t he, that 1t 15 a simple salt hnkage between the protemn of cartilage
and chondroitin sulfuric aad?

Steiten 1 am not talling of the salt Imkage, I am talking of the ester
linkage There 15 sulfate m cartilage I do not know whether there 15 any
apprectahle amount of 1t n fibrous connective tissue

Follis There 1s chondrostin sulfuric acid 1n shin collagen

Johnson Whle there mav be chondroitm sulfuric acid in shin, I dud not
understand that 1t was a part of the ollagen per se In the leather mdustry
where there 1s a vast hiterature on the collagen problem it seems that they
have gotten almost all the substances out and are dealing with pure fibers
pretty much There 1s an excellent review of that

Folis What T am talling about 1s undenatured collagen The leather
industry 15 concerned with denatured collagen most likely  If one does not
do such drastic procedures as tanming with \anous chenuncals, one can
wsolate the chondratin sulturic acid and hyaluronic anid from shin collagen

Hendricks 1 just have to get out of my field all the time I do not
remember 1ts formula immediately, but 1snt the function of proline to
reverse the angle of bend m a polymer? I think there 1s an extensive
terature on the subject, and 1t 1s contended that one of the things that
distinguishes the beta Leratins from the alpha keratins 15 the presence of
proline to permit the molecule to bend back

Follis You will have to ask Dr Stetten about that point

Stetten 1 am not famihar with the hterature to which vou refer We
have repeatedly tried to recover hydroxyprolne from such tissues as hver,
which 1s pure 11t collagen, and we have been unable to get 1t

Hastings Wouldn't ydroxylysine act in the same way?

Stetten Hydroxylysine has also been demonstrated m gelatin

Hastings  Yes, 1t 1s higher 1n gelatin than in other protemns

Robinson  In talking about the bone that you are staining with silver
nitrate, you are talking about fragments or pieces of whole bone, aren’t
you? T mean, what proof 15 there that 1t particularly stans the hydroxy
apatite crystal and not the orgame matnx?

Bioom The same methods apphed to uncalcified bone do not stan, as
m nickets, for instance

SMeyer, K Palmer J W and Smyth E M On Glycoprotems V Protem Com s
slexes of Chondrotmsulfunc Acid J Biol Chem 118 501 (1937) &
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Robison What about deprotermized bone? Does that stain with the
silver mtrate?

Bloom Yes

Robuson  The reason I ash that question 1s that, 1n order to get a sharp
focus in certain specimens with the electron microscope, we put sther
nitrate . with deprotemnized bone and the sihver mitrate forms small glob
ules 1 the field which are very dense blach and have a sharp border It
1s possible to focus on them They he on the plane of the screen so that
the hvdroxy apatite umts that are Iving about can be brought into sharp
focus that way But these globules do not appear to be directly connected
to the hvdroxy apatite erystals They are just spread out through the field
They show no particular relationship to them  One would not even think
they were first coustns

drmstrong  Have vou a shde that vou can show ?

Robinson 1 do not have a shde of that particular specimen  This spec
imen was taken from a sclerosing osteoma of the tima It shows rather
large hyvdroxy apatite umts and jou can see the sithver mtrate m small
globules through the field and scattered about without being attached

Johnson Dr Bloom I wonder whether 1t would be feasible to explore
the possibility of tying together the experiments with the salt vou have been
cwrng out particularly as seen in the metaphysis and the work on the
radwactive carbonate that you previously did (I do not quite know nght
off hand what the technical procedure would be) and pessibly find out a
Inttle bt more about the exact nature of this change 1n the bone salt that
you are seeing around the osteocytes 1n the metaphyseal area Would st fe
technzeally possible for instance to distingwish carbonate from phosphate
on the hasis of weak acid hydrolysis and demonstrate it under one set of
crrcumstances and not the other?

That I thmk 1s the kind of thing wnplait in the question onginally
directed to Dr Hendrnichs

Bloow 1 do not think so Dr Jehnwon I do not thik you could make
ths distinction on mdnvadual bone spreules erther by dissecting them out or
by using autoradiographs There 1s a bare possibility that you mmght be
ble to do it 1f you used a farge number of ammals

Johnson 1 wmas not thinking of using a radwactne tracer agam but
that the two types of data or study may be related to each ather

Armstrong 1 am always amazed at how we can start out on one subject
and find that the discussion leads mte mam bypaths 1 do not think that
anyone could have anticipated the direction m which tlus discussion has

gone



BEVELAMDER AND JOHmenN 25

SOME HISTOCHEMICAL OBSERVATIONS ON THE
DEVELOPMENT OF MEMBRANE BEONE®

GERRIT BEVELANDER and P L JOHNSON

Trom the Deportment of Histelagy College of Dentistry
and e Graduate School of Arts and Scivnce
New York Unuzeraty New York NV )

Armstrong  Dr Bevelander would you please go ahead

Bryelonder T should ke to make 2 few remarks on the whestignts v
that we hase been makmg for some time with partiular refetome t
certamn features in regard to the genests of membrane bone  \ preat kil
of work as vou know, has been done on the study ot the developent |
bane, but for some reason membrane bone has heen o 1 Jure fegru
seglected m mwany studies We think that our inesngations o the devel o
ment of membrane bone are of particular mterest with refererce to vude
made of endochondral Lone and endochondral ovafication

We exammned the development of bune m g embrios sluch wert
pregared for the most part, by the freeee dried techue  Fhe present wn
16 be detarled 10 the {ollowing parsgraphs s contined 1C absery tins o
he histogenests of membrane bone  The topics fo be dealt with coect
the madence focahization and wterrelattonships of the {ollowing (11 by
hne phosphatase, (2) mucopoly saccharsde (33 gheogen nd {4) manes
saks with <pecnal reference to celltlar matrss and cakeficat n areas

Matersal and Methods

Mandibufar regions of young pig embrios were fixed accordmg to the
Altmans Gersh frecze dred techme for subsequent hustchem cal treat
ment while other specimens following 958 aleohol finatin wae de
alofied by the Lorch method Modtfications of Gonrs method 11
dumonstrating phospliatase were utihzed Such a variation which we de
veloped wheremn magnesium chlonde substitated for caluum mirate 1n the
eulating medmm proned most suceessful o loctrzing phunphatase m
the bong matere

et

hese studies were supparted n part by & grant from The hat gl Ina ot Tor

\itaf Research of The National Institutes of Health U S Pubbe Health Serve
m Tessue Secti n Prot

Gomore ¢ At Dy
See Ltp Bl and Hed 13 23 20 (1030)
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Tor the ientification of glycogen and polysacchanide the method of
Hotchhiss™ was employed and supplemented by the Gage 1odine technic
By means of salivary digestion the gly cogen was separated from the muco-
polysacchande The muneral deposits were studied exclusively n unde
caletfied matenal, ficed according to the freeze dnied method and subse
quently treated by a modification of the 1on Kossa stain and counterstarmed
with Light green

Results

1 ALRALINE PHOSPHATASE

Figure 1 15 a section through the head of the pig embryo that gnes yout
an 1dea of the part of the embryo which we studied We studied the region
of the mandible m the developing head This section iflustrates the dis
tributton of alkaline phosphatase m the embryome head We were par
ticularly mterested i the regions that were about to undergo calafication
and subsequently did undergo calofication Among other thmngs, this
preparation shows the fact that alkaline phosphatase 15 not only localized
m those presumptne areas of calafication but also 1 a great number of
other tissues for example, 1 the tongue and the vascular elements of the
bram, and so on

Tollis Do the fibers m the tongue show actnaty, that s, the fibers
themsehes?

Bezelander  The muscle fibers?

Follis Yes

Bezelander T beheve so Dr Follis  You cannot tell from this figure,
of course

The phosphatase 1n bone has heen studied extensisely by 2 great number
of people, and tathed about previoush at this Conference, and many points
1n connection with 1ts localization and possible function have been brought
out In our studies we were not very well satisfied with the methods avail-
able for localizing phosphatase m tissues, particularly mn calafied tissue
Aost of 3ou realize there are a number of mherent techmical difficulttes 1n
preparing sections of calafied matersal

When one treats a section to visualize phospbatase Ly the method
described by Gomor the resulting precipitate m the bone matrix 1s €x

Reaction Resultmg m the Staming of Poly
e ctures ;!lf:l;?‘il’&(m%(;::“e (Pr;parauom Arch  Biochem 16 131131

cacchande Structurés
(1918)






2
28 THIRD CONFERENCE ON METABOLIC INTERRELATIONS

tremely blach the penosteum fibers and surrounding tissue are very dense
and 1t 1s very difficult to tell precsely what one 15 looking at under the
microscope A year or two ago a modification was deseloped both here
and 1n England 1n which decalcification preceded treatment of the tissues
which were subsequently reactivated Bi this method 1t was clatmed that
farrly good representations of localization of phosphatase could be obtained

We have tried these methods both the methods advocated by Lorch in
England and the methods advocated by the Harvard group and we ob
tuned preparations such as 1s shown m Figure 1 This illustration does
not quite do the method yustice lut T think you can see that you get t
rather washed out appearance of all of the tissues and cells

In an attempt to obtatn more precise localization an | wisuahization of
alkaline phosphatase m developing membrane lone than has heretofore
been reported by means of Gomor1s method or subsequent modifications
of this method mvolving either undecall d tissue or decalaification with
subsequent reactnation of the enzyme we expermented with freeze-drred
material followed bv mcubating mitures contaiing a number of divalent
cations Vie found that when we substituted magnestum m the usual m
cubating mediums m place of caloum we got a rather unusual picture m
regard to localzation of phosphatase 1n bone During the course of these
expeniments we'? were able to observe m those specimens incubated
mixtures ¢ 1on sub d 1n place of caleium 1on the

following pomts

(1) Considerable amounts of phosphatase were observed m the usual
complex of tissues and cells such as periosteum matnix of young spicules
osteoblasts and osteocytes

(2) Rather comprehensne areas of the developmg mandible anlage
(Figure 2) m which mineralization had occurred 1n one region but not 1
another revealed (a) defimte indications of the presence of phosphatase
in the cellular components and matrix of the uncalcified regions and (b) a
gradual decrease and eventual loss of phosphatase 1n the calaified areas m
which mineralization was taking place with the exception of the osteoblasts
osteocytes and osteord 1 which 1t was still prevalent

In regard to this latter observation it has previously been held® that
the developing matrix of bone was lacking n phosphatase  \lore recent

12Bevelander G and Johnon P H A H stochem cal Study of the Development of
\fembrane Bone 4 af Rec 108 127 (1951

3Freeman S and McLean F C Experimental Rickets rch Path 37 387-408
(1931)
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Frg 2 Section of Head of Pyg Lanbrvo

H zher magmfication of the developwg bome represented o Fraure ¥ ia; showmg
(2] e preserce af phasphatase m the uncalorfied portn of the matnix ant (h) the
dictwution ot phosphatase 1 the cafcified aress  Reprnted by permsasicn {rom
Bevelander € and Johnson Hustochemical Stads of the Dovelopmient of
Membtane Bone Anaf Res 108 122 (1050)
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studies™ ¥ 1% hogever substantrate these observations that phosphatase 1
localized not only 1 cellular components but also m the bone matmy before
culaficrtion occurs Of interest also 1 this connection 15 the obsersation
that our phosphatase preparations show a possie reachion for this enzyme
on the osteard border of the developing spreule  This result ss at variance
witl: the findings of previous investigators

The section 1 Figure 1 which was treated to show the locahzation of
phosphatase w the growing spicule reveals that 1 the upper portion of this
tissue which 15 unciofied the enzyme appears to be abundant m the
watrix  the fower portton of the bone which has undergone partsal cales
fication 15 laching 1n phosphatise Exammation of this same tissue at a
tigher magnufication (Figure 2) shows ta addition ta the features already
pointed out that the tissues surroundmg the matrix viz, the pereosteum 15
rsch in phosphatase and the enzyme 1s also abundant m osteoblasts and
osteocytes Ve have demonstrated in such preparations that phosphatase
appears fairly abundant in the uncalufied matrix and that st gradually
drsappears as calaficabon proceeds

Fofhs Itss certamly present  the fibers of the osteocytes wntw?
Bezelander Oh yes
Follis  That has been recogmzed for some tume

Berclander  As to the actul presence mn the matri< there have been
two papers I thrmk 1n the last two years one by Dr Lorch in England
who obsersed patches on the periphery of the young bones of luttens and
I believe Wang who studied the development of Ancont sheep Although
he dud not gve detaled dotr on phosphatase he made the stitwent that
the presence of phosphatase preceded calesfication

2 MucoPOLYSACCHARIDE

Another con htuent in developmg 1one which we examined was muco
polysaccharde which was studied by the Hotchhiss method 25 has been
outlined by Dr Bloon this morming  Mucopoly sacchande was ascertamed
he eeveral. developmental stages of bone formation Our preparations

WChang T b Calaificaton 1 Fetuses of Normal and Ancon Sheep Anat Rec

103 723 735 (1949) s
Phosphatase 1 Mammat an Bones

ssLorch 1 J The Localizaton of Alkalne

Quart 7 Microscop Se 88 375333 (1947)

¢ Alkal ne Phosphatase i the Shult of the Devel

he I} stribution o
Lot L ey 7 Shueraseop Sea 90 183207 (1949)
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Fig 3 Yo ng Sp cule of Develop ng Membrane Bone

2) Young speue devod of mn al sals howng gl gen n e u of dng
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mdrcate that this substance 15 confined at first to osteogense fibers and
later comies fo be more generally distributed throughout osteord tissue
This pohsacchanide appears w dts genesrt] distribution to become incor
porated mto the cementng substance of the entire matris of older spicules
prior to and dunug munerahzaton and incremental growth showmg a
much mure miense stamng reaction 1 more mature than i the young
sprcules

In a freeze dred preparstiom of a very young spreule of developing
membrane bone one sees {Figure 3) that the osteogene fibers which are
beconung or abaut to become wncorporated mto the young spicule stan
fasrlv well by thus means winch mdicates to us the presence of a mucopoly
saccharide m the osteogenic fibers As the fibers becomse meorporated wto
the growmy spieule the visinlity gets to be less discrete 1 the spicule
becomes older In addition to the mucopolysaccharide mdicated m these
areas of bone matnn « e also observed constderable amounts of glycogen

3 GuyeogeN
Qur studies revealed considerable amounts of glycogen assocated with
areas of membrane b ne formation At fivst it ts wadely distributed i the
undsfferentiated mesendnmal tsste With the madence of a defimte

spicule anbye whorern blasts appear to be diff 1 these cells
momentartly lost their gheogen This condihon persists until just prior 1o
1; when both osteablasts and eateccy tes attun 3 mavmum n

ghorgen content Escept for a bref phase i development glycogen s
abundantly present tn periostenm osteobiasts 1nd osteocytes th g
the stages of development and enlaifiation

In the uncalufied portion of the spicude of Tigure 3 the mucopohsic-
charsde 1> relatinely much less mtense m 1ts stammg quahty than st 1s 1 the
portion which begms to undergo calesfication  This parnicular sechion was
stamed for both gheogen and o haride  Glyeogen s thundaat
1 the strrounding ereosteal tissue and n the celly osteoblasts and oste
oeytes In 3 conuderably older piece of bone the trabeculze agan show
the focalization of both glhecgen and mucopolsacchandes This 1s not
pfes:nt as a discrete pattern but as a profuwse stamuag renction and one
cannet be sure that st 15 present m both fiber and matrin of 10 just one o
the other

Tn addition o the intense stasmmng reactions which we obtamsed foe paly-

accharde m fardy well calofied trabeculae we alve nbeerved intense local
1zation of ghicogen w both the ostecblasts and the oateocytes

In regard to the lochzation of glycogen i developng memtrane bone
en appeired

we have obseried ene wterestong feature namely that gheogs
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to be present in the cells which were a little more differentiated than fibro

Blasts but could not quite be called asteoblasts Then for a tume the gly

cogen apperred to disappear from the cells as they lined up along the
spicule which was beginning to undergo orgamzation

It appears that as soon as calctfication of the sprcule begms glycogen 1s
agan present i the osteoblasts and 1n the osteacytes and dunng all the
period that we studied the differentiatron of bone in which 1t had under
gone calaification there seemed to be abundant glycogen n both osteablasts
an 1 osteacytes

4 MINERALIZATION

Mineralization as shown by modification of the von hossa method
reveals minute 1solated calcareous deposits 1 and among the well estab
hished ysteogenic fibers and occurs subsequent to phosphatase deposition
In more advanced stages ot spicule formationt these solated deposits o
alesce and fuse entrapping osteocytes

The preparations 1 Figure 4 are from sections adyacent to those prev
ously shown and were fixed by the freeze dried method They were treated
to show lucalizat on of nuneral salts by Bloom and Gersh s modification of
the von kossa method In the termmal end of a very young spicule we
ohserve mineral deposits 1n the matrix proper 2 one mught expect and also
among the delicate osteogenic fibers which eventually become ncorporated
mto the developing spicule

5 Summary

Thus the pattern of nter bips of these sub occurrimg
developig membrane bone appears to comaide with the pattern of these
same substances which has been reported in connection with the develop-
ment of long bones As Dr Bloom has remarked 1t 1> perhiaps unwise to
say very much about what these things mean m terms of phivsiology or
growth of the bone I think there 1s one thing however we might conclude
from these tudies and that 15 the constituents that we examined 1 mem
brane bone appear to be very simular and to follow a very sum lar {attern
m ongn and distribution as compared to cartilge replacement osstheation

Conference Discussion
Armstrong Thank jou very nmch

Ishing W ould you review one point just briefly? As I have it here we
saw one figure 1n which the mucopolysaccharide was formd m very delicate
fibers which were bemg incorporated mto bone and became of lessened
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Fig 4 Developing Membrane Bone

(3) gt (b) Difetent aveas ot developng bone shoame |xal sahon of mnerl
salts” Reprnted by permission from Berelander G and Jomson, P
et Doy of e Development of Membr e Bove - frat e 1081 22 (1901
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visibility as we approached the mass that was well mcorporated or well
established

Berelander  1hat 1s right

4sling  Yet subsequenth we saw an old spicule with a very markedh
positive reaction

betclander  That 1s nght but we could not discrimunate the fibers any
more mn that section

4sting 1 am afrmd I domot yet ynderstand  Why did we geta dmn
whed visibility * \Why d d we see a superstrong reaction n an old well
established trabecula?

Bevelmder  \We got a more intense staimng reaction 1 the older trabec
ulae  But m the trabeculae when the sprcule becomes calufied one 1s not
able to disermmnate fibers 1 the matrix One cannot tell the diffevence
between the fibers and the cementing substance any more

Gutman  Dr Bevelander when vou sav that the cakafication processes
10 membrane bone resemble those that have been suggested 1n endochondral
walesfication could you tell me more defimtely to what vou are refernng *

Bevelander 1 am referning to the presence of phosphatase m the pert
osteum 1 the osteoblasts 1 the usteorytes and according to the latest
studies on the topi 1n orgamc matrnin T am not sure ahout the polysac
charide—whether 1t 15 stricth comparable or not

Tolis Certainly there 1s an accentuation of the fbnllar structure of
cartilage when one stuns 1t with modifications of the Hotchlass fechnie
Wouldnt you agree Dr Bloom that the fibers one sees in the epiphyseal
cartilage certwnly stan much more intenselv than the nterfibnillar sub
stance whatever that may be?

bloows 1do not know Iam not too sure Dr Folhs
Follis Certamly they are more intensely metachromatic
Ploon 1 have a very hard time with fibers and cartilage anvwny

Tollis 1f one does something that will weaken the cartilage such as fo
produce setrvy so that mechamenlly the wartiloge nwst be stretched one
e bring out the fhbnllar pattern much more readih and certamhy when
one stams 1t with either of these techmes 1 think one 15 1mpressed by the
wore mtense stunng of the fibnltary structure 1n relation to as T sad the
mterfibriflary material whatever that 1s

Bloom T have seen such preparations but Tam not sure that 1 would
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1dentify all of those fibrils with the fibrils that have been demonstrated Iy
Bielschowshy Tt 1s pretty hard to identify them

Tollis Of course there 15 continwity of the fibers from the marrow or
at least from the connective tissue cells or the osteoblasts or the marrow
s they go into the bone and €l ere their sdentity 15 lost because of the
caletfication  They certanly are more intensely staned also Y ou see that
very beautifully m richets where you don't have to worry about the pres
ence of wmorgame material masking the staning

Of course those are the fibers that give a posttive silver reactron are
they not?

Bloom Yes

Follis  As they get i and apparently are more compact wnd perhaps
more orgamzed the silver reaction disappears?

Bloom Partally
Follis Yes

Bloom I should like to add onh one sentence to Dr Bevelinders
comments As this bone gets older and denser 1t will lose the alility to
stamn with the Hotchkiss method

Folhs How about 1t 1f you decalcify 1t?
Bloom As soon as you add any aad the statning 1s upset

Foihs Do you thmh that that 1s because s was brought out in the first
meeting 1n 1949 by Dr Levine ¥ you have treated 1t with acid? Of course
you do treat 1t with acid 1n performing thus hustochemistry  Or do you
think that it 15 due to the removal of the organic material?

Bloom 1 think 1t 1s both  In additton there 15 diffusion

Ashng  There 1s 2 technical possibility that has offered 1tself—perhaps
some of you have tried 1t—using chelating agents Versene 1s one of the
commercal agents and decalaification of the bone 1s done very nicely m a
completely neutral medium with this

Follis Or even 1n an alkaline medum

Asling T have been dissatisfied with conventional histologic stans with
1t but 1t might offer some assistance in these Iistochemcal procedures

ViLewme M D Rubn P S Folls R H Jr and Howard J E Histoc! emical
Stefes on Calemoms Universal s with Respec to the Possble Relationship Bet seen
Normal and_ Patholog cal Calesficat on Trans Vacy Corference o4 Metabol ¢ Intcr
relations 1 41 (1949)
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Follis It certainly takes the morganic matenals out T cant confirm that
Asling  The metachromasia 1s distinctly disappointng

bloom Dr Engel at the University of Illnois has made a very inter
esting observation concerming the mobilization of mucoprotemns by para
thyrotd hormone He found that 1n rats the amount of mucoprotems in
the plasma was practically tripled 1 48 to 96 hours after the mjection of
parathyroid hormone

Tolhs Has that been published?

Blooms It will be 1n the Federution Proceedings for 1951 T have his
abstract
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STUDIES ON THE EFFECT OF ALTERATION IN THE
CONCENTRATION OF CALCIUM IN CIRCULATING
FLUIDS ON THE MOBILIZATION OF CALCIUM®

A BAIRD HASTINGS

From the Department of Buological Chennstry
Harvard Medical School Boston Mass

Armstrong  Dr Hastings by chance do you hase a shde in your pocket
that you can show us now?

Hastings 1 wrote vou that T wasn t gomg, to speak, I was Just going to
listen this tume

Armstrong  Oh but you have to

Hastings  What T have to talk about 1s only tingential to this busmess
It 15 physiological rather than histologic

1 was afraid you would do this I do not have anv hot slide just off the
griddle as T did last vear The only reason that I have something to say
today 1s that mv secretary wnd I were trying to orgamze our slides which
had gotten mnto pretty bad shape over the last twenty years and I ran mto
these data The expeniments are just about twenty years old this month
Thev have never been published so I thought you nught like to hear about
them

The studies have to do with a crazy 1dea that Dr Huggns and I had a
good many jears ago \\e thought we would produce tetany in dogs by
2 new 1nd uncomventional way \\e would remove all the calaum that we
could get out of the serum from a large batch of blood from one donor
dog Then we would put that plasma back with s cells and then transfuse
repeatedly a smnll recipent dog and throw lum ito tetany Vel these
investsgations are about that Dut there 1s something in them that mav
iterest you terest Dr Follis at anv rate It pertans to lis question of
the mohihization of caleum by effecting the concentration of the calaum
1 the crenlatng fluids

The way we removed the caleium was by shaking the serum with lead
phosphate which 15 very msoluble Ve were studying adsorption of cal
cum from the serum  As one shakes sernm with more and more phos
phate one finds after centrifugmg out the lead phosphate decreasing

1These studies were donc m coffaborat on with Dr Chattes C Huggms now of
Ch cago il nors
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amounts of caleum 1 the serum It may amount to onh 01 nulimole
whereas we started at about 26 So we have taken out over 90 per cent of
the calenim from the serum

Ve used such serum that had onl between 5 and 10 per cent 1s 1ts
il calesum concentration and then 1t was put Fick wath the cells wd
that hland was then mjected mnto the dog

Dr Huggins was on one side removing about hlf the dog's volume 15
quicklv as he could from one femoral 1rtery and I was on the other side
smmediately putting back an equal volume of blood

Ve did this eight times in the course of two and a fraction hours and
we anilyzed the serum of the blood that we withdrew at each pont We
thus made a 30 per cent transfusion every twenty manutes  In thas enpenn
mient the plisma calenim was not greatly decreased

So we tightened up our procedure and managed to give 1 trusfusin
every ten minutes or 1ctually we were worhmg continuously  If the ¢l
cium that we were removing came entireh from the plasma and the other
extracellular flids of the ammal and none came back m from bones we
would have expected to have reached a very low plismn calaum value
raprdly However this was not the case Ve took out about four times as
much ealemm as could have been present in the total extracellular fluids
Still the plasm calanm remamed relatively ngh

As you see Iy giving these transfusions everv ten minutes we finnlly
mnaged to get the plasma cilaum down below the 7 mg level lut not
neathy as 1w as we expected

Ve never really saw tetin Ve looked versy hard Ve would get
quiverig of localized gro ips of muscles 1ut 1t was not tetany m the usual
sense of the word

We were able to heep the plasma caletum down as vou see but st did not
get anywhere near the level that 1t would have gone if calem were not
conung back 1 at a ternfic rate

Folits Mav Lask were these amimals stirved Dr Hastings?

Hastings I do not know Twenty years 15 a long tune for me to mihe
a0y posttive statement about their nutritional state  As far 15 I know 1t
d d not oceur to us to stine them

We performed another experiment of the same sort except that this time
we wondered whether the catoum would come lack after we stopped At
the twents five mmute level it was back up above the tetany level and it
w1s back to two muthimoles per 100 cc 1n hour after we stopped
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At the same time, we got some cerchrospsmal flmd and it was a perfec
normal figure for calowm

Thus was an ammal that had been parathy rowdectonnzed about s\ oo
before we started the expenment

i stel another study the anmal bad been parathyroidectomuzed this
hours before the experiment He wasnt m tetany but we got down w
below the tetany level very much more promptly than with normal anuma
The cerebrospmal flud cabaa was a htle low but wmterestingly envug
even lugher than the serum calemm which of cotirse 35 about half bour
with protemn and half free So there was a g discrepancy 1 ealerum 1
coticentration hetween that m the cerebrospnal flud and the plasma

Robinsons You theught that was just a matter of tme though dudn
ou?
Hastings Oh jes

The only reason I thaught il these studies nght be of interest today
that they show the great sapidity with which calom can be mobihzed

1 shall be very ghd to wnswer any guestions

Conference Discussson

rmstrang  Were your ansmals anesthetized during these expenment
ors withdranal transfusions?

Hastings  Only focally for the purpose of getting to the blood vessel
Robwnson Dhd 3 ou took 1t any bones after thas treatrent?
Hastings  No ting s all the story theress

drmstrorg  Well thus certunly ss a demonstration of the rapd equ
hbratson of change betw een the oxtracellular fiud in the skeleton

Hastwgs  Why it 1s ternific. Vhes you can take ont man) fold the
amount of csreultting caluum you have presert and cannot even begim to
approach the concentrations that you would expect to fin | hased on what
sou are puiting 1 wath only ten smmute mtersals it means that we can
mobihze calesam very rapudly My moral, for Dr Fallis question, 1s that
the Jow concentrition of the caleium s tn steelf a stimulus to mobilzation

drmstrong  Along the lmes of the observations you have made, Dt
Hhstings Dr Swnger and I have studied the dilutson of injected radioactsve
calum V€ see in our expenments tht m 10 minutes the dilution of the
radiocalomm 15 greater than the volume of the entire extracelular fund
This fact mibcates a rapid exchange of calaum between the anterststal
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Awd and the sheleten In the expenments using radiosodwny, withm 10
sunttes after the mjection the dilution of the isotope has reached a volume
equnalent 1o that of the extracetiular fluid,

McLean  You did not do phosphate analysis?
Hastings  Traokhn, we did, but T don't think we ever got them plotted

AcLean  The lead phasphate will alsa take the serum phosphate down
to ahout the same degree

Hustings  No, you are forgettng 1t tahes ot down but it does not take
1t down nearly as far

McLean Not nearly as far?
Hasfings  No, st 1akes out 50 to 60 per cent under the same condstions

AMcLeaw  But under these conditians, you are probably also mobihzing
phosphate

Hastings T should think so You have to

VeLean Of course, sou have more sources {or phosphate, toc- There
are more places phosphate contd come from

Hastings  Yes, but that would be  the direcion, from a physal-
chemical point of view, of cutting down the amount of calesum son get,
the more phosphate you got

MeLean It seems to me the mteresting thing ahout this expersment 15
that ealeam can be mobihized so rapidly 35 the absence of the parathyrod
gland

Hostings  Yes

MeLean  1f you had not done the pacathy raidectomies, one would have
saud the parathvraids were hyperactine

Horward  How Jong did you parathy rowdectomize thet ammal before you
did 5t?

Huostings  Tharty hours

FHoward Our expenience 3s that most of those dogs are 1n tetany then

MeLean  This was almost 1n tetany

Hownrd  Without talang amy ealerum out of the blood at all, most dogs
are mn tetwiny by that time

Hastings  You see them m tetany and you see them not in tetany.,
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Hoiard  Thats nght but you see enough m tetany to make you think
there 1s something screwy about 1t

Hendricks One of the anmmals was parathyrotdectormzed s hours
before?

Hastings  Yes

Howard Ve mtended to do a simlar experment to yours with dia
Iyzmg blood mn a caleum free solution but had not gotten around to 1t
before we started 1n the opposite direction Ve gave Jarge amounts of
calcium intrasenously over a jeriod of three hours bringing the plasnia up
to a level of where 1t would be in a parathyroid tumor actually We did 1t
1n normals and a patient who had had a parathirord tumor after the re
moval of the parathyroid tumer The serum calcum remained tle same
as 1t had been before the tumor was remaved We could account n the
urme 1n forty eight hours for about a half of the calerum we put n and
yet the serum calcium 1s back to normal mn a few hours This indicates
that the compartment for calcium 1s elastic in both directions just as 1t 15
with the mjection of potassium salt

Shorr \lay I sk whether you equlibrated the blood with oxygen and
CO ? Could there have beert any pH changes?

Hastings No 1 wouldnt nuss that We did pH and CO once n 2
while They were all nght

Armstrong I thiak that these ohservations teach us agam that we as
rather ighly developed ammals have simply taken advantage of the bones
to produce ngidity of the bodv and that the more primtive function of the
skeleton 15 something else The skeleton 15 a compartment which allows
exchanges between itself and the active <olutions of the body In tins way
the sheleton serves to atd the processes which mamtain the normal concen
tration of several electrolytes m the extracellular fluids It 15 onlv acar
dental from an evolutonary standpownt that the bones furmish rimdity to
the bods

Hastings It makes me alo think some of the old solubilits product laws
are pretty good The stored calcium wall still respond to lowenmg caleum

o concentration
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that 1s a low phost hosus diet and no I at all 1n 1 matter of six hours the
ammal 1s 1n tetany when you starve lnm  So that there 15 something about
the bone which 1 thts one <et of circumstances can support the calem
10 the serum but under other circumstances cannot do so

A cliical observation that has puzzled us for 1 long time 15 that one
person with steatorrhea 10 a period of diarrhea (hecause they have cyclic
episodes of 1t) will go into tetany n a matter of a few days of that diar
rhea whereas another fellow will have bones so rare vou can practically
see through them through the < ray and wilt have normal calemsm and no
tetany at all There misst be something very ditferent about the state of the
bones as to when they ¢an support serum ctlerum and when they cannot

Folls Of course under such a arcumstance you hegsn to heal veur
rickets

trmstrong That 15 the pomt I was gomng to make

Follis 1t mav Te that the <tleium takes the 1 hosphorus into the hone
and the richets begins to heal That nught account for the lowenng of
claum mght 1t not?

Copp What tvpe of ammal orgamsm showed tlus vitanmn D effect?

Ho vard  You mean without the D 1t can t support?

Copp  Yes

Honard  Thit was the rat

Copp e have had great difficults wn gettng tetanmy in the rat on low
1hosphorus diets

Howard 1 showld not have sud tetamy I should have saud tetame
level because I do not remember m those ammals whether thev actunlly
twitched  But they had very marked low caleum

YecLean There 1s 1lso an old of servation 1n the hiterature 1 think it 1s
m Bengt Hamiltons work * He amputated one leg of a normal rat and
detenmuned the calcum in the bone m that leg  Then he put the ammal on
a rachitogenie diet and allowed 1t to remam on that deet for some neeks
unts! the rat had developed low phosphorus nckets m the other feg,  Then
fie amilyzed the other leg for calesum and found that the ammal had nct
lost calaum from that lez  In other words s testimony m so far as it

*Hamit n B and Hglman, W J Jr  The Clanges 1 Total Calestm Content
of tle Bynes During the Development of Rickets J Mwtr ¢ 15 177 (138)
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goes 1s to the effect that 1t 15 very difficult to mobslsze the calcim already
deposited m a rachitic animal, since a rachttc animal does not lose a great
deal of mmeral from the already calafied bones

Howard  No, but the bone in that feg had grown, had it not ?
McLean It had grown

Hownrd  Therefore bone for hone, 1t was a lot bigger, therefore, mss
for mass there was a lot less hime mt

McLean Oh much less But what you would expect 1f caleum s so
easily mobtlized 1s that a richitic arumal would lose all of 1ts calcum from
1ts bones or at least a considerable proportion of 1t

Howard  Was that low caleum rickets or Iow phosphorus rickets?

McLean It was low phosphorus rickets

Howard So there was adequate calaium in the diet to keep up the serum
level?

WcLean Yes

Follis You can of course, throw rachitic ammals into tetany by domng
what you and Dr Unst did m your study on healng by injecting phos
phate nto the pertoneum  You probably have killed ammals by grning
them too much just as ] have They do have tetany and they twitch

McLean Oh, yes

Hastings  You can produce tetany 1n ammals by feeding them enough
phosphate by mouth Salvesen, McIntosh and 1 ° did that years ago

Pfeiffer Is there any evidence 1n the literature as to what part of the
bone or any location, this calcum comes from?

Hastings  You showed 1t didnt you, Dr Bloom?

Bloow 1 wouldnt say so except that m growing ammal, the most
Talnle part of the bone 1s the growing part

Hastings Was there growmng bone all the time?

Bloon: Yes

Pfesffer  And that means before it 1s reorgamzed wouldn’t you say ?

H: A B and Mclntosh J T Blood Changes and Chnscal
S K oy Or) Admmstration of Phosphates, J Bral Chem 60 311
(1924)
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T'olis Wouldn t you say the calcified matrix 1s probably the most labile?

Bloom No \What T mean by labile 15 that 1t 1s harder to get calcm
out of the dense bone of the cortex for mstance

Tollis It 1s bemng destroyed

Hasturys It 15 certanly where there 1s the best blood supply I should
say

Follis That 1s the area

Hastings  Thus 15 ternific, that gap from a tenth of a millimole per hter
and two milhmoles per liter 1n ten minutes

McLean This comes back to Dr Bloom s dhagrams and tu Joe Aubs
demonstration?! that anitals store calemum n the trabeculae of the spon
grosa  \When ammals are deprived of calcium they mobihize it from the
spongtosa 1% hen they have an excess of calaum as has recently been pub
hished from our laboratory the spongiosa 1s not resorbed and grows to a
great length?”  One can reproduce n rats the same picture one produces
with estrogens simply by gving enough caletum so that the ammal does
not need to resorb the trabeculae of bone

I thnk there 1s no doubt that mn growimng ammals—we are talking now
only about ammuals that are still produeing spongy hone—the eawiest place
irom which calaum may be mobihzed 1s the trabeculae of the spongioa
Of course 1 an adult rat or an adult ammal of any hind the sheletal <ys
tem 1s much more stable

Ffeffer Were these adult dogs?
Vel ean  These probably were
Ha tys No they were mostly pupmes They were small dogs i all
cases because we had to get enough hlood to make so many transfusions
Pferffer Could you use ald dogs as well as voung dogs?
Tolfis wou would probably get less I should thik 1 voung growing

ammt would grne you more of 2 response than an adult dog that 15 1t
would come Lach quicker

“Baver W Aub J C and Ahoglt T Caletum and Phosphorus Metabohism

V Studv af the Bone Trabecnlac as a Readily Available R Suppl.
J Exper Med 49 145 (1929) ly eserve Surply of Calgum

2 Casttar AT 8 Mclean, ' € and Urst M R The Effect of the Caloum and

wsphorus C ntert of the D et Lpon the 1 ormat on ani St
T pphoris C et nl Structure of Lone A
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Hastings  We regirded these ohsersations s 1 frglure becuse we did
not succeed 1n praducing tetany 1 new way

Tollis Certamhy that 1s true i children too

Urist There is another way m which one can mofuhize calomum and wipe
out the spongiosa of the long bones all over the sheleton A normal anmal
placed on a starvation regimen will show extensive resorption of hone
tisstie In a matter of a week the spongiosa will he absorbed all ever the
sheleton producmg 2 condition described 1 the pogt war Eurapean hter
ature 15 hunger osteopathy

Tolhs Oh ves

Unst And like m all the experiments just mentioned the process 1
more rapid and more complete 1n the young than the adult The fization
of the hane sult seems to he determumed by the rte of cellular actsity and
growth

The cellular activity m the bone tissue appears to dispense calcrum from
the spongiosa winch Dr Aub aptly described as  the readily available bone
store

Hodge We certamly do not hase to assume that one 15 actually dis
solving bone spicules or crystals to account for the find of phenomenon
Dr Hastings just described

Arinstrong  \hat did you say?

Hodge 1 sav you dont hise to require the dissolutson of 1 one crystals
and sprcules to account for the hind of phenomenon that he 15 talking about

Irmstrong Y ou have to requre that the caleium comes from some place
Hedge You have to mobilize caleim from some place, we do not have

to tie this m with the tde1 of the removal of whole umts of bone either
morganic untts or structural unts such as a spicale or a trabecula

Hastings  Yon would have to tike 1t away from the orgame calaum
salt 1f you will of the mucoproteins of the collagen or however it 15 found
m connective tissue  That s thaut the only source of 1t

VecLean Are vou going back to hoelliker? *
Robinson 1 thmh Dr Hodge stated 1t correctly But I think there 1s an

element of confuston Dr Hodge states that you do not have to remove

A Die Vornale Resorphon d & Anochengenebes uni thre Bedcutun
;z]r\?ie]el ‘ﬁfm:hung er Ty piscl en Auocl enformen Liepzig F C Vogel (1873)



HASTINGS a7

fully organized uruts of bone at the gross or hight microscope level of or
gamzation for nstance trabeculze to quickly liberate farge numbers of
calaum tons Tt 1s difficult to see how whole bological umts could he
destroved by cellufar actrsaty so rapidly

However 1f one considers that the hydroxyapatite bone crystals are very
nunute and 1f one then calculates therr total surface area it becomes clear
that body flurds are m contact with several acres of crystalline surface in
am one amml Tt 15 reasonable to assume that calaum atoms of these
crvstals are in equilibrium with the 10ns of the caloum m the cement sub
stance portion of bone matrix  This matrix at least at the periphery of
trabeculae an | on the penphery of Haversian canals 15 m equibbnum with
ather tissue flu s mncluding the blood plasma  (This equshibium only to a
degree may be controlled by the osteocvte of the area) If one removes
calentm from the 11ood plasma this toss 1s quickly transnutted as a demand
on the bone matri< 1 which the hydroxyapatite crystals Jie and mto which
the caleitim atoms of these crystals are partly dissociated as caloum tons
Calcium removed from the niatrix causes a deficit m the matrix To correct
this defiat an enormouns number of the hydroxyapatite crystals can each
contribute a few calcum sons  Unless some thurd factor simultaneously
comes mto plav (such as a change mn the dissociation constant of calerum
m the cement substance due to changing osteocytic actnity) the equil
bration of calcium m the lood jlasma could occur very rapdly without

removal of whole umts of 1one
trmstrony  That 1s quite clear

Robison  Of course 1f thus process continues long enough  removal of
whole umits of bone does occur By then local osteocs te morphology and
function s apparently changed The fact that the trabeculne are the gross
anatomal unsts that disappear first would indicate that they are the umts
that hive the Test blood supply 1nd therefore the greater rate of equil
trium between matris and blood plasma

Pfeffer  That still does not mean that calctum ts removed without the
remosal of total bone does st Dr Bloom? T thought that bone has to be
resorbed to free calomm from it

Tloom That 1s nght I would call vour attention to the fact that 1n a
laying chichen more than half of 1ts accessory bone 1s torn down witlun
i< hours It puts five grams of calaum carbonate wto the egehell w that
penod amd more than half of thiy amount comes §rom bone

MelLean  And that 1s enormously greater than the amount carried wn the
Ulood of the chicken?

Blaom  Yes
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UcLean  Exen though the chichen does carry excess calerum m the
blgod the amount carred m the bodv flurds 15 msigmficant compared with
the amount that goes nto the shell of the egg which s calafied withm 1
few hours

Hocard Did vou say Dr McLean that 1f you gne enough estrogen
to fill up the whole marrow cavity of a mouse—because that 15 the one you
could do 1t with and not a rat—and put that ammal with the estrogen on a
very tugh calerum diet that the marrow cavity was spared that problem,
15 that night that 15 3t didn t fill up? Y\ hat was the remark vou made about
estrogen treated ammnls? 1 did not get 1t

VeclLean Estrogen rats I spohe about estrogen treated rats m which
the trabeculae simply fail to resorb Is that the remark you meant?

Hocird  Fal to resorh under estrogen?

WcLcan In rats

{nsf You said that a high caleinm dief mhsbsts bone resorptron Vil
‘ou elaborte on that statement?

VcLean A high calaum diet produces the same micture 1s estrogens n
s but only 1n rats

Urist Yes ton hnmted degree

UcLean The first person to demonstrate that this 18 the mechamsm of
the action of estrogen in rats was Dr Follis Dr Follis showed some years
ago that the effect of estrogen in rats 1s not to produce any new bone but
to miubit resorption of the trabeculae Isnt that true Dr Follis?

Follis Yes

Pfeffer Actually 1snt at true that the reason bone 15 formed under
estrogen treatment 1s to deposit the calerum and phosphorus®

AUcLear Not i rats  In rats there 1s ho evidence of amy ncreased
deposttion of hone  All the exidence i rats 15 of decreaced resorption

Pfeiffer Well ves Iam thmking of mice You are talking about rats

VcLean I am talhing about rats

Ashng  Didnt you report Dr McLean some extremely high estrogens
with shght actnnation of endosteura a couple of years ago

VMcLean Not in rats

Foll:s Has ambody to your hnowledge studied estrogen on low calerum
intahes®

VcLean Yes Dr Bloom has done that with birds
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Toliis T mean n rats

Urist Tt has been attempted on rats Norman and Mittler*! injected
estrogen nd found no specific effect upon ammals on rachitic diets The
expeniment 15 difficult to do m rats because they will ot grow on a low
caleum diet

We examined the bones of estrogen treated mice on ctleum defictent
drets and found the usual picture of endosteal bone formation but a great
deal of 1t was uncalcified osteord tissue The action of estrogen on the
Dbones was not dependent upon the supply of calcium m the dret

Welean That shows up beautsfully m the birds Dt Bloom bas pro-
duced birds with all of the accessory bone 1n the marrow cavities and m a
rachitic state—almost pure osteord

Bloom When « laying chicken 1s put on a calcium deficient diet the
bird takes caleum from the sheleton not from the accessory bone which
15 now uncalcified The sheletal bones become very fragile as a result of
resorption  The process 1s complicated by the fact that the birds de not
want to lay under such conditions But 1n the spring 1f the dret 1s not too
deficrent they will lay occasional eggs Their bones become so fragile that
1 have broken a number of bones just taking a chicken out of the cage

Hastings  Have they shells on ther eggs®

Bloom Yes, sometimes wel] calaified sometimes poorly calafied

Pfaffer This brings me back to a question 1 was thinkang about during
the discussion following Dr Bloom s paper this morming n regard to the
diffcrence Letween mice and rats i relation to the amount of bone for
mtion particularly with all of the tyjes of transplants other than para
thvrowl Is that tied up with the sime mechansm as 1s the difference
hetween mmce and rats m relation to estrogen stimulation of bone or how
would you explam that?

Rlgom T think part of st 1s due to the fact thit the mouse 15 practically
an adult by the time we work on 1t

Pfaffer What were the ages?

Iloom The rts weighed 40 to 70 grams  the mie werghed 23 grams
Pfuffer They would be mature

Tloom  Yes

**Norman, G F_and Mittler A Interrelationship of Vitamun D and Sex Hormones
m Caloum and Phosphorus Metaboly m in Rats Proc Soc Exp Biol and Med
67 104 111 (1948)

#Umt MR Buly A M and McLean T € Unpublished expersments
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Pfesffer  Then 1t nught be a matter of ages I was wondering whether
there wasn't some mechanism associated with the difference 1 response of
the two species

Bloom:  On the other hand, the potentiahty for bone growtli 1s certamly
there, Dr Pfeiffer It can be elictted by a fracture of one of the mouse
bones  Moreover, bone seeking radicactive 1sotapes go down nto the bone
and call forth in mice the same endosteal reactton as estrogen does but the
metaphysts also becomes longer

Pfeiffer Do you have any explanation of the difference tn response
between muce and raty mr relationshup to estrogen?

UcLean  You have to go farther than mice and rats

Pfeiffer Oh yes I agree with you

MecLean  Outside of the birds, the only ammals that we have found that
respond specifically to estrogens are mice and rats We have surveved a
number of other species without being able to show any specific response

Pfaffer Have you tned Xenopus the African clawed toad? It 1s pos-
sible that they may respond very much the same as the birds

rmstrong  What alout the human? I am sure Dr Albright would
want to ask you about the human

McLcan We have made no observations in man

Unst  From the standpont of Dr Albrights and Dr Reifenstemn’s
metabolic studies, I think their conclusion was that the human reacted to
estrogen like the mouse Is that correct?

Albright  The woman s the same as the mouse qualitatrvely, ff not
quantitatively

Neuntan Some day I am gomg to look this up but perhaps vou people
can save me time Is there a series of studies on the handling of calerum
Ly the kidney ® Is there a thorough clearance study to see tf there 15 any
spectal renal mechamism for caleum and the effect of hormones on this
mechanism?

Howard 1 do not hnow, 1f you are looking at me

Copp We have done a little work on tlus subject, and found that the
level of hlood phosphate appears to have an effect on hidney clearance of
calerum T shall be discussing this later

Newmnan It seems to me that 1t 15 a terrifically smportant problem It
has been neglected all these vears It would he worth tackling

Armstrong  Well, gentlemen, have you fimshed? If so we will adjourn

for luncheon
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OSTEOGENESIS*

FRANKLIN C MdEAN

From the Departiwent of Physiology Druision of Brological Stiences
the Unnersity of Clucage Chucags {ll

dymstreng  Dr McLean are vou ready to open the discusaon of the
topic {)steogenests *

MeLean Yes wr

1 propose to heep my sntroductony remarks brief an order to allow tune
for Marshall Lrst to present hutherto unreported worh w <ome detad
Gume presious work esther not mentioned os treated very brefly m o
mtrotuction will dovbtless require attention w the discusssm which will
fcflow Ds Urist s prosentrtion

TR guestions to be discussed m this session are oid To some degree
thes were mplict n the observitions of Dubamel on the hesling of frac
tures 1 1739437 They became expliat m the evpersments of Mher on
the tramsplintsion of the elements of Tone w 1’5 63*™ Later contn
futt ms have added muh to the subject Toth by maproement of techmgues
for oheerivatien and experinwent and bs dearcy statements of the rssues
vl

The Conceprs lnvobved n Osteogeness

Barst 9 Tew words as to the isves Bt i clear that bope atways ries as
= result at the wunity o f celis which have differenttated from one vanety
v another  { womectine tissue celis When a cell s the alahty to form
Tome 18 35 ~and 10 have osteo genetie poteacy 1€ this potencs » broug bt wte
phay asteagonctie actinagy is rewopmzable and of this rcovty s ehicsted by
mftuences trom outside the celt st 1~ smd 1o be midieted and the procuss v
that of sadwten The substie—usalh of oot alnavs bypathetieri—
uhich lexds to mduction 15 knewn 1 an aducter  The property of osfeo

Thas gaps 15 brsed on vk arded by grants {rom the Diviswon nf Research Graats
atd Dallwdbigs ke Navomal Testtees of Heath £ S Pde Heabh Servinn

frem the foaah Macy Jr Jivnfazon _zni fr et the Wallace C and (lara A Abhctt
AMemynal fundf of the Lnnerary of Chcaga

" Dubamet £ L Sare b Dbveboppemant ot fa Croe des Qs des Ammowx Mem
ad Aoy drs Sy 55 354 1742y "

ey ¥ Tro! Lep rmental et Chvpne de 15 Prg n ratvwe des 05, Pavis
Mason (1867)
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genctic potency 1s shared by many 1f not all of the connective tissue cells
of vertebrates the conditions which lead to exhibition of this potency have
been the subject of many mvestigations and will recewve the greater part of
our attention today

Tt 15 not dufficult by lustologic observation fo see the cells responsible for
the formation of hone These cells have a charactersstic morphology and
are eastly recogmzed as osteoblasts But 1t 1s not always easy ta determine
the origin of these cells and at what point and under what mfluence they
are transformed nto bone preducing cells

Much of the histologic work on the problem of osteogenests has heen
done by transplanting bone or elements of bone to soft tissues Here 1t
18 not always easy 1if lving tissue ts transplanted to deternune whether
further growth 15 from the transplant or from the tissues of the host or
reciprenit Of course (f dead tissue 1s transplanted and growth of bone
follows 1t must arise from the cells of the host although the end product
of the growth may he determined by the influel ce of the devitalized tissue

Osteogenetic activity may arise in embryonic life and may be transferred
to the lmnear descendants of the cells originally displaying it Or this ac
tivity may be ehated from previously undifferentiated connective tissue
cells by external mfluences—inductors—in response to a particular shm
ulus Thus we have n the case of the cell some of the same problems
with respect to heredity and environment that we have for the orgamsm
as a whole

It has been pomnted out that bone ts a tissue but that bones are
organs ** The term potency mav refer to the ability to form tissues in
which case 1t 15 Justogenetic potency or to the abihty to form organs or
organogenctic potency  We shall hear more of this from Dr Urist

Resolution of the problems of osteogenests ts stll further complicated
by the fact that cells do not alwavs do what they are capable of domg—a
potency may be latent and exhubited only under certam speent conditions

The Demonstration and Study of Osteogenetic Potency

{ie shail not dwell today an either the healing of fractures or the
production of endosteal bone under the wffuence of estrogens Roth of
these subjects have been treated at length 1 former meetings of this Con

18
epmans ] P and Scter H Bone and Bowes Tundan entals of Bore Buo
eIy Mosty Co St Lous (1847)



WEAZAN 53

ference and of its predecessors It 1> desirable however to mention briefly
soma worh that bears directly upon the subsect matter of today s discussion

Hewen® » made tissue cultures from the bones of yery jyoung rats
The outgronth from the cultures was transplanted to the eyes of rats
whereupon there wis formed, i the e1e not only ossious tissue but com
plete ossiles, adapted to the size and <hape of the antenior chamber and
Gled wath bone marraw This 15 A clear cut ihustration of the trmefer w
e caltare of osteogenetse potency from one generation of cefls to their
descendants  Tell 2 nsmg material from chichs demonstrated osteogenests
9 ussue culture without the necessty of transplanting the cells from the
cuiture to g more favorable emvroument Bloom® has demwnstrated the
Alley of the bone marrow from pigrons to form bane w the antenor
chmibar of the eye when the bost was under the mfluence of estrogens
Wit o these exampley hear watness to the allity of certain cells under
certan conditrom to exhhit osteogemctse potency and thes ustrate also
~ome 0f the methods that have been wsed m the demenstranon and study
of this praperty

fofhs WWhat was the ongmal graft m Dr Hemens studien Dr
el e

McLeen  The ymplant was an outgrowth of a tssue cohure of tetal
hone or hone from newhomn rats  These were ordivary tswee cultures
permutted to grow m a hangmg drop  Out from the culture connectne
tissue cells grow mto the medum  The central part of the cufture w1s then
removed and the autgrowth implanted nto the anterior chamber of the eve

Hastings  \lueh 15 the outwde of the eye® W luch 15 the corneal side®

Livem  The corneal side s out

Attempts to Isolate the Inductor Subsiance

Yelem  Another approwch to the problem has been made use of m

Yllemen § W Jr Th Diffcrentistion of Boae ond Cortiane from Tasue Cultures
FOst 3me Lefls Thems (LbD 3 Unnersits of Chea

w75 Jr Lapitedicd w otk se i1 iwons 1 Mo and
Blocm W Texit ok of dut oy &b L8 W B Ssuaders and Lo, Vl\dmdrllm
<

AR N R Ostengense Capaosty M § aro of Pertostenm and Endosteum Isolated

(n:,vgz te fml Seletw sf & wi Fwbnon snd Youns Chdds 7 toat €6 357
11932)

Whloom Watham Urpubl shed work
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recentt years Levander * Annersten  Bertelven * Lacrorx *7 and others
have shewn that alcoholic extracts of bone when mjected mto the muscles
of rablnts may give rise to ectopic bone formation Al of these authors
have postulated 1n one form or another = spectfic inductor substance for
witch Lacroin has proposed the name osteogemn It will be seen from
Dr Urist s presentation tlat there 1s much more support from histologi
studies for the concept of induction of hone formation 1n that 1t appears
that under certain circumstances new hone actually arises from the cells of
the host rather thin from transplants of living cells which retain and ex
hibit their osteogenetic potency  Linfortunately Hemen® has found that
myjection of alcohol alone m many mstances 15 sufficient to mduce bone
formation m the muscles of rabits and has reviewed the varous cireum
stances under which rabints form ectopic bone Hemen s work thus rames
a question 1s to whether the results of the other authors arted constitute
proof of the 1solation of a 5] ecfic inductor substince and final clarification
of this subject will require further mvestigation

In mtroducing Dr Marshall Unst who will report on work done m the
laboratortes of Dr Bloom and myself 1 may say that this work began as
an attempt to demonstrate the presence or absence of osteogenetic potency
or osteogenetic activity m the cells of various tissues In the course of the
work 1t became necessary to consider the role of mduction 1n ectopic bone
formation and to attempt not always successfullv to distinguish hetween
iherent osteogenetic potency and bone formation by mduction 1n specific
mstances Dr Urist will present results of s work

Mlevander G A Study of Bone Regeneraton Sirg (3 ec & Obst 67705
(1938)
und de Bix

A S Exp telle U h uber de O
chem e des Fracturcallus Acta Jir scand rar 83 1 {1940)
26Bertelsen, A Experimental Invest gatons anto Posticetal Osteogenesss  fetd
artl op scardiwa 15139 (1943)

3 Lacrox P L Organ saton des Os Ed uons Liege (194%)

Dabbs G H and Mason H A The Expecumentat Production

rﬁH}E‘c‘(‘;;mJ(l:mil;gc and Bone m the Muscles of Rabbts J Bonc and Jomt Surq

31 765 {1949)
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OSTEOGENETIC POTENCY AND OSTEOGENETIC
INDUCTOR SUBSTANCES OF PERIOSTEUM, BONE
MARROW, BONE GRAFTS, FRACTURE CALLUS,
AND HYALINE CARTILAGE TRANSFERRED
TO THE ANTERIOR CHAMBER OF THE EYE®

MARSHALL R URIST#* and FRANKLIN C McLEAN"

Trom the Department of Phystology Disston of Fiological Setences
the Unmersity of Clucago Chicago 1

Unst  There are two reasons for showmg this motion picture (1) a
picture tells hetter than words how one can obtain a pure sample of fibro
cartilaginous callus from a healing fracture (2) the fibrocartilaginous
callus has great osteogenetic actnty and ts the best source of osteogenetic
inductor substances

Description of Motion Picture Film

This motion picture shows how 2 sample of fibrocartilaginous callus,
contatming no bone can be solated under a gross dissection microscope,
under sterife conditions and transplanted to the anterior chamber of the
eye  We shall demonstrate that this tissue has (1) cells which have
osteogenetic potency and (2) contamns substances wlhich tnduce new Lone
formation Ve shall postulate that the fibrocartilaginous callus (which
consists of growing cartilage fibrocartilage and fibrous connective tissue
cells) contams cells with the nucroscopic features of ordinary fibrous con
nective tissue cells but possessing the propertv of osteogenetic potency int
that they can differentiate mto hone when transplanted mto the anterior
chamber of the eye

{\Motion Picture)

2These nvestipations were awded by grants from the Division of Research Grants
and tellonships of the Naticnal [y stitutes of Heaith U S Public Health Service
from the Josiah Macy Jr {oundatwn_and from the Wallace C and Clara A Abbatt
Memor al Fund of the Lnnersity ¢ f Chicago

°C nsultant m Ortl oped ¢ Surgery Student Health Service Lanversity of Califorma

at Los Angeles Attending Speciahi  m Orthoped ¢ Surgerv Wadsworth General

Metical and Surgicil Hospital Veterans Admumstratt n Mcdical Center Sawtelle
s Angeles 24 Califorma

“Professor of Patholigical Physitogy Unmversity of Chicago Dnvision of Biolog
tal Saiences Chicago oy
-
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For the reasons mentioned by Dr McLean we used the rat i ths
experiment and avorded the rabbit a species 1n which bone formation can
be provoked by the myury of a surgical operation In the rat however, 1t
1s not produced simply by mjuning the muscle tissue or by performuing a
surgical operation on the ammals eye The operation can be done on the
rat without sterile techmque Lut asepsts 15 advisable because when it 1s
used good implantation and successful results are more conststent

The tibwa was fractured eleven days before this operation was done and
the picture shows that we are amputating a leg that contams an eleven day
healing fracture of the midshaft of the tilia The stump was closed with 2
purse string suture  The magmificition of the prctuces gets higher all the
time and with the mncrease of magnification the surgers appears to be
more jerky

At eleven days of healing the fibrocartilaginous callus 1s a separate mass
of tissue and has no contact with the growing Lony parts of the callus
The tissue was 1nserted with the use of a stylet mto the angle of the
anterior chamber between the cornea and the 1r1s

Follis The same rat?

Urist The same rat  All these are autogenous transplants

Histologieal secttons were made of one halt of the specimen that was
put 1n the eye and the callus from which the speaimen was cut 1n order to
ascertain the origmal composition of the graft

Armstrong  What would happen 1f you put these transplants m the
peritoneal cavity?

Unist The same thing  We did put them 1n muscle

Albright  WWould that allow a greater expansion of the mass? Does the
mechamcal himtation of space have any mfluence on the shape?

Unst Yes I think it determines the shape of the transplant Lut I think
the size 1» deternuned Dy the donor tissue itself There 1s a shight increase
i the size of the mass that 1s put m the eye but not very much

New bone can be cultured 1 1fro grown from transplants and has been
deserbed wnder pathologicel condirons m almast every organ of the body
The nature of the principle which mutiates and sustams the process of new
bone formation 1s one of the most impartant problems of osteogenesis

Conclusions Re Osteogenetic Potency of Tissues

We have made observations upon the osteogenetic activity of 250 trans
fers of different musculo sheletal tissue to the anterior chamber of the eye
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The cellulr changes and the end product of the transplants suggests 2 few
conclusions and a great many questions

Osteogenetic potency, the capacity to produce new hone, 1s possessed by
certamn tissues of the body, such as bone marrow periosteum and cancel
lous Lone, all of which contain cells which differentiate into bone promptlv
when transplanted

The periostenm and endostenm tissues are histogenetic, or productive of
bone tissue  Persosteum, 1 particular 1s a specialized structure not simply
a limiting membrane It contains cells i the cambium layer when cbserved
m a young growing ammal, which have osteogenetic potency or cells which
have already differentiated mto osteoblasts

Bone marrow, on the other hand, 1s not only hustogenetic and productive
of bone tissue, but organogenetic  The reticular cells of the bone marrow
that 15 the connectrve tissue stroma of the bone marrow are capable of
differentiating 1nto a complete ossicle with a permanent cortex and a hema-
topotetic marrow  Periostenm will produce bone tissue, but not 2 complete
ossicle, whereas other tissues hike bone marrow and the outgrowth of
cancellous boue tissue, will produce a whole bone Cartilage and compact
bone also produce new bone and a complete ossicle  Compact bone grafts
Drepared by thoroughly scraping off all the marrow and periosteum have
been studied m detarl by D P H DeBrayn*? of the Unnvrsity of Chicago
Department of Anatomy

Conel Re Inductor Sub of Tissues

Cartilage and compact bone appear to mitate bone formation by means
of a special mechanism  Growing cartilage or bone matrix contains oste
ogenetic inductor substances which confer osteogenetic potency upon m
growimg jernasculir connective tissue of the host The process can be
vLe\v.cd when the tissute 1s either 1nyured or transplanted and destined to be
absorbed

The term “inductor substance’ 1s nsed 1 the embryologicnl sense as
Proposed recentlv by Levander'® of Sweden and Lacroix* of Belgmm
Tlie term “wnduction |, as these imestigators define 1t, also called “ orgamzer
Phenomena ’, postulates that the earhest differentiation and later develop-

;;De[!mvn P P H Bone Formation by Fresh and Frozen Transphnts of Bone
e Marcow and Periosteum, Avat hee 99 188 (1947)

“Levander, G Tussue Induction Aature 155 148 (1945)
“Lactiix P L Orgamzation des Os Masson et Cie, Pans (1949)
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ment of tissues depend upon the interaction of chemicl mfuences of one
t1ssue upon a nearhy tissue

One of the earhest appearances of this rdea 1 the modern Iiterature 13
found in the work of Barth tn 1893 who described 1t with the old fash-
1oned expression of death and resurrection  Barth wrote that the trans
plant always dies and that the host connective tissues grow mto the donor
tissue and the new bhone anses from something 1 the substance of the old
Done

These of course were relatively gross observatons and are difficult to
wnterpret because the experiments were done on transplants of bone to
hane The tustologrcal evidence of Barths thesis can he seen better when
hone and other sheletnl tissues are trinsy lnted to voft parts which have no
possible contact with bone tissue

Evidence for Osteogenetic Potency and Inductor Substances

I would kike to review and tllustr ite the evidence which we have found
for the thesis that tissues from or near a growmng bone contain cells which
possess both osteogenettc potency ~nd which produce 1 addition osteo
genetie mductor substances It would be mnteresting to postulate further
that inductor substances and the conditions for osteogenests may be created
during the bsorption of almost any tissue 1 the tody mcluding soft tis
sues and that thes may occur following a mechimerl myury or disease m
the same wav a» after transplantation

By the same techmque which was illustrated in the motion | icture we
harve made autogenous transplants of all the different hands of non osseous
motor sheletal tissues  All of these tissues were recovered for histological
study within one month—four to five weehs—following msertion 1n the
anterior chamber of theeve (See TableI)

Normal muscle produced no bone within thirty days Injured muscle
transplanted forty erght hours after the muscle was contused crushed with
a hemostat produced no bane witfun thiry days Muscle plus fascia was
also negatne Fasaa jomnt capsule tendo Achillis ear cartilage and the
spectal types of cartilage of the senulunar carttlage of the knee jont were
also transplanted The rat possesses two centers of osstfication m each one
of the semlunar cartilages of the knee jomt Ve learned this only after

old bone was discovered in the transplants It 1s not present i the young
rat and develops only after the anrmal 15 mature and his the permanent
sheleton There 15 one center 1n the anterior portion and one in the pos
terior portion of the it cartilage  Ossifi of the
cartilage also occurs under pathological conditions m the human
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Although every one of these transplants was negative there 15 reason to
behieve that af we had followed these transplants for three or four or seren
months that they too msdy have iduced new bone farmaton  The stodies
af Greene® of Yale and Dyer and heflev*® of the L S Publec Health
Service at Bethesda Marvland i winch different kinds of embryonic and
cancer cells wese tmnsplanted 1o the eve have dhown that of 3 tesue 1
allowed to remamn wn the eye long enough 1t will produce bone formation

Periosteum  hone matrow bose tissue epiphiseal cartilage  articslar
cartifage fibrocastdaginons callus and desitalized fibrocartilagmons callus
produce new bove commstenth  The process 1 shown w the photomicro
graghs (Digg 5 thraugh 253) and tables  Fables I through V111)

TABLE I

Autogenous 'ransfers of Muscellweous Non Ogeeotts
Motor Sheletal Tissues

Number

Nuruber of Showmg

T rasplants Ner B one
Normt Musele 10 [}
Injured \uscle 48 Hours 2 [}
“luscle and Tasoa 2 o
Tasen 2 3
Tandon tctuiles + e
Jouw Capsule 2 0
Cartslage of the Externat Lar 0 0

Semrlunte Cartie honee Jomt 10 2(y
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TABLE II

Periosteun

Number
Number of Shewing
Transplants ~ New Bone

Adult Rat 8 0
Immature Rat 8 4
24 Hours After a Fracture 5 1
48 Hours After a Fracture 8 2
72 Hours After a Fracture 8 4
96 Hours After a Fracture 2 2
TABLE III
Fracture Hematoma
Number
Number of Showing

Transplants ~ New Bone

24 Hours 2 0
48 Hours 1 0
72 Hours 1 Y
96 Houss 2 0
240 Hours ! 0 _l

TABLE IV

Autogenous Transfers of Bone and Bone Marrow

Number Number

Tissue Number af  of Daysin Showing

Transplants the Eye New Bone
Bone Marrow S 28 2
Cancellous Bone 2 11 1
Cauncellous Bone 2 25 1
Cancellous Bone 4 34 4
Cortical Bone 10 28-32 2
2 28 1

Cortical Fracture Ends
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TABLE V

Autogenous Transfers of Tibrocartilagimous Callus from
10 to 12 Day Healing Fractures

Number of Number Nuwnber
Suecessful of Days m Showing
Transfers the Lyve New Bone

1 6 0

3 7 o

3 8 0

2 9 0

5 10 3

S 11 4

1 13 1

3 17 2

1 18 1

1 23 1

1 27 1

1 30 1

7 35 7

2 36 2

TABLE VI

Autogenous Transfers of Devitalized Fabrocartilaginous Callus

Number of Number Number
Treatment um e[" o of Daysn Showing
Transplants the Tye New Bone
Trozen 3 35 1
Rotled 2 33 2

a
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TABLE VIl

Autogenous and Homogenous Transfers of Epiphyseal Cartilage

Number of
Transfers

Number
of Days
n Eye

Number
Showing
New Bone

Autogenous Transfers

[ N T LY

1

I R e )

Homogenous Transfers

27

TABLE VIII

Autogenous 1ransfers of Articular Cartilage

Number of
Transplants

Days n
the Eve

Number
Showing
New Bone

e

11
13
14
21
31
34
35
36

L N I T = =3

L
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ik LA e, ™
Tt 5 Photumcrograph Showing New Compact Bone I ormation Fie
Weels after \utogenous 1ransfer of Peristeum from the 1ina of Four
Weeks Old Rat

(X 10} The absence of the [aversian systems may indicate that mechamcal fune

Un f the bone i sue 18 necussary before the tissue can develop the chiracteristie
structure of cortical bone
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F:g 6 Photomcrograph Show
ng 2 Fragment of tle Caps ile of
the Knee Jort m the Angle of
the Anterior Chamber of the Eye

{X65) The fragment s bet veen
t e rs ( hornbelov) and the cornea
{sho vt abo e) Tlere 1s no ¢_dence
of new bone formation aiter 35 days
n the eye
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Fig 7 Photo
ng 1 Fragme t of Muscle Trans
ferred to the Anter or Chamber
of tle Eye

crograph Sho v

(X 5) There s n evdene of
new Lene formaton af er a fragne t
of muscle £ om the belly of the ga
toc emu fas been the ante or
chamber for 3> days Noe tle »
flammato y prolfea e conect e
tssue react o of the host het e
capsu es tle mu cle tssue a d conans
masses of old fib n or hemos der n
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Showing a | ragment of the \chilles Tendon

Cransferred to the \ntertor Chamber of the Fie

Fig 8 Photomicrograph

(X 65} After 35 davs the tiscue 15 enve!
1 old tbrin and 1em < denn but there 15 no1ew buae § rmat ors

ped 1 Era ulat m tsswe contain g Tkes
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Boue Vlarrow 1n the Anteror Chamber of the Eye

(X 135) After 35 days a camyplete new spherwal shaped ossicle bas formed It
contams active hematoporetic red bone marrow and @ wall of compact bone
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Fig 10 Photomicrograjh Showmg a Iragment of Spongy Bone from
the Upper 1 nd of the Tibsa m the Anterior Chamber of the Tne

R . ‘ . -
- - . '

aucler or empty lacunae
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Fig 11 Photomcrograph Showing a Full Thichness Fragment of Cor-
tical Bone from the Shaft of the Tibia in the Anterior Chamber of the Eye
(X 250) After 22 days there are empty lacunae m the old bone whick stans poorly

n the upper part of the sectisn The new bone which s metachromatic staimng bone
and fibrous m structure, 15 sharply demarcated n the lower portion of the picture
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Fig 12 Roentgenogram Showng a Fracture of the \Mudshaft of the
Tibta

[ . . v ~

Frg 13 Thotenncroyrph Showang the Pntre Antenor Portuen ot the
Callus of the Fracture Shown i Figure 12

{X10) The hst 1y c composton of the excied area s hown i F gure 34
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Fig 14 Histologic Section of One Half of the Tissue Excised from the
Fracture Callis Shown in Figures 12 and 13

This 15 a typical sample of fibrocart lag nous callus and conta s actively growing.
sp ndle shaped fibrous connectrve t ssue cells fibrocart lage and hyal 1e cartilage
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Iig 15 Photommerograph Showing a Fragment of ibrocartlagnous
Callus T neapsulated 1n Granulation Trssue 1o the Anterror Chamber of the
Ise

©X 133)  After 7 days in the eye there 15 a sharp line of demarcation betncen the
n ses af tle dw v and those of the host. The surface of the transplant shows meta

ol rumatic stawny, but there 14 as yet no ngrowth of W vessel, or ahw £ption of the
transplant
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Fig 16 Photonucrograph from Another Transplant of I'ibrocartilagin-
ous Callus under High Power Maggufication Showing the Carhest Imasion
of the Donor Tissue after 11 Davs 1n the Anterror Chamber of the Lve

(X 270) The beginming new bone formation occurred with the first mgronth of
new blood vessels and m association with the absorption of the donor cells
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ke Ty
Fig 17 Photonucrograph of a Transplant of Fibrocartdaginous Callus
17 Days after Transfer to the Anteror Chamber of the Eve

(X 120) At thiy time there is further ab vrption of cartilage and new bone forma
ticn on the surface of the donor tissue

is

23 Dus after Transfer to the \nterior Chamber of the Tre

LN 165)  Nearlv ali of the cartilage ha: b d, and rep: o
s of aha spony o ge has been absarbed, and replaced by a spherscal
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Fig 19 Photomicrograph of the End Product of a Transplant of Fibro
cartilaginous Callus 28 Days after Transfer to the Antertor Chamber of
the Eve

(X 120) The spongy bone shown m Figure 18 appears to have been reconstructed
wmto 2 shell of compact bone The new ossicle 15 flled with prumtne bone marrow
cells and hematoporetic hissue

Fig 20 Roentgenogram of an Eye 35 Days after Transfer of 11-Day-

Old Fibrocartilaginous Callus

Jote the new ossicle formed m the a

nale of the anterior chamber The eye was
adwlogically positrve for calcsfication only whea 1t contamed

new bone formation
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Fig 21 Photomicrograph Showing a Iragment of Fibrocartitagmous
Cillus which Had Been Dewtalized by Boiling before Transfer to the
Anterior Chamber of the Pye

X 135)  The fragment was dovitalized by boshing ag 100" € f ¢ 3 minutes before
transfer  After 30 davs m the eve there 15 ingrowth of blood vessels and primtne
Lonnective issue absorption of €artitage, and new bone formation just begmmng within
the surface of the donur tissue similar to the process i tresh viable transplants shown
W Fagure 17
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Fig 22 Photormerograph Showing a Fragment of Fibrocartilaginous
Callus which Had Been Devitahzed by Freezing before Trausfer to the
Antertor Chamber of the Eye

(X 135) The fragment was devitaized by freezing in liqund carbon dioxide before
transfer After 36 days mn the eye a scant deposit of new bone 1s formed on the
surface of the transplant
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Iig 23 Ilotomcrigryh Showing 1 Ira,ment of Tresh Fprphsseal
Castihge from the Ml of 2 4 Weehs Old Rat after 18 Duvs i the
Antersor Chambier of the I e

{X 165} Vi,orous new bose formation was produced simular to that obtamed from
Bhrocartilagmons callus as st wn m Figure 1%
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Frg 25 Photomucrograph Showing the Product of a Transfer of Artica
far Cartdage from the Upper End of the Tiba to the Anterior Chamber
of the Fye of 2 Young Rat

(X125) A new ossicle complete with an arteular surface and actsve hematoposetic
aracrow has formed withm 35 days m the eye



3
7 THIBD CQMFERENCE ON METABOLIC INTEREELATIONS

AV

O
;
i
Rk
1

Frg 24 Fhatomcrograph Showing the Product of 2 Smular Transplant
of Epiphnseal Carblage after 36 Davs m the Anterior Chunber of the Eye

(X 1223 The germunal cells of the cartilage perstst on one side of e tew ossicle
which developed m a manner smalar to that shown i Figures 9 and 19
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Fig 25 Photormcrograph Showing the Product of a Transfer of Artsen
lar Cartilage from the Upper End of the Tibm to the Antertor Chamber
of the Eye of a Young Rat

(X 125) A new ossicle complete with an articular surface and active hematopotetic
marrow has formed wathin 35 days 1 the eye
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Confetence Discussion

Sobel  Has the perchondrsum been stripped off ?

Unst Ves, this 152 thin shice obtamed from the muddie of the eps
cartdages  There 15 no calofication or bone m these spectmens
close to the row mother celis and found some of them in the graft ¥
enous transfers were just as achie as autogenous transplants

The assumption m studies on transplatation—and there seemst
general agreement—sis that w order for a celt to grow and prolsfe
must have autonom) An homogenous tisue will surinve transplas
and 1t mav hve for a while but 1t does not profifesate On the othe:
A heterogenous transplant will not sunve any time but simply wnd
BeCrosss

Cancer cells were ohsenad In Greene to prohiferate, and this is
the differences berween the normat cefls and the cancer cefls -

Toilis Do those g celbs hme gheogen i them?
I st 1do not knon Ve did not de glyoogen stams
Hastings  What do you mean I saving there 15 a jomt surface?

Ursst The prcture shows a bone with an artrcular cartilage The
mious cells on the top are the kand of cells that you have on the jorat st

Hastings  Are they new cells?

U st 1 would not venture o say whether they are new cell or w
they are the sime ones we put m 1t 15 my opmon that these cells «
top are the ones we put i the eve and that the deeper cells conce
might have developed since

What would 1ou say about that Dr Bloom?

Bloom 1 would not hnow

Hastings 1 was just wondersng what you meant by “jamt -

Bloow What ase those peculiar things to the left?

tmst That 1s cortical hone fissite but 1t contawns vemnants of
artiewlar cartilage cells

Some of these celts apper to be undergowg transiormaton o
sorption

Follis What 1> that erodsng the lens?

Usst What would you say thats, Dr Bloom?
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Bloow 1 do not know

Urst Tt1sakind of debris Call 1t gurry  That s the best deseription
I can offer at the moment

Hastigs  \What does that mean?
Urist It may be part of a degenerated lens
Pfeiffer  You sectioned all of these?

Lrist Yes 1t may be coagulated vitreous humor Perhips degenerated
lens In a good transplant the lens 1s mtact Y ou may have observed in the
movie that the lens was over one side and the transplant to the other

Pfeiffer The lens usually remamns unaltered 1 a good ntraocular graft
You hase to damage the lens m making your transplant tf the lens 1s to be
harmed 1 any way If you do not damage 1t 11 making your transplant or
get marhed necrosts the lens remams just the same as it always was

W hat species did Dr Greene make h's transplnts in? I wonder 1f the
experiments he was referring to were done n rats?

Urist Dr Greenes experiments have been done on rats gumnea pigs
ralbits and mice

Pfesffer 1 dont remember about rats specificallv
Tollis Is 1t the substance you put in or just the chrome mflammation?

Unst The tissue appears to supply the mductor although we !eheve
that the tissue of the eye itself mav produce the mductor followmg an
tnjury such as an njection of formalmn

Pfaiffer Dont you usually get necrows before bone 15 formed under
these aircumstances®

Urist Yes strange as ot may seem complete necrosis of a large area of
tissue 15 not as good for mking hone as are those tissues which show less
damage

Pfeiffer  Ti you get complete necrosis that 15 a different matter but
partial necrosts 1s apparently tied up with 1t 1sntit?

Unst Yes necrosis 1n an mjured tissue may yroduce hane  Osteogen
es's seems to be a reaction of the bady to ether snjury or transplantation
of the tissue

“Greene H S N The Use of the Mouse Eye m Transplantation Exy t:
lclaau(rl;:é.;mr:h 7 491 (1947} Identification of Mahgnant Tissues ‘}Aﬂ‘;e;m;g'ls
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After {reezing m hquid carbon droxide fibrocartifaginous callus tmade
bone After 1t was boiled, 1t made bone  But 1f it was dried at room tem-
perature m a sterile dessicator jar st did not mahe bone

Robumson Haow soon does st dry at room temperature ?

Unst  Forty eght hours  The tissue w25 just a bronn crumb when 1t
was wmplanted in the eve

Robumson  How long did sou bost 3t?
st Three munutes
Robison Did you dry ot 1 a vacuum at low temperature?

Unist No The 1dea at the ime was to devetaiize the tissue by different
physical methods 1f we had hnown what was gomng to happen we prob
ably would have frozen st first and exaporited off the 1e i the Altman
Gersh apparatus 1 order to better preserie the enzyme content of the
tissue

Follis % ou have the factor of antolysis there wiach y ou would not have
with the other two s that nght?

Urst Yes and drymg at room temperature 15 also very destructne to
enzimes

Hastings  Did yotz ever freeze anything except this cartilage?
Urisf Yes we tested frozen eprphyseal cartilage

Hastings  How about muscie?

Lyist We did not test muscle or ans other soft tissue

Shorr Dr Usst how prolonged was the botlng?

L rnf  Three sunutes n 09 per cent saline solution

Jolmsos  Didnt sou cay that tf vau get bone formation nnder thirty
day> vou consider that to be reat true spenfic osteogenesis

Lrst Yes if we found a farmless mass of bore tissue no marrow 1o
orgamszation of the structure to ¢ coraplete ossicle we assumed the donor
tissue contamed osteoblasts or cefls with previously acqinred osteogenetic
potency such as those found m the cambum fayer of the periosteum

Johnson Then when you use the formalm what hind of time span does
that take?

Urst We did not fix any af our transplants with formahin

Johnson 'y ou sud even formahin would produce bone 1 the eye
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Urist Yes, it has been shown by Nobukatsu*? that 1f a drop of formal
dehyde 1s myected into the eye the eye stself will produce new bone

Johnson How long does that take?

Urist A month or longer, a longer period of time than the 10 davs i
which bone will be produced by young cartilage or bone

Bartter VWhat 15 the shortest time found by Greene and Dyer for the
development of bone mn cancer transplants

Urist 1 do not know the shortest time mterval Greene stated*® that he
always found bone m Ius transplants 1f they were allowed to rematn 1 the
eye long enough Helen Dyer'® suggested that three to seven months was
the usual period of time

Bartter 1t does not occur before three months?

Unst Yes In Greenes letter he says very strongly that he almost
always—1I think he uses the word always —found bone 1n his transplants
1f he allowed them to remamn for three to seven months No the way he
said it was that 1f we allowed them to remain there long enough Helen
Dyer says three to seven tonths

Bartter  These maltreated specimens of yours produced their bone only
after thirty days Is that nght?

Unst Yes

<lrmstrong  Does anyone wish to mahe any comments about this presen
taton or to ask any questions® I am watclung the clock and I know that
we have other data which will bear specifically on bone formation that 1
should like to get before us this afterncon

Howard I should hike to askh Dr Urist one thmg In what pathological
do you get 1 of the 1 cortex with the ostea
genetic center 1 1t? 1 hiave never heard of that W hat 1s 1t?

Urist 1 shall be glad to send you an < ray of 1t

Heward  1have seen 1t but what 1s the pathological condition?

Urnist 1t occurs n rheumatord arthritis quite frequently It has also
been described as an ssolated finding mn the hnee jomt 1 one or both carti
lages n patients who have had an mjury but apparently no other disease **

“TNobukatsu ber die §
Groefes Ar ! Ort)wlmal 5556 5 Coaoy e

:\;ﬁmzl!l;mg S Inpuries of the Amee Jomt The Wilhams & Wilkins Co  Baltimore

m Avge

{‘ﬂ
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It 15 associated with pertodic effusions of the jomt and erosion of the
artreular surfaces

I have a case that I am treating now, a woman with rheumatord arth
ritts who has ossification of both semulunar cartilages of her knee Joint

Howard Is it osstficatton or calesfication?

Unst 1 think 1t 1s ossification  The reports in the Diterature on this
subject state there are areas of new hone formation i the substance of the
crrtilage

Folhs How common 1s 1t?

Unst It 1s not too uncommon m rheumatoud arthntss

Follis: How many cases have you ever seen?

Urist 1 have seen five or six cases

Follis 1 have never seen it lustologically n our surgical matersal

Unst 1 shall be glad to send you an x ray of a ca<e showing it There
are numerous articles on the subject m most of the journals on bone and
Jomt surgery

Robinson  How long was the hone frozen, 1t what temperature, anl
how rapidly ?

Urist  The sample of tissue was put under a blanket of carbon dioxide
snow by the set up used with a freezing nncrotome It was hept under there
for three minutes then allowed to thaw out in normal salme, and later put
n the eye

Sobel May I ask a foolish question? You transplant cartilage VWhere
do the osteord cells come from «fter the transfer?

Urist  That 1s the all important question The postulate ts that growing
carnlage and growing bone contun an tnductor substance which will stim
ulate mgrowing pertvascular connectne tissue to differentiate nto hone
There 15 some question how all this happens It appears that new bone
formation begins when the transplant 15 absorbed and that absorption of
the tissue initiates osteogenests After 1t 1s imtiated 1f may be seif sus
taming Al thus 15 conjecture and requures further study

Hodge T should Iike to ask what the sigmficance 1s of the location of the
new bone It 15 always in the periphery, 1s 1t not®

Urist This 1s another 1mpartant question

\When the specimen of cartilage or bone 1s smplanted in the eye 1t1s first
encapsulated 1n granulation tissue Then blood vessels with an adnexa of
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connectine tissue grow nto 1t and a) sorb the donor cells At this time new
1 one formation begins on the surface of the donor tissue The capsule of
the graft shows two layers an outer layer which 1s stnular to the adven
tittous layer of the penosteum and an inner layer which 1s hughly cellular
It contain> many blood vessels and actively prohferating connectnie tissue
The bone 15 lard down first on the surface of the transplant As the bone
fornntion proceeds the capsule becomes separated from the original donor
cells Bone formation of course also occurs later mside of the ahsorption
spaces of the donor tissue

The reaction goes to an end point which 1s the formation ot an ossicle
This 1s an organized process anl ts confined m a hnuted area by an en
velope of connective tisstie formed by the host

Sobel  Does mineralization of the cartilage precede the formation of
these osteotd cells or does 1t take place s multanec usly ?

Unst 1 do not know We tried to do some von Kossa stams on un
calafied matenal and the grafts would fall out of the bloch Ve have 1
few von hossa stans but they are not very good 1 think we had just
Letter leave that question to be answered hy chservations on good sections

I assume trom looking at hemtonyln eosin and azure stams that the
process 1s Just like the endochondral calcification as 1t occurs everywhere
in the sheleton

Shorr  One thing you can say 15 that your mdctor 15 heat stabile

Unst Yes the results suggest that Toiled bone if 1t 1s not boiled too
long will mnduce new bone formation Frozen bone and alcohol treated
bone have been observed following transplantation mto muscles of the
ral bit by Nageotte and others

There 15 however a disturbing situttion n this and many other such
experiments m the literature n that the observations were limited to the
rabb t m which 1t 15 easy to provoke bone formation stmply by an mjury

Pfeiffer At this pomnt when we are talling about how easy 1t 15 to get
hone formation 1n the rabbit 1t mught be of interest to say that I had a
student who repeated Annerstens*® and Bertelsen s> experiments using
the rat without getting Lone formation from either bone extract that 1s
aleohol extracts of hone or alcohol alone That has never been published

5 Uber die O be der Chirurg 13 76 (1941)

A
ortlop scandna 15 139 (1943)

mto Posticetal Osteogenesss Acta
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because the number of animals was not very great I was a little afraid to
publish 1t without doing something more with 1t, but 1 am satisfied 1n my
own mind that the rat 15 rather resistant to bone formation from these
procedures, which makes this transplantation that you are domg m the ere
all the more significant, 1t seems to me

Urnist Dr Pleffer T would like to add that I do not find any evidence
that the ese 1s any more receptive to bone formation than muscle tissue
There may be tissues that may be more resistant to bone formation than the
eye or muscle Dr Pfetfler™ has suggested the concept of host resistance
to grafting m fus recent paper on marrow transplants

McLean Dr Pfeffer did you al>o do tlus on mce >

Pfeiffer  Only on the testes of mice because I was limited by size of
the ammnl T could not smject too much extract mto the muscle of a rat
without getting some of 1t to come 1n contact with the bone I was hinuted
by size so I did not use much

AMcLean  But you did mject the testes of the mouse

Pfeiffer Yes

VcLean And you got no bone?

Pfesffer No boue, that 1s n the early stages

I have over a hundred cases of mice m which I let them go for periods
of seven and eight months I get something there which may be essification
or calafication, I am not sure which I have not studied the matertal 1
dont hnow I am not surprised that I get 1t It 1s the same thing that
Harry Greene gets with these transplants in the eye that “stick around * for
seven or eight months without growing, that 15, autonomously You get
bone formation, which 15 not surprismg, and probably you would get bone
formation here 1n these transplants 1f you let them go long enough, which
as Dr Unist pomts out 15 unimportant, because that 1s something secondary
to the problem we are studyimg

Asling  The bram 1s highly receptive to transplants Of course, there,
after an appropnate lapse of tune, one can be certain that what one started
out with as a bit of jelly from the embryo forms a pair of bones shmulating
a radius and ulna and even a jomt space can be identified

We are trving to standardize this so that we can perform grafts
hypophy sectomized animals for the study of the hormones which control
the marphogenes:s of the hmb bud
stPfafier C A Development of Bene from Transplanted Marrow 1 Mice, Anat
Ree 102 225 (1948)
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Urist That ss transplanting a whole hmb bud

Asling  That 15 taking a hmb bud from an 11 day old fetus and putting
1t into a 21 day old (post natal) host

Urist There you are transplanting a lmb bud both a tissue which has
cells with osteogenetic potency and primtne cartilage which supphes the
mductor These tissues have the capacity to go to the end pomnt of the
osteogenetic reaction

Sobel Do you hnow whether anyone has tried to stamn for enzymes and
other compounds that have been constdered 1 bone formation such as
phosphatase phosphorylase and possible glycogen and chondroitin sulfate
to see whether all these are present tn this type of calaification just as they
appear to be present 1 normal caleification?

Unist 1 do not know of any studies that hae been done 1n this direction
This 15 certamly a fertile field for | y I think that hustoct
wcal studies on this kund of material would be quite mteresting and 1m
portant

Lesander® reported that the inductor 15 most concentrated mn the non
sapomfiable fraction of hus alcoholic extracts and 1s a fat soluble substance
Is that right Dr McLean?

UcLean 1 did not get the question

Unist Did Levander and Lacroix have the idea that this 1s a fat soluble
substance?

McLean That 1s nght
Urist May we assume that they have used water soluble extracts?

MeLean Yes they used water soluble extracts with negative results
Bertelsen did those too ® My impression 1s also that when they extracted
with alcohol and then got nd of the alcohol before injection therr results
were agam negative

Copp Has thus work ever been done on raclutic animals?

driistrong Y ou mean the transplants mto the eye?

Copp Yes

I was wondering whether you could get development of osteoid matrix

STW Uenstadt 1 Levander G and Hult L Stud es on Osteogenesss dcta ordl op
scand nar 19 119 (1950}
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Urist Yes Hemnen did that

MecLean Hemen implanted some tissue cufture cells into the eyes of
rachitic animals and got an osteod tissue

Copp  Was there any calarfication in 1t?

McLean No He got osteord tissue

Copp  Very good

Follis Doesnt the fact that bone will develop m mjured muscle make
you feel that possibly this 1s all just arntation that 1s myositis ossificans
as a result of trauma without any adventitions matenial being produced ?

Urist  Is myosttis ossificans a degenerative disease of muscle?

Follis Let s not tafk about that because I do not know what that 1s but
lets talh about areas that one knows have lLeen traumatized 1n which
muscle must have been mjured where one gets triee bone and where there
has been nothing mtroduced from without

Hastings It does not take longer than 30 days?

Follis I think st probably does

Honard Not necessarily Dr Folls I do not think Certainly one gets
calcification there that gmckly

Johnson One can get calification within 10 or 12 days but the first
calaification 1s not calerfication of bone 1t 15 calarfication of the damaged
muscle The first bone forms m approximately 30 days

Unst Yes thatis true When alcohol 1s injected 1nto a rabbit s muscle
some Jind of an amorphous calcification oceurs m surrounding hissue along
with actual bone formation I dont know whether 1t precedes bone for
mation but 1t 15 certamly an assocrated phenomenon -

Folhs Dont you have matenal Dr Johmson from irritation of rifle
straps and that sort of thing?

Johnson Ve have somewhere mn the order of 150 cases of human
matersal that range from a few hours after mjury up to 30 years after
wyury and 1t 15 from this matersal that I made the statement The calerfi

cation appears About five days on section and about ten days on x ray, 15
actually Jaid down as cross striations of the dr  J muscle so that cal

cum comes out as stuatons  That all c]ea[ oliferatt
1t with bone the earhest bone formation outas
Hastings That should not surprise am Wl

heart 1 fibe ventricle that were
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pletely anoxic It just calaified the fiber and the cross striations looked as
1f they were a marble lattice T think that 1s because when the orgamc phos
phate breaks down the morgame phosphate comes out meets the caleum
of the extracellular flnd and calcrum phosphate precipitates

Johnson In the human heart 1t 15 mteresting that this seems to occur
only 1n uremia where one does not have calaum as a factor since blood
caletum 15 depressed but where blood phosphate 15 considerably elevated

-
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A FURTHER CONSIDERATION OF THE EFFECTS
OF BERYLLIUM SALTS ON in Vitro
CALCIFICATION OF CARTILAGE®

ALEXANDER B GUTMAN* and T F YU

From the Columbra Research Servce Goldwater Memonal Hospital and
the Department of Medicme Columbia University College of
Physicians and Surgeons New York City

Armsirong We are gomng along now to Dr Gutmans presentation
which bears on some of the detarls of bone formation He will be making
of course a continuation report of work carried out stnce the last meeting
of tius Conference

Gutman  In previous Conferences of this group™ * o7 I reviewed th“e
evidence mmplicating the complex serses of enzymatic reactions character
1zing phosphorylative glycogenolysis 1s part of the preparatory phase of
 vitro calcification of cartilage when phosphorus 1s provided as morgantc
phosphate  The glycogenolytic cycle could be traced to the pomt of phos
phopyruvate formation since hke glycolysis m Iner muscle and other
tissues 1z zutro calofication of carpilage 1s blocked by the enolase mhibitor
10 * M flouride

The further fate of the ph us of pyruvate the
Dby which 1t presumably 1s made avarable for formation of the bone salt
has not been elucidated It was pointed out® that this mght occur by the

dephosphorylation of phosphopyvruvate bly resulting in a
Jocalized concentration of phosphate 1on and precipitation of bone salt
much 1n the manner suggested by Robison* Another possibhty more

1 hosnt h

53These studies were supported 1 part by a gift from the Joha A Hartford Foun
dation,
$4Present address The Mount Sinar Hospital New York 29 N 3

35Gutman A B Relation of Phosphorylase and hatase_to C: m
Cattinge Traus Vacy Conference on Metaboie dspects of Contulescence 18 20
(1946

B and Yu T F Further Studies of the Relation Between Glyco

#Gutman A Macy Conference on Metabolic nter

genolysis and Calcification m Cartilage Trans
relations 1 11 (1949)

> Guman A B and Yu T F_ A Conce
Calotfication Trans Macy Conference on

s$Robwson, R The Possible of
Buochem J 17 286 (1923}

t of the Role of Enzymes 1n Endochondral
%ltmbohc Interrelations 2 167 (1950)

horic Esters m O
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favorably considercd ¥ was transphosphoryiation re, dicect transfer of
the phosphorus of high encryy phosphopyruvate to some umdentifierd ac
ceptor withotit passing through the stage of phosphate 1on  The phosphate
acetptor 1 question mught be the ulumite (as yet uvknown) substance
the cartilage matrr undergong calofication or more likely (by analogy
with events 1 other tissues) an mtermediary phosphonc ester or esters
Possible d constdererl were polyphosphate md cre
atiee phosphate 37

The rale of allaline phosphatase mn the proces<es of endochondral caler
ficataon also 1s obscure Jt would scem evident that thus enzsme does oot
effect sig dephosphoryiation of the phosph esters of the ghico-
genalytic escle prior to phosphopvrnate formatton  The possibility was
considered that alkatine phosphatase might act upon phospliopy ruvate either
as a dephosphoryfase or m view of the phosphotransferase  activity of
some phiosphatases 2 90 ¢ 2 a5 a transphosphorise  In muscle this trans
fer 15 catilvzerd v adcnostne diphospliate or ademybic acid transphespho
rylases but the presence of these enzimes m cxlaifying cartihge has vot
been demonstrated

Effect of Speaific Inhibutors of Atkaline Phosphatase

A new and promising pomt of attack upon tius prablem of the role of
alkaln e thowphatase i endochondral calafication would be to study the
effects of 7 potent relitnels spectfic whubitrr of athahne | hosphatise on
1 zitro calediats m of cartilage Such an muhitor wae not avardable how
ever until 1949 when Rlemperer of of ** and Grer ¢f af % published thewr
studies vn the marhed and apparenth fughly wdective nfubruon of
testmal bone and other tissue alhalme phosphatases By Leryihum salts
Auim, vjon a suggestion by Dr Juseph € Aub at our Conlerences last
sear Dr Yu and I undertonk this new approach to the problem The
nuital results of our work have appeared elsewheres but T shoudd hie to

“Axchod B A New AMode of Pnzymatic Phosphate Trancfer J Bl Chen
172 1 (1948)

Axelrod B\ Study of (lie Mechamsm of Phu‘phofr nsferase  Astinsty by Use
of Badioactive hosph us J Biol £ 1 176 205 ¢ 1345)

Meyerhof O ard Grven H l’ran‘nhus[\lmryhhnn by Atkatme Pha phatase m
the Abvence of Aucicatides Setence $39 505 1195 e Hhar
Meyerhnf O and Lreen H Sunthetic Amun uf Phosphatase J1 Traasphospba-
i o by Atalos Fhetitae m the Abire of Nleoides 1 Biol Chem

S hlemperer F W Ailler 7 M ang Hilt C J Thc Intibition of Afkaline Phos
phatase by Bervllngm 2 Bu i Chem 18D 281

“Griee B § Hud M B and Howland M B Otmna\ tms o the Effects of
Beryilum on Alhaline Phosphatase / Bml Chem 180 280 ¢

*Au T T and Gutman A B of Berylinm on ln hlro Cakfication of
Cartdage Proc Soc Lxper Biol nml ’Uid 75 481 (1950} ”
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cartilage The technique employed was the same as previously described
except that additional measures were mstituted to mmumize Joss of COz
and thus changes i pH during mncubation a layer of mineral o1l was added
to the meubating flud and 10 mi volumetric flashs (long necked) were
emplojed for mcubation

In expertments with 8 glycerophosphate as the sole source of phos
phorus 1 amounts equivalent to 10 mg %6 P, calafication was completely
intulnted by berylun 1n concentrations of 10X 1057 10X 10-* M and
10X 10~ M Defimte calafication, though somewhat less than observed
wn control solutions devord of berylhum was obtamed m the presence of
10X 104 M Be (igure 28) Good calafication, with no mhibstion what
ever was observed in the presence of 10X 10-? Be The cnitical concen
tration of beryllum necessary to block caleification in these experiments
was thus found to hie between 10 X 10-5 M Be and 10 X 10 M Be There
1 therefore a striking correspondence between the tmmmal concentration
of berylhum salts required to block ui 2rtre calefication of cartilage when
phosphorus 13 supphed solely as B glycerophosphate {10mg So P) and the
mmnnmal concentration necessary to effect marked mhibition (64¢%) of
cartilage homogenate alkalne phosphatase Results smular to those with
£ glycerophosphate were obtamned when sodum phenyiphosphate (10 mg
¢ P} or creatne phosphate (20mg %% P) was employed as the sole source
of phosphorus m the incubating solution

When wmorgame phosphate was emplosed as the sole source of phos
phorus (6mg €2) quite different results were obtamed (Figure 28) No
mhibition of 1 zaire caletfication was observed i the presence of 10 X
105 M Be, 10X 10 M Be or 10X 10~ M Be, although 10X 10°* M Be

words, m the presence of enough

7265 of the alkaline phosphatase

lock calcification with 8 glycero
phosphate (1D mg %5 P) entirely, calafication with norganic phosphate
apparently was completely unaffected The mhibition of calafication by
10 X 10-% M Be probably 1s not related to effects on phosphatase since 1n
this ngher concentration berylwm presumally 1s not as selectne m its
acuon on enzymes and, as already mndicated tlzere 15 no sigmificant d:ffer
ence 1 the ik of cartilage b ph vasthin the range
10X 104 M Be and 10 X 102 M Be, 1t 15 nssumed ether that some m-
orgamic phosphate 1 removed as msoluble Lerylium phosphate or that some
essenual enzyme wiich 1s netther afkaline phosphatase nor one of those 1
the glycolytic system (zide sugra) 1s bloched

Of further terest was the finding that sn the presence of both glycero-
phasphate (10mg %5 P) and morgame phosphate (6mg 6 P) the results
obtuned were mdistmginshable from those with 1norganie phosphate alone
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Feg 28 1he Effect of the Source of Phosphorus on the Inhwintion of
Carttlage H Allalwe Phosphatase Aetnvaes by Berylbwm m Van
ous Concentrations

Tep rov  prom left 4o right 1 Control slee weubated w basat salt solution
(BSS) wedort calcwm or phosphorus  note wide zome of vncalafed cartifage
? (omral thier ronbated m BSS plus calowm pis A gheerophosphate (10 wg
5 P) vote guod calctfication 3 4 $ & Shees mcubated 1 BE S plus caleum plus
B gheeroposphate {10 mg % Py fa beryHwm 105 10+ §0-% and 10-6 3 raspec
tnely  note complete mbdutym of caloficeton mvoshces 3 4 and § but defnite
calesfication wath only pactal mb lntion w shee &

Botfom 1oy from leg? to nght 1 Corared st ce sneubated m BSS mmshons caforum
or phosphtrus “note wde zone of uncalufied cartilage 2 Control shice mcuhated m
BSS plus calewm plis morgame phosphate {6 mg o P} note gootd calcficanon
34 Shices ncubated 1 BSS plus calewm ples worgan ¢ Phosphate (6 mg
%5 P} plus beryllium 102 10-4 10~3 and 10-9 M respectinely note Complete mhubition
of calesfication 1 shee 3 but good calcrfication w sices 4 5 and 6
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A\ e did not encounter the interference phenomenon previously described®”
with ATE and ADP

The smphcation of these expeniments 15 that afhahne phosphatase 15
essenttal for m zitro calafication of cartilage when phosphorus 1s supphied
i the form of certam phosphoric esters (8 gh phosphate phenylphos
phate creatine phosphate) the phosphorus of these esters presumably
bemg made availble for calafication by phosphatase m the manner sug
gested by Roluson On the other hand alkaline phosphatase activity appears
not to be essential for 1 1itre calafication of cartilage at least as a dephos
phonylating enzvme when phosphorus 1s supphed as morgame phosphate
the condition presumably obtaiming 1 endochondral calesfication th e o

Addiional Exp Affecting Ioterp of Effect of Beryll

Tius mteresting conclusion however 1s subject to resersation bhecause of
the results of additional expeniments some of which may he contradictory
although most are T think understandabie withun the framework of our
interpretation For example m the i titre caliification experiments with
8 glycerophospl if the of esterts dto 20mg S P
the inhibitory effect of benvllum salts 1y reduced no imparrment of cala
heatson whatever 1> noted 1 concentrations of 10 X 10° M Be or 10 X
103\ Be defiate wbibation bt some calafication with 10 % 107 Be
and complete blocking of calufication onlv with 10 X 10* M Be  This
result 1s consistent with the obsersations of Klemperer™ who found de
crersing nfulstion of alkaline phosphntase actnity by beryliom when in
creasing concentrations of { hemviphosphate substrate were used

More troublesome are espersments 1 which glucose 1 phosphate gl
cose 6 phosphate or fructose diphosphate was used as the sole source of
1 hospharus in a1 2tro calaification experiments ( Figure 29) Wath glucose
1 phosphate as the sole source of phosphorus m concentratians of 10 mg
‘e P calafication was completcly inhilated by berylium 1in concentrations
of 10 10% 3 10 X 108 M 10 % 10 M and 10X 108 3 When the
wmount of glucose 1 phosphate was doubled to 20 mg - P theve was some
snhrintion hut more or less distinct calafication 1 the presence of 10 %
AL and 10 X 10-° M Be calufication was completelv Llacked Ly 10
X 10411 and 10X 10° M Be Wuth ghecose 6 phosphate as the sole
source of phosphorns m concentrations of 20 mg e P (1t 15 difheult to
obtam satifactory calesficition in control shices with 10 mg ¢ P) more or
less divtinct calafication was of tamed m the presence of 10 X 10 M and
10X 104 e caltfication was completely blocked by 10 % 104\ and
10X 1072 Be \Wath fructose disphosphate as the sole source of phos
phorus m concentratons of 10 mg ¢ P shight but defimite calcsfication
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Feg 29 The Effect of the Source of Phosphorus on the Inlubition of
Cartstige Homogenate Alkaline Phosphatase Activity by Beryllium in Var-
ous Concentrations

Row 1 (top) from left to vight 1 Control shice incubated yn basal salt solubion
(BSS) withoui caloum or phosphorus note wide zone of wncalodied cartilage
2 Control shce incubated 1n BSS phes calem plus glucose 1 phosphate (30 m¥
¢ P) note good calcsfication 2 4 § 6 Shces incubated n BS'S plus calewmn Hus
glucose 1 phosghate (10 mg % P) pius berylum 10-3, 104 10+, and 10-6 M respec
trely note complete mhibition of calaification

Rotw 2 from left 1o right 1 Control shee mcubated in BS S only 2 Control shee
meubated m BS S plus caleum plus glucose 1 phosphate (20 g ‘% P) | mote &

tn o ate
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was observed 1n the presence of 10 X 109 M and 10 X 10 M Be, calal
fication was completely blocked by “10 X 10~ M and 10X 10-* M Be
When the amount of fructose disphosphate was doubled to 20 mg % P,
marhed calofication ook place n the presence of 10X 103, 10X
10521 and 10 X 10 Be, block ocowrnng only with 103 10 M Be,
these experiments (the only ones mn this series) closely resembled the
results when phosphorus was supplied ouly as worganie phosphate

Tt was anticipated that the effect of berylum m experments utthzing
phosphoric esters m the glycogenolytic series would be substantially the
same as when phosphorus 15 supphed 1 the form of morgumc phosphate,
simnce of for m natre el of cartilage
would appear to mvolve S)I\Kheals of these esters This clearly was not our
findmg, however, 1nd wndeed the results are so varmable and complicated
that we are unible to mterpret them bevond stating that they are not as
predicted Whether this means that cur il mterpretation of the beryl
lium experiments was incorrect, or that secondary reactions of these phos-
phoric esters affect the course of the experiments 15 not clear

Summary of Interpretation

The overall effects of beryllum salts on w2 zutro calerfication do make 1t
even mare evident, however that the enzyme mechanisms myvolved m the
of phosphate for endochendral calafication differ sig
mficantly from those op m the util of 8 glycerophosphate and
other phosphoric esters which are not mn the glycogenaly tic series but are
dephosphorylated by alkalne phosphatase As already indicated,® *7 10-2 M
phlonzm 107 M sodoacetate and 107 M fluoride al} mnkihtors of the gly
cogenolytic cycle block 1 zitrg calafication with morgame phosphate but
do not affect calufication with 8 ghicerophosphate or sigmficantly mhibit
lkatne phosphatase (Tables IX and \) whereas beryllum m concentra

®outman A P Warrch F B and Gotman k. IX Phosphorylative Glycogen
olysis and Calovfication m Cartihge Sclcmt 95 461 (1942) i o

1ute complete m)uhmou of caleification n shees 3 and ¢ but slwht calcntca!lun m
shees 5 and 6

L Row 5 (bottom) _from tefs o riaht 1 Comrel shee meubated w BSS_only
2, Gontrol oL ee incubated m BS S flas caleum s frustose 16 dphosphate (20 mg

‘» i) £o0d calafeation. 3 £ 5 5 Siwes mcubater i BS S plus calewm plas

Tuctose 1 6cdithontiinge (30 me P) plus beryfiram 10-3 10+ 10-3 1

respectnncly  note complete mhbition of caldih !
repoctincly ote comp o 0k elesheanon m shee 1 bt guod tcibestion
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TABLE IX

Mean Percent Inhibition of Alkalne Phosphatase Activity of Rat Cartilage
Homogenates by Beryllum Salts, Phlonzin Iodoacetate,
Fluonde and Cyamde

{(Sul 1% # ghyceror hate, buffer vetonal, final pH 96,
ume 05 hr,temp 37° All control cartilage preparations standard-
1zed per 02 ml sample to spiit off 10 20 y P as inorganic phosphate
under these conditions )

€5 Infubition

Concentration of Alkalime

Inhibitor Added (Moles) Phosphatase

Activity
1 Berylhum (sulfate} 1 X 107 0
1 X 105+ 12
1 X 109 [$3
1 X 107+ 72
1 X 10 72
2 Phlorizim 5 X 10® 0
1 X 102 9
25 X 10° 28
5 X 10 46
3 Todoacetate 2 X 10¢ 0
1 X 103+ ¢
5 X 10% 0
4 Fluonde 2 X 107 11
1 X 10+ 9
5 X 10 6
5 Cyanide 2 X 10t 10
1 X 10 49
5 X 108 L,J

*Commonly employed concentrations
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tions of 10 X 10 M and 10 X 10- M markedly inlubits alhalne phos
phatase and blacks caleification with § glycerophosphate (10mg 66 P) but
does not affect calafication with inorgamc phosphate (Tahles I\ and \)
The results with phosphoric esters i the glycogenolytic series are not so
clear cut (Table X) The effects of 10 M phlotizin 10-% M sodoacetate
and 10~ [ flyoride are very much as anticopated from the relative position
of these esters 1n the glycogenolytic cycle but the effects of bervlhum are
erratic and difeult of mterpretation

Conference Discussion

Follis You stated that tume activity curves indicated very rapid mhibition
of alkaline phosphatase of rat cartige humogenates by beryllium within
five munutes  Does that differ from the rate of wactivation of enzymes i
general by mhibitors®

Gutman 1 am not prepared to sav

Hastings  There are some which tahe quite a hittle trme
Follis A matter of a half hour

Hastings  Certamnly 15 minutes  You get an S shaped curve

Bevelinder  Did 1 understand that addition of magnesmm would over
come the miubiting effect of berylium on alkaline phosphatase and alsotie
addition of more 8 glycerophosphate?

Guoman  Yes the mhibiting effect of berylhum may be overcome at
least m part esther by adding more magnessum or by mcreasmg the con
centration of substrate The effect of magnesium 1s understandable 1 terms
of competition of 1ons beryllum competing with the magnesum or man
ganese of the enzyme The effect of adding substrate I beliese 15 2 phe
nomenon encountered with many enzyme systems

Hastings  Under your conditions of masimal wmtubition by Deryllum
there was still some 25%% of the alkaline phosphatase activity left?

Gutman That 15 correct

Hastings Is it posuble that this residual phosphatase activity was suf
ficent for calafication with norgame phosphate?

Guiman 1 have na way of excluding that possibility However, this
same residue of alkaline phosphatise actvity was nsufficient to permit cal
cification when phosphorus was supphed as 8 glycerophosphate phem!
phosphate or creatine phosphate
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Acwman  Did you demonstrate the nhibition of the phosphatase i the
slice? There are consideral le amounts of old preformed calaification pres
ent which has 1 ternfic affimty for Lerylhum I do not see how you can be
sure that the concentration of beryllum in these solutions in the presence
of this nyneral would remam 10-° and 10~ M

Hastings You did not soak the shices 1 berylhum solution first without
calaum and phosphorus and then see what would happen n the calafying
medium containing caletum and phosphorus?

Guiman In our earher experments we dd not Later we pretreated
cartilage slices for 15 minutes at 37° C with 109 10~ 10-* and 10~° M Be
then washed the slices and mcubated with calaium and 8 glhcerophosphate
(10mg € P) Inhibitton of caletficatton was observed and i about the
same degree as when beryllum was added d rectly to the mcubating me
dium  When the same pretreatment with berylhum salts preceded incu
bation with morgamc phosphate calctfication occurred 1 all shices except
those exposed to 10 X 103 M Be just as 1f bervll um were present m the
regular meul ating medim

Hastings  \What were the relative concentrations of phosphorus i the
experiments using phosphortc esters and morgamc phosphate

Gutman  Inotganic phosphate was regularly employed as phosphate
buffer solution pH 74 contamng 6 mg ¢n P 1o get equivalent degrees
of calaification with organic phosphoric esters 1t 1s necessary to have more
phosphorus as phosphoric ester present 10 mg % P or more depending on
the ester used In our experiments therefore there was always mere phos
phorus present as organic phosphoric ester than as morgame phosphate
Nevertheless the mhibiting effect of beryllium was always more pro
nounced 1 the ester expeniments than 1n those with morgame phosphate

Shorr  Would you state agam why jou think that Vloching of cala
fication with morgame phosy hate by 10- M Be does not andicate a specific
imhibition of alkalne phosphatise?

Gutman  First because there was no sigmficant difference Letween the
degree of mh of cartilage ! alkalime phosp between
the range 10 X 10-* M Be and 10 X 10 M Be whereas the difference 1n
effects on tn 21tro calerfication of cartilage shices by bery Hium concentrations
over tlus range was very strihing when morganic phosphate was used
Secondly 10~ M 1s an appreciable concentration of berylhum and although
I fnow of no enzyme other than alkaline phosphatase markedly mhibited
by 10X 10° M Be few enzyme systems have been tested as yet m this
regard Thirdhy 1 tlus concentration of berylium some of the morgamc
phosphate may 1e removed from solution n the form of the very msoluble
berylwm phosphate
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Hastings  You were working with about two mullimoles per hter of
phosphate?

Gutman  Yes

Hastings  And bervllium 1s about two mtllimeles to the hter So you
were getting mto the region where you were using up phosphate so 1t was
no longer working with your ester

Newman  In the case of the ester, the same argument 15 effective e
have Leen able to d a goad i rel hup between
beryllum and ester phosphate At the 20 mg per cent phosphorus level
beryllum would be largely 1 the form of a complex I doubt whether 1t
would be effective 1 mhibiting enzymes In fact one does not need phos
phorus around to mhibit the action of berylium The solubility of ben!
Lium 1 pure water 15 something 1n the order of 10-7 moles/liter because of
the hydrolysis of Be++ to the hydroxide Therefore the only way bery!
hum can be mtroduced would be 1n the form of a complex anyway

McLean  Did you have bicarbonate 1n your meubating solution?

Gutman  Yes our solutions contan 220 meq sodwm bicarbonate per
liter
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INHIBITION OF ENDOCHONDRAL CALCIFICATION
in Vitro BY BERYLLIUM AND L HISTIDINE*

HOWARD H HIATT+ and EPHRAIM SHORR

From the Department of Medieme Cornell Uniersity Medueal College
the Russcll Sage Institute of Pathology and the New York Hospital
New York N ¥

Armstrong 1 think that 1t would have been mice when I had planned
these programs 1f I had known exactly what everyone was gomg to talk
about I then could have arranged things in a more s)stematic manner
For example this would be a very good time for Dr Neuman to tell about
tus work Howeser he 1s scheduled for tomorrow s session and I am sure
that he will have a great deal to offer which will bear on this pornt

Iam gong to ash Dr Hiatt of he will give hrs paper now  On account of
the Iateness of the hour his presentation will be the last of the afternoon

Hiatt \\e have been nterested 1n the enzymatic aspects of wm atro
calosfication of rachitic rat epiphyseal cartilage Results of some of our
preliminary experiments mvolving mhibition of this process by beryllium
and L-ustidine are mtimately related to the matersal just presented by
Dr Gutman These results will be reposted chiefly to emphasize two entical
questions

1) Are the results obtamned 1 a system nhibited by beryllium or
L histidine compatible with the concept that phosphorus 1s de
posited in the bone matrtx only after 1t has traversed the phas
phorylative glycolvtic cycle?

2) Iy the imterference with caletfication observed with beryllum and
L histidine the result of their inh bition of alkaline phosphatase ?

Methods

QOur methad for studying 1 21troe calctfication was described 1 detail in
these proceedings™ one vear ago The incubatmg solution contained 5 meq
KCi 70 meq NaCl and 22 meq NaHCO; calaum 96 mg S (as calaum
Trnts s eatn U R il Gt "eseseh srant from the Natons!
*U S Pubhe Health Seryice Post Doctorate Research Fellow
\arks T A and Shorr £ Factors YWh ch Regulate the Depos ion of Calc um

and Strontiom i Rachitic Cartilage In | atro Trans Macy C !
o Strowsom o Nacht Cartlage 1 3 tro Trons 113cy Conference on Metabolc
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chloride) and phosphoric ester, the latter m an amount calculated to vield
10 mg % phospharus after complete hydrolysis When wnorganic phos
phorus was used 1t was added as a Na-HPO, NaH,PO, buffer pH 74 1
amounts of 5 mg % L-histidine was used as the hydrochloride salt neu
tralized with NaOH before addition to the incubating solution Inorganic
phosphorus determmnations were performed according to the methed of
Fiske and Subbarow ™

Bodansky has shown that whereas glycine and other ¢ amno acds m
very low concentrations imncrease the activity of alkalme phosphatases ™
high concentrations exert an mhubitory effect ™ He noted that this mht
bitton which for bone phosphatase 15 non competitive m nature depends
upon mtdct amino and carboxyl groups m the amino acid L lustidine™ was
found to exert a particularly great inhibitory effect on rat bone phospha
tase with 0002 to 0003 M L histidine cansing 2 50 mhibition of phos
phatase actrnnaty  This inhibition was felt to result from the binding by the
ammo actd of an essential metal component of the enzyme a component
which mediates the activation of the enzyme by magnesium

Inhibition of alkaline phosphatase by berylum has been demonstrated
recently by hlemperer et al " by Grier et al ™ and by Dr Gutman ™ the
latter extendmg these observations to rat epiphyseal cartilage phosphatase
Replacement of magnestum by bervllum 1s thought to be the mechanism of
action of this mfubitor 7 77

Results with Beryllum

Qur results with beryllum have been sumilar to those just described by

2Fishe C H and Subbaru“, Y The Colorimetric Determnation of Phosphorss
J Bl Chesy 66 375 (1925)
72Bodansky O The Accelerant Effects of L Ammo Acids on the Act vity of Bone
Phosphatase / Biol Chem 114 273 (1936)
7*Bodansky O Mcchzmsm of Irhibtion of Phosphatase Actwvity on Glyane
J Biol Chem 169 605 (1946)
74Bodan: O The Inlubstory Effects of DL Alamne L Glutamic Aad L Lysne
and I_a S};{d ne on the Activity of Intestmal Bone and Ridney Phosfhatase J Bl
Chem 174 365 (1948)
5Bodansky O The Influence of Magnesim and Cobalt op the Inhibit on of Phos
phata:cs ﬁ Bone Intestine and Osteogemc Sarcoma by Am no Aads J Biol Clem
179 81 (1949) ,
1sklemperer F W Miller J M _and Hill C.J Inhibition of Atkaline Phospha
tase lﬂly%try[hum J Biol Chem 180 281 (1949)

fects of
11Grier, R. § Hood M B and Hoagland M B Observation on the E:
Ber;‘ﬁ!um on Alkaline Phosphatase J Bl Chem 180 289 (1949)
wwyy T F and Gutman A B Effect of Beryllum oo In Vitro Calafication of
Cartilage Pror Soc Exper Buol and Mtd 75 481 (1950}
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Dr Gutman We have found that concentrations of 1 X 104D or 1 X
10 M Lerylhum exert no demonstrible nhibstory effect on calaification m
the presence of morganic phosphorus although caleification 1» completely
nlulnted when the beryllum concentration 1s sncreased to 13X 10°M
With Leta glycerophosphate as the sole source of phosphorus mhibition 1s
complete at the lower concentrations (13 10-5 or 1 X 10~ M) of the
tbator However we have noted that the effect of berylum on certain
1 hosphoric esters m the glycolvtic cycle (ghicose 1 phosphate or hexose d:
phosphate) could not be distinguished from 1its effect on beta glycerophos
phate (Table X1)

Results with L-histidine

When 1 X 1073 L listidme was added to the mcubating solution a
simiar phenomenon was observed  Calafication m the presence of mor
game phosphate was not affected by thus concentration of the aruno acid
although striking mhibstion was of served when glicose 1 phosphate hex
ose di phosphate beta glycerophosy or phenylphosphate was used as
the sole source of phosphorus (Table NIT} {In many of the Lone slices 1n
which mhsbition was observed a thin amorphous Ime of sitver deposition
was obsersed in the region where caletfication would have ordinanly oc
curred in the absence of the mhslator This bore no resemblance to the
characteristic orderly intercellular pattern of calefication usually seen) ™
Bodanshy s demonstration™ of a greater mhubitory effect on bone phos
phatase of L ustidine as compared with other ¢ anmino aads was horne out
m our expenments with glyane (Table \HI) This amno acd m 1 X
10 \{ concentration had no discermble effect on calcification m the pres
ence of glicose 1 phosphate or bett gly cerophosphate

The Role of Phosphorylative Glycolysis 1 C:

These results mu tit 1mply that phosphoric esters must undergo dephos
phorylation hefore entry into the cell However esidence to the contrary
comes {rom the demonstration™ & that caloficanon will proceed after the
glycolytic cycle has been blocked 1f a phosphoric ester in the cycle helow
the level blocked 15 supplied but will not 1n the presence of morganic phos
phorus 1lone

°F xperiments carried out «ince this report was gnven have shown complete d sappear
ance of this amorp! s depos t with hugher concentr itions of hstid ne

" Gutman A B and Yu T [ Turther Studies of the Relation Between Glyco-
genchsis and Calaheats o Cartilage Trams Macs Canference on Metabolic Inter
7 lators 110 (194))

MGutmn A B oand Yu T F A Concept of tle Rale of Enzymes in I'ndochon
dral Calalewtin Trans Va3 Conference on Metalole Ind rrelations 2 167 (1950)
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TABLE XIII

Effect on Calaficition of Glyaine 1 X 102 M 1 Presence of
Ester Phosphate

Source of P

Degree of Calarficatton || Glucose 1 Phosphate* [|g Glycero Phosphite*
Control I Glyane Control ] Glyene

4+ 4 3 3 4
3+ — — 1 —
2+ —_ — j— —
1+ — 1 _ —
0 — — — —

Number Bone Sl ces 4 4 4 {

*In concentration equnialent to 10 mg €% 1norgame phosphorus

The demonstration of imnhibition of calafication through imterference
th phosphorylative glycolysis and subsequent stud es have led to the
stulate that morganic phosphorus reacl es the bone matriv via the gly
ytic cycle and that the function of the Itter system s to achieve a Jocal
rease in the concentration of phosjhorus If such were the case mor
nic phosphorus ultumately deposited as bone salt would at sometime
ring the process of calcihcation exust as glicose 1 phosphate and hexose
hosphate  Hence an inhibitor which exerts 1ts action m the presence of
se esters should have at least an equivalent effect 1n the presence of
rgame phosphate We have not found this to be true m the case of
istidine 1 ¢ 10 M or berylhum 13X 10 M These results suggest
t phosphorylative glycolysis may be essential i the process of endochon
1 calcification 2 2itro for some purpose otl er than that of buldng up
ocal concentration of phosphorus The question has been raised as to
ether glycolysis mav function to produce energy for calcification at
ugh there 1s no information available concerning the energy require
nts of this process W iule our data obviously cannot be considered to
ide specific support of such a possibihty they are compatible with 1t

Relation of Inhibitors to Alkaline Phosphatase

"he second question with which we are concerned that 15 w hether te
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inhibstors we have employed exert their adverse effect on calafication by
means of an action on alkalme phosphatase aro e as a result of morganic
phosphorus determinations carried out after meubation of hone shices for
18 hours 1n media that ymtrally contained ester phosphate as the sole source
of phosphorus e have found that the amount of morgan ¢ phosphorus
after 18 hours of jncubation n mediz contaiming beryfhum 1 X 1073\

or L hustidine 13X 10-* 3 was not sigmficantly Jess than that present m
the absence ot the mhibitor (Figure 30) Qur efforts to explam this phe
nomenon led to an imvestigation of factors which mght raise the concen

tration of 1morgame phosphorus i solution and which might thereby mash
an intubition of alkaline phosphatase activity

The phosphate esters employed were found to be most stable 1 solution
tor 18 hours and hence the possibihity of spontaneous hydrolysis was ruled
out (Table N\IV) The mh bitors could not be miplicited as contributing
to the hydrolysis of the ester for incubation of ester phosphate with L s
tihne 13X 10-* M or Leryllium 13X 1047 led to no significant release
of morgame phosphors {Table XIV)  The extent to which jhosphate
diffused ontward from the bone shee into the medum was determuned by
mncul ating bone shices 1n solutions devord of moergantc phosphorus  Siace

TABLE X1V

Possible Sources of Inorga uc Phosphorus i the Incubating Vledum

Source of P
Hexor
Bone Sliee | 1 g0 ;Elmce 001 M Inorgame I After
(10 m, % Py Histidine Hours Incubation

+ + 0 *55 mg /100 cc
+ + ae *6.3 mg /100 o
0 + o *04 mg /100 cc
0 + 4 00 mg 100 cc
+ 0 0 03 mg 100 cc
+ [ A *03 mg /100 cc

Incuhating medwum contmned m addition basal solution and
caleum 96 mg %

*\verage of three or more experiments

**Similar experiments using Be 1 X 1043 as ihubitor gave comparable
results
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Inhibitor|L-Hist1dine, 110 M Beryltium, 1x10 4
hosphate Hexose-d1 |3 glycero 3 glycero [Glucose-1
ester |phosphate |phbsphate|phosphatejphosphate
Q
O .
g :
Nl
E, 75F o,
[od
5 o SR L B
[ o o *
g B65F 8 )
o . 8
0
E 60 o o * o
a ° .
Q 555 ° s
c .
> 50 *
b - o *
[=]
£ _

o Control solutions e Solutions with inhibitors

Fig 30 Effect of L Histidine and Beryllium on Phosphorus Liberation
from Phosphate Esters after Incubation with Rachitic Bone Shce

The pl ospl ate esters were calkoulated to 3 eld 10 mg % P on complete hydrofys s
The mcubation was continved for 18 hours at 37
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after 18 hours the concentration of morgame phosphorus did not exceed
03 mg /100m! (Table \IV) one can assume that in our experiments
ester phosphate was the only sigmificant source of phosphorus present in the
incubating medium It also seemed possible that despite the comparahle
morgame phosy horus levels after 18 hours of ncubation there had been a
delay n the release of inorgame phosphorus i the presence of the inhib
stor  If such were the case one might postulate that by the time sufficient
morganie { hosphorus were present to permit bone salt depowtion, changes
nught occur 1n the bope shce (e g loss of glycogen) which would prevent
calctfication from takmg place Using berylum 1 X 104\ as mhibitor
and doing seral determmations of wmorgatc phosphorus beginning at one
hour of mculation we were alle to discern no sigmificant lag as compared
with incubation in the absence of the mhthitor (Figure 31) [Swmlar ex
perments with L-listsdine 1 1072\l as wlubitor 1n progress at the
tume this report was given revealed a defintte delay in the liberatton of
morganie phosphorus (Figure 32)  Using higher concentrations of L his
tidine ((3 X 10 #3)) we have found the level of morganic phosphorus
after 18 hours of muabation to be reduced by 50¢ [ It should be stressed
that although our method mvolves the use of one face of the hone shce
the control solutton while 1ts opposite ts pliced mn the test solution we
canat passibly nsure that each hone shee contans sdentical amounts of
alkahne {hosphatase or even of epiphyseal cartilage This short coming
mught concenably cast some doubt on the valdity of these experments,
hut one should expect to be able to detect differences i the amounts of
morganic phosphorus released 1f the mhubition by berslum 13 1074\
m the cartilage shee approached the 80¢ whibition demonstrated tn Dr
Gutman 11 cartilage homogenates

The possitality that beryllum exerts 1ts adverse action on calafication by
some mechamsm other than that of mhilntion of athahne phosphatase will
he explored

Summaty

1) Indochondrat calerfication of rachiti rat epiphyseal cartilage i zitro
can be mbibited by beryllum 1 X 1043 or L hisndine 1 X 10°*7\f,
when phosj hate ester 15 present as the sole ~ource of phosphorus  Much
fugher concentrations of these tnhibitors are required for mhibition of
calafication when morgamc phosphate 1s provided in the incubating me
dmm Tt 1s at present difficult to reconcile this finding with the concept
that the function of phosphory latrve glycolvsis m endochondrat calufication
1s to achreve 7 local inerese 1 phosphiorus concentrtion

2) Despite their marked mhibstory effect on endachondral ealatfication
i ottre beryllum, 1X 10\ and L hotdine 13X 102 A, effect no



4 THIRD CONFERENCE ON METABOLIC INTERRELATIONS

— YOL o Contpol
3 * Beryllium, 1x107%m
8 so-
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°
Houps of mcubation (37°C)
Fig 31 Effect of Beryllum on the Rate of Inorganic Phosphorus Lib-
eration from f§ glycerophosphate by the Rachitic Bone Slice

The concentrat on of berylhum was 1 X 10~ M The ﬂglyccrophoxpha(e Wi
catculated to yield 10 mg % P on camplete hydrolysis
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10
’8\ o Control
S 60 ¢ L-Histidine, 1x10 M
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Hours of incubation (37°C)

Tig 32 fflect of L Hstdne on tie Rate uf Inorganc Plosjhorts
Licrato fron § gl ceroplosplate | the hacht ¢ Bone Sl ce

The co centra on of L-Hstdne as I X 102 \{ The gglyceropho plae as
calcwated t 3 eld 10mg ~ T on compl tefyd oy s
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sigmficant reduction of ester phosphate hyvdrolvsis after 18 hours of i
cubation Higher concentrations of L lustidine lend to a considerable di
minution 1n ester phosphate hvdrolssis  The possiblity that cilerfication 1
mntibrted by an action of bervilium other than that of mterference with
dephosphorylation by alkahne phosphatase must be considered

Conference Discussion
Aewman  The ester phosphate was hvdrolyzed?

Hiatt The ester phosphate in the medim contaming berlum was
hydrolized to the same extent as 1t was 1 the control solutron without
mhibitor  We have considered one additional possibility one which seems
quite unlikely but which we shall imvestigate Is it possible that there s a
signficant amount of phosphorus removed from solution and deposited as
bone salt i the media in which caletfication proceeds? If such were the
case simtlar levels of phosphorus m the control and m the berylium con
tamng media would indicate that more ester had been hyvdrolyzed m the
former

We hate done some preliminary experiments to determune whether the
effect of the inlubitor 15 discernible after short periods of contact with the
bone shce e have noted that a bone shice mn contict with beryll um
12X 101\ for one hour and then washed 1n basal solution several times
will not calctfy 1n 1 medm contammng basal solution calcium and ester
phosphate

Hastings How far can you run that?

Huatt Thus far we have run this experrment with only one concen
tration of berylhum 1 X 10\

Armstrong  That 1s very interesing  Have you any comment to mahe
on this Dr Shorr?

Shorr e need a umfying concept which we do not have 1n order to
explain all these discrepancies m each of the cycles Some of the expert
ments which Dr Hiatt 15 projecting relate to the reincubation in the me
duwm after 18 hours of meubation when the concentrations of phosphate
have misen to levels which should deposit that 1s utthzing that medwm as
the medium for fresh bore slices So far you are not wilfing to discuss
your results®

Hugtt  That 15 night

Shorr 1 should appreciate your comments Dr Neuman on these alter
ations 1 the phosphate content of the medint despite what seems tobea
situation which 15 not favorable for the sphitting of 8 glycerophosphate
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Nenman 1 cannot explan that one

Did you also find a corresponding decrease 1n the amount of ester phos
phate m solution or did you not determine that?

Hiat We did not determme that

Newman It 1s a httle difficult to determmne whether phosphate has dis
solved from preformed calcification which does exist in these slices, or
whether this represents truly the hydrolysis of ester phosphate 1t could be
determuned at least 1n a rough fashion

Shorr Dr Hiatt has control observations which rather umformly show
that only a very miumal amount of phosphate might have come from bone
about a half mulligram n 18 hours

Newman 1 would Ve very much surprised 1f 1t were as tigh as he ob
served I beheve one could show that the ester concentration had been
decreased All I can think of 1s that the berylhum 1s being bound by the
ester and that one 15 not getting effective mhilntion of the phosphatase
even though m the powder experiments mhibition 1s more or less complete

Gutmen  In our tn titro caletheation experiments we did not check the
morgame phosphate spht off by our shees from g ghcerophosphate mnto
the meubating flud 1 the presence and absence of beryllum as Dr Hiatt
did However we have simlar data 1n connection with our time activity
curves indicating the inhib of cartilage i alkaline pt
by bersIium salts i various concentration  These show striking differences
at the end of 1 hour about 35 y morganic phosphate in the control solu
tions without berylium and 30 y split off 1 the presence of 10X 10-#
M Be but onty 10 12 y morgimc phosphate spht off m the presence of
10X 1053 10X 10 M and 10 X 10\ Be Dr Hiatt T understood
you to say that when you incubate whole cartilage shces there was no dif
ference sn mnorgamc phosphate liberated 1n the presence or absence of
berylhum salts in concentrations of 10~ M

Huatt That s night Dr Gutman  On occaston we have demonstrated
differences of 03 or 04 mg per cent but none that we bve considered
sigmficant

Gutran  Of course 1t should be kept m mind that vur cartilage homog
enate studies were short term experiments conducted at pH 96 near the
optimum for alkaline {hosphatase whereas m titro calaification of whole
cartilage shices molves many hours and the meubanng medmm 1s adjusted
to pH 7 4 at which dephosphorylation by alkalme phosphatase 1s slow and
relatively fecble

MeLean  Dr Gutman the differences you found with cartitnge homog
enite were apparent at the end of one hour?
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Guiman  As our time actvity curves show, the difference was apparent
m the first five mmutes hut the figures I ated were those at the end of
one hour

Follis Would you comment on the present status of beryllum richets?

Gutman  The action of berylhum m producing * beryllium nickets was
originally thought to depend entirely upon the removal of phosphate from
the gastr tract by pr 10n as berylhum phosphate, with cor
responding lowering of serum mnorganic phosphate levels However, as Dr
Sobef and others have shown, there 1s considerable evidence that berylhum
also has a deleterious effect on the local factor of calafication The m
hibition of alkahine phosphatase and mnterference with u zatro calaification
of carttlage more recently described support the contention that beryllum
acts adversely upon the local mechanisms of endochondral calafication
However, since this effect would depend on the concentration of berylhum
at the site of calofication, and since this concentration s not hnown
beryllium feeding experiments, I cannot say how sigmficant the local action
of berylhum mght be m the production of “beryllium rickets’

Follis Does anybody know whether the serum concentration of phos
phatase 1s anv different m animals that have gotten beryllum?

MceLean Yes

Folfis Is 1t lowered?

UcLean Yes

Unst  Does berylhum actually come down i the bone ash?
Newman  Yes

Urnist  In beryllum rickets?

Newmman  Yes that 1s night, too

Hodge In very small amounts

Neuwman The blood levels for berylhum that can Le obtaned ever on
nyection of a soluble salt, are extremely minute, a few mllimicrograms
per ml

Copp And the absorption from the intestinal tract 1s verv small soit1s
anlihely that 1t would be a dominant factor

Nemman  But whether or not there could be a local concentration stilt
s a possibihity

Gutman Tt would have to be of the order of 10 M
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Newman  Localiy?®
Guiman  Yes
Newman  ‘That could happen 1 certunly could not deny that possibrhy

Sobel T figure this out a bttle bit diffesently  Calufication v eatro wath
organge phosphate taken place due to the release of morgome phosphate
providing the Ca X P product necessary for calofication duning the course
of ineulruton Following tins hne of reasoning one can state that berylium
1wns directly the calafymg h * so that the hugher the
bervfhum concentration, the bigher Ca X P product one needs in order to
produce caledication  Moremver, the Iugher the organic phosphate, the
higher the ultimate worgarnuc phosphate o the systent with a gren amount
of berylhnm

My postulate, as you know 1s that berslium combines also with some-
thing else than the enzymes mnohed m handling orgamc phosphates, 1
producing inhibiton of the calafymg medwmsm It competes with calanm
for somettung tn the ceR which ts essential for ealufication

NSehel, A L The Local Factor w Calesficaton Trass Maey Conferonce on
Urighohe Tndrrstanas 2 113 (1950)
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SUMMARY ON OSTEOGENESIS

FRANKLIN C McLEAN

From the Department of Phawology Diision of Buologicol Sciences
the Unieersity of Chicago Chicago 11

drmstrong 1 wall ash Dr MeLean of he will be good enough to
summanze the pre<entation and discussion having to do with osteogenesis

VeLean I promssed to be brief <o I shall confine myself to one
mtication of what e think we have learned from the expenments that
Dr Unist presented yesterday

I have arranged the tissues studied bv Dr Unst i the form of a scale
as shown m Table \V At the upper end of the scale we have cells that

TABLE XV

Clagsification of the Relatne Actwuty of Tissues sn Producing Bone

OSTLOGENETIC ACTIVITY ’

Tissue cultures (Fell*  Hetnen® *)
Penosteum

Bone marrow

Cancellous bone

Fibrocartilagmous calfus

Cartilage epiphyseal and articular
Compact bone

Borled or frozen bone or cartilage

I\DUCED BONE FORMATI

are clearly capable of makmng bone by wrtue of ther own osteogentic
activity At the lower end of the scale 1t 15 necessany to assume that bone
15 beng formed by the cells of the host under the influence of an inductor
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transplanted with devitalized tissues  In the muddle of the scale st scems
hkely that both factors are operating some celfs from the mplant pro-
ducing bone while the mplanted material may also be exerastng an m
fluence on the cells of the host mducing them to produce bone

Dr Armstrong has asked why 1t &5 necessary to bring 11 the concept of
the wductor at ali I thek that can be answered very stmphy  when you
wnplant basled or frozen bome or cartslige and new hone results eertanh
thes f11s to be thought of as induced by the transplanted devitabized mate
sal To a Jesver extent the concept seems appheable for other tsssues that
my still be laang but that act as mductors

Eibrockrtifagmnons <allus 2cts m such 2 was a» 1o suggest that w wan
Tath produce new bone from sts pwn cefh and alse mduce bone {ermation
by the cells of the host The transplants of Abrowarulagmous catlay n the
eve act very much as does the fibrocwrtfaginous cattus m a healing Eracture
In both cases it 1s grone to replacement by bone wineh grows mto the
caltus from the periphery bt st shows Jews evidence of being able o pro
duce bone from us own cells However we wannot rule out the pasability
that somie of the cells m the fbrreartdagmaots catlus when mmplanted 1
the eve actually produce bone themselies

Cartilage—~epiphyseal or artcslar—certamb rates law mn the scale o
seems very nnlihely that bone s praduced by the transformntion of these
asslage cells mto hone It 1 much mure Iihely that the hvng cartilage
brhases n 2 fashion smular to that of the boiled wartihge m both cases
the cells of the reciprent being mduced to form bone

Campact bone free from marcow and stnpped of perosteuns certamhy
does nnt produce hone from sts own cells to am great extent  Thiw s par
sseularly mportant with respect to the bone banks that tre comang ity
fommon nse at the present tme Ve have not discuveed the guestion of
bune banks at amy tength 1ut our evidence wupports the view thit grafts
of compact hone sven when fresh md wtegenous praduce hitle or no
lione from thew own cells but that they do serve as mductors feadiny, t>
formmtion of bone i the cells of the hot On the other hand gratts vf
cancellous bone presumably beesuse of thess hugh content of other con
fechve hissue elements mcluding endostenm and the cells of the tone
Mrrow  appear to Irve greater abdiny to produce new bune from ther
onn eells

Conference Driscussion

Shorr  One af the tests for determymng mductos activity was the
wpmaty of boled bone to miuce bone growth § wonder whether ihat
same test hay been extlored up and down the scale whether a boiled pent



122 THIRD CONFERENCE 0N METABOLIC INTERRELATIONS

osteum or a boiled tissue culture has been explored and found to lose or
retain 1ts osteogenetic activity

Unst We do not have the mformation about pertosteum devitalized by

boilng However DeBruvn observed that 12 samples of frozen periosteum
did not produce bone formation

VMecLean  You say 1t will mduce st?

Unist No 1t did not produce bone

Shorr It 1s a little less certan than the boiled treatment 1snt 1t so far
as cell viability 15 concerned ?

Urnist How vulnerable 1t 1s m pertosteun that 1s reltrvely speahing
I do rot know

Shorr  But you have demonstrted the thermostability of tl e inductor
factor

Unist Yes I thmk it 1s thermostable

Shorr So that mght be a good criterien to use

Urist Ve have first hand miormation on cartilage both frozen and
boiled and we know that the inductor will resist such treatment

Ho vard May 1 ask Dr McLean a question® It goes back to the old
rdea—1 think 1t has been discarded frequently mn these meetings—that 1f
you put calcium n high concentration next to a fibroblast 1t may hecome

interested 1 making bone Is caleum an mductor as you cail 1t? Hue
you put any apatite salts mto say the tendons of the rectus sheath?

MecLean Hemen® did 1t 1n hus rts
Ho vard  Bone powder does 1t that 1s makes bone formation

As you go down the scale here—and your cells are actual osteoblasts
already arent they—it looks as though maybe the amount of caloum 1
the transplanted tissues has something to do with its bone stmmulat ng
properties

VeLean Hetnen used it 1n rabhits  He used calcrum chlonde which 1
of course quite irrtating

Howard That 15 a terrible stunt!

ct on

83H, H Jr Dabbs G H and Mason, H A The Exper mental Predu

of !ggt];;lcjcan 1]zge and Bonc m the Muscles of Rabbts J Bone and Jont Sw9
9)

31 765 (194
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McLean \With calaum chloride, he mduced bone formation i rabbits
We have the feeling that almost anv 1rntating substance wilt mduce bone
formation m the rabbit's muscle 1 do not think that answers your question
very directly

Howard There 1s one other thing that has always bothered me which
you have not mentioned as an nducer or stumulant to osteogenetic activity
It 1s probably n your paper I refer to the experiments of Pearse and
Morton® wherem you tie off the vein and apparently induce increased
venous pressure, mcreased carbon dioxide tension or whatever vou do
under those circumstances There 1s httle doubt that thev histened the
healing of fractures n the dog

You have not mentioned that as a stimulant

WeLean No and I have not mentioned the production of hone in the
kidney by a sumlar procedure

Unst T omitted to mentton an experiment 1n which we put some bladder
mucosa 1n the eye and did not get bone within 30 days I do not know
whether, 1f we had made a sandwich of bladder plus fascia and put that 1n
the eye, it would have made bone but the bladder mucosn alone-—as a
homogenous transphint — did not do 1t m 30 days

Folins Wil the bladder mucosa work elsewhere?

Unist [he bladder mucosa will do it af you lav it un fasca
Follis T the rat?

Unst 1 do not hnow whether 1t has beent done m the rat

Rabmmn Huggins®* found that bone forms adjacent to prohferating
of Dladder “mn the connective tissues of
the fatty-fibrous subcutaneous tissue, of striated muscle of the fascie
{rectus sheath, fascia lata fasca covering the sacrospinalis muscle) and
capsule of the hnee jomnt mn the dog and the fibrous tissue that forms be-
neath the prohferatmg pelic epithelum after Iigation of the renal vessels
m the rabbt * Huggms also found that bone did not form when bladder
lur as a plant was placed m the “fbromuscular
wall of the unn:nr) bladder and connective tissue stroma surrounding trans
thants of mucost of the ladder m the Iner spleen and kiduev m the dog
and the fascrt of the rectus sheath and the fasca lata 1 the rabbat *

l:qvum HE Jr and Morton J J The Stimulation of Bone Growth Ly Venous
tass J Home & Jomt Surq 12 97 (1930)

“lluggnm C. B The Formation of Bone Under the Tnfluence of Epithelum of the
Unimary Tract, drch Sury 22 377 (1931)
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Urist As to Dr Howard s question about calctum salt, T think there 1s
some answer for that It needs a little more work

Bisgard® put some calcium salt m the eye (caloum phosphate) and got
no bone The expeniment was mntended to test the thesis of Leriche an}
Policard*” that * calcrum plus fibroblasts * equals bone

Does that answer jour question?

Houard 1 don’t think so

4Bisgard ] D Ossification the Influence of Mimeral Constitutents of Bone Arch
Surg 33 926 939 (1936)

87leriche R and Polcard A The Normal and Palhalagtml Physiology of Bone
Transl by A J Key C V Moshy & Co, St Louis )
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EFFECTS OF PITUITARY FACTORS AND OF
THYROXIN ON SKELETAL MORPHOGENESIS
IN THE RAT®*

C WILLET ASLING, MIRIAM E SIMPSON, and
HERBERT M EVANS

From the Institute of Evpermmental Biology and the Dirsion of Anatoms
Unucrsity of Califorma Berkeley

Armstrong  Gentlemen the program for the evening sesston will be pre
sented by Dr Asling of the Unnersitv of Califorma

sstng  The hormones of the anterior hspophysis may be divided mto
two main groups—those having primanly metabolic effects and those exert
mg their influence through the reproductine system  Of the former group
srowth hormoene and adrenocorticotropic hormone have heen used m pure
form for over six vears ® ** The final purtheition of the thyrotropic hor
mone not yet having been accomplished 1ts action must at present he
mierred from the action of its target or,an hormone thhroxmn This pres
entation will be restricted to the nfuence of growth hormone \CTH and

thyroxin on sheletal morphogenests the gomdotropms nd sex hormones
will not be treated

Some Factors Involved 1n Endocrine Expersments

Before describing the actions of these hormones on the growth and
maturation of the sheleton it 15 necessary to comment briefly on four factors

*The ay ® - v
There have

sty of : -
:})\t U S Publc Health Service and the imerican Fow dat: n for Dental Science
ther grants 112 d haye been acknowledged i reports cited m the bibli graphy
Tt should al o be acknowledged that this pre entation has drawn heawily for ats
OTRamization and ¢ontent from a recent summars by Sympson et ol #?

©Simpson M E, Asimg C W and Ivans H M Scme Indxrine Influences cn
Skeletat Growth and Differentation }ale J Bl and Vud 23 127 (1950)

“Li CCH Twang H VM and Simpson M L Isolat on and Propertics of tlc
Smenor Hy pophy seal Growth Hormone J Bi I Clem 159 353366 (1945}

S CH Fyans H M and Smpon M F \drenocorticotropie Hormone,
I Biol Chemr 149 113424 (1943)
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mvohved m endocrine experiments, namely (1) purity of hormones, (2)
nutritional conditions (3) sensitnvity of techniques, and (4) any pertinent
peculianities mmherent m the experimental ammal

Purity oF Hormones

The pitwtary hormones used 1n our experiments have been pure n the
sense that they were electrophoretically homogeneous and that on biological
assay they showed no evidence of other hormonal contamnants when 1n
Jected at many multiples of the minmmal effective dose Such conditions are
particularly 1mportant m disclosing the separate roles of the hormones
under study here, since growth hormone and thyrotropic hormone are
known to be synergistic and on the other hand ACTH oppases the action
of growth hormone on body growth ® The presence of one of these asa
contamnant m another might prevent clear demonstration of the action of
the hormone under primary study

Nutrrtion AL CONDITIONS

The diets employed must be adequate m all known essentials In our
experiments a modified McCollum’s diet (Diet I) 1s gien (usuallv as
wet mash) to all rats m endocrne deficiency states This diet appews
optimal for growth reproduction, and lactation Hypophysectormzed rats
have been mantarned on 1t m considerable numbers for over two years and
occasionally for as long as three years

It 15 mportant to determine to what estent altered appetute and food
consumption contribute to stumulation or farlure of growth and ako to tahe
account of specific increase in nutritional requirements nduced by hormonl
therapy The ancreased requirement of the B vitamuns when thyroxmm 15
admumstered 15 an example of the latter Also to be considered 1s the
probabihity that differing hormonal regimens may affect differently the
mtestnal absorption of the food mgested

SensiTiviTy oF TECHNIQUES
sice chenmeal

Body weght s the simplest measure of growth However, .
esents>

analysis would be necessary to establish that the weight merease repr

Thyrotrepic
»\farx W Smpson M E and Evans H M  Synergism Betneen
and Growth Hormones of Pimtary Body Wesght Increase m ‘Hypophy sectomszed

Rat Proc Soc Exp Biol and Med 49 594 597 (1942)

f Pitwmiary
"\larx W Smmpson M E L C H and Frans H M Antagonsm 9
Adrtn;cm'nco(roplc Hormone fo Growth Hormone m Hj paphy sectomized Rats End?
crmol 33 102 105 (1943)
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true growth rather than accumulation of fat measurements of length are
also essenttal  The tal length can be measured without gnaesthes and
she towat body Jength vnder anaesthesia  Indwndual bomes may e measured
at autopsy and under certam condiwns m roentgenagrams  If serwat
oentgenogtams have been prepored durmg an expenment the growth of
the bone my thus be followed The crror in these hncar meastrements has
not eerecded two parts in a hundred

Dragnosis of tht status of epaphises m roentgenograms of ymaft anmals
requces @ fine-graun fim  Reasonable emulsion \pred s necessary espe
iy when workmg with hving ammals  Lastrmn Industrsa) Tape A
N ran film has adequate speed and the gram 15 sufheenth smafl that o s
net objectionable when studied at five W ten tnmes magnficatson

Tur Rar as an 1 xreeimenran Awisan

‘The advantages of usiog 1 srmilt ammal (cage space dosage o) hr nnenes
et ) are obssous The very substantzat body of knowledge respecting nutn
som! requisements of tats alsu o5 advintagesas  Hownever 1aty are often
cnbiozed as unswitable for expenments unohmg growth nd maturation
One conctne expression of 4 commat opsuen wates that eprphyseal
umon een sn the extrennties 15 delared mto extreme ald age and may
neser be completed  Thus wppears to be 3 teuly pramimie condition renuns
cend of the reptdes m which gronth mav contimue mto old 8ge 3t 15 un
fartunate that the ammals wost commonty used m the studv af grow th and
agmg posseas the prmnne chiagacters of delaved ymron and long continued
growth, nhick contrast so mackedly wath the shyrph defined persod ot
frowth chnradtersstic of the ast majonn of placental mammak, **

In the tace of thus opsmson 3t & necessary (o mestgate briefy some ot
the pt of sheletal morphog w normal rats of the straue ysed
m epenments repurted here (Long Tvans)  Figure 33 shows the watal
Yody fength of normal fosmale tats fram mtancs o twn wears of age The
Sfferince between the lengths 4t 2%0 davs and at 720 duvs was S mm and
d not prove symuficant  The lengh of the tbin of adult normsd fennie
rats (Ligore 34) aho does notoncrease It has been shown thit at the
mflection potnt of the growth cunve nf this hote (G0 90 davs of <ge) sts
provaned epiphyse s phte vadurgors m 2brupt nassowmg ® The plute re-

"\y}! bum 5 L The “eguence of §iithusesl Lawn an the Oprssum  fral Rec
3.3,

* Lecks H <um. R amifyans 1M O ofum at e Proomal Tmm
f;‘l‘h‘v s e Stat 3 Changes n Ferudes wab dmreang Age. ot b
)
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L § L 3 L L L
o 200 308 w00 w68 o

ace w oaTs
Frg 33 Curve Showing Growth in Total Body Length of Normal
Female Rats

40
E 3
o
E
€ 20
£
g
g o
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A N S Y R T SO I |
030 90 150 20 270 360 450 540 6%
Age 1n Days
Fig 34 Curve Showing Growth of Tiba of Normal Female Rats

After Sumpson ¢t ol 89
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I1g 35 1 pyinscal Closure in the Rat Tibin

4 Provmal thial epptyss of mormal female rat ¥ ow ng complete i ead
unm (H&F stan X 10) Age 720 days unusally early umin B Dy gal tbiat
o plissis of normal fomale rat (Mallory stam X 101 Age 1 days ep physeal plate
LEEU L D tal tbial ep physts of normal temal rat (Mall ry sta v X 10Y "Age

dtvs ey ol yseaf plate perforated D Distal thal eppfve of 0 rmal femalk rat
O ey stvn, X 10) Age 101 days e [hyscal plate beent
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MILLIMETERS
1

3 I S T L s L —
26 46 0 %9 oo 2o 16 o3
4GE 1N DAYS

Fig 36 Curve Showing Growth of Metacarpal of Normal Female Rats
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mams however, and Ily (starting 1t appr Iy 170 davs of age)
becomes sealed from the diiphyseal marrow cavity by a transverse lamna
of bone® After this, the growth of the bone ceases Arcas of cartilhge
eroston may persist  Dawson®” gave the age of epiphyscal closure as 1,135
days Figure 35A shows very early clusure in this bone (720 days) Dur
mg the period when the proximal epiphyseal plate 15 narrowing, the distal
epiphyseal plate 15 undergomg removal (Figure 35 B C D) and fusion 15
completed before 100 days of age

Some of the epiphnses of other fong bones also show epiphivseal fusion
‘The metacarpal 15 of partiular interest Its single distal epif hyseal center
fuses at approximately 100 davs of age Thus the activitv at only one
eplysis accounts for growth of tius bone As seen in Frgure 36 the
defimtine length of the bone 1s attained 20 30 days before 1ts epiphyseat
unson oceurs

The dwtl end of the bumerus has been examned and found to have a
more complex ossificition pattern * The ~eguence of events up to 30 davs
of age appears m Table \VI and 15 quite constint  After 1ts mam ef1
physeal osuficttion center fuses with the diaphysis actty o sustyned at
the separate ef tphysis m the medinl epicondyle where fusion dloes not occur
until approximately 120 davs of age Histologial studies of this bone thu
become useful m 1m estigations on sheletal maturation over 1 broad span
of chronologicat ages

Thus our experiments have been conducted un n ammal form which
undergoes no significant degree of contintied growth and m which 1t le st
some of the epiphises show closure m erls adult hie In fact numencally
the majority of epiphy seal cartilage plates may disappear  Tlhose epiphyses
wluch remam patent are i the mmorits  Lhey occur notabh m the linibs
and tul Lach of the muycr long bones has one eprphysis wluch renms
patent mto senescence  In the ulna and the femur buth epphyseal discs
remain Patcney of the epiphyees of caudal vertebrae has also been recog
mzed histalogiealls even o ol L age *

It s mtercstiy, that this | mn s clearly defined as e hne of growth armest 11
rocatgenograms

#Dawson, A B The Age Order of Fpiphyseal U the Long Baes of the
Ao har Aot Kee 315117 (192%) | T Don i the Lon Smes

Bechs H Asting € W Collms D A Sumps n M _F and Fyans H A
lﬂunm with Increasing Age in the O stfication «§ the Third \etacarpal «f the
enale Rat einat Rec 100 577 592 (1948}

:‘B«ks I Aslng €W Smpwon, \LF Evans H M and It ¢ H O sifica
"l;l‘si)l the Distal 1 nd of the Humerus in the Female Rat fm J {nat 82 203 230
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TABLE XVI

Progressive Stages 1 the Development of the Distal End of the Humerus

m Normal Female Rats between 10 and 45 Days of Age

r}ge Osstfication Center
Days | Mawn (Capstulum Trochlea) Medsal Epicondyle
10 | Cartilagimous Cartilaginous
15 | Cartilaginous central masses
of calaified matrrx and en Cartil
larged vacuolated cells fore artilaginous
shadow ossification center
20 | Ossfication center active ex | Cartilagmous central masses
panded cartilage plate estab | of calafied matnx and en
hshed often already perfor | larged, vacuolated cells fore
ated at one pomnt shadow ossification center
25 | Cartilage plate further mter | Ossification center active ex
rupted reduced to several | panded cartilage plate estab
bars of cartilage lished
30 { Small fragments of cartilage
except for substantial bar m | No further change
lateral epicondyle
35 | Narrow cartilage bar m lat
cral epiconds le only No further change
40 | No cartilage remaning ept .
physeal fusion complete | No further change
45 | No further change | No further change

Adapted from the report of Becks et al %9

By study of roentgenograms of normal rats of mcreasing ages a table
of the times of appearance of ossification centers and of their fuston mav
Dbe constructed Table NVII shows such a table in condensed form 14 hen
more detatled such a table may be used to determine the “sheletal age of

iy 2eumed ot any tme s lfe

Tl ng‘& «

and Cyans H M

cH
e D B o uth to Gr wih Hormone an!

de
e oen Gt - Ce Ceneral Growth and Organ
Ctanges Awal Rec 2
d Exans H M Effects
Ry kD S " i and D ferentiation of
v Gro ' nat 86 479 516 (1930)

of Lr

the
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TABLE XVI

Progressive Stages in the Development of the Distal Tnd of the Humerus
m Normal Female Rats between 10 and 45 Days of Age

Age Ossification Center

m

Days | Mam (Capitutum Trochlea) Medzal Eprcondyle

10 | Cartilagmous Cartilaginous

15 | Cartilaginous central masses
of calafied matry and en
larged, vacuolated cells fore- Cartilagmous
shadow ossification center

20 | Ossification center active, ex- | Cartilagmous, central masses
panded, cartilage plate estab- | of calcified matnix and en-
hshed, often already perfor | larged, vacuclated cells fore
ated at one pomt shadow ossification center

25 | Cartilage plate further inter- | Ossification center actrve, ex-
rupted reduced to several | panded, cartilage plate estab
bars of cartilage lished

30 | Small fragments of cartilage
except for substantral bar in | No further change
lateral eprcondyle

35 | Narrow cartilage bar n lat
cral epieondsyle only No further change

40 | No cartilage remaining, ept
physeal fusion complete No further change

45 | No further change | No further change

Adapted from the report of Becks ¢f of 97

By study of roentgenograms of normal rats of mcreasing ages a table
of the times of appearance of ossification centers and of thewr fuston mwv
be constructed Table \VII shows such a table m condensed form VW hen
more detarled such a table may Le used to determine the “sheletal age of
any ammal at any ttme m 1ts life

C W, L CH and Evans H M
d at Iurth to Growth Hormone 1nd
1 General Growth and Organ

18con R O Smpson M I Ashng
Response by the Rat Thyro parathy rordectomize
to Thyroxin Given Separately or in Combimation
Changes Anat Rec 104 H5-363 (1949)

1mRay, R D, Sumpson M E, 11 C H, Aslng C W, and Eaa
of mey Piturtary Grow th Horméne and of Thyroxin on Growth and D.‘_
the Skeleton of the Rat Thyrowdectomized at Bicth, Am J rnat 86 47

ns H M Effects
(ferentiation of
9 516 (1950}
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.
.
R g
o (e IR ¥
T "“’:{;Q S
t o N e LRI *

Tig 37 Comparson of | xpertmentat Hpoy hysectonn wath a Case of
Human Pumtary Dwarfism

1 Coachondral junctin § by pop 4 0030 3 female rat 32 davs avter
pheration (M &1 stan 3B0) Aner Roy efal ¢ B ¢ stoch wbral juncruen from
weds male 38 years § age 4 agmows Nanosomea Pitwstara After 1 edhewms 292
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Effects of Removal of Endocine Glands on Skeletal Development
Hvrornuysecrouy

The 28 day old female 5as has been commonly used 1 studies of hypo
physectom) and will therefore be first deserbed ANl prumany and most
secondary ossfication centers have appeared by this age After hypo
physectom growth 1 netght ceaces almost at once, marked reduction of
growth mn length occurs and also 1s eventually arrested  Epiphyseal cartilage
plates narrow abruptly Thus marrow contact with the cariilage s redueed
The underlung spongiosa is resorbed and bone 1s lasd down 4t the cartihige
margm Mt the proamnal eptphyseal plate of the tiaa wnd of other bones
which bke it remam open untd late m hie, the plate prematurely comes to
resemble that m the senescent normal rat 1n that o Inver of bone seal it
from the marrow cavity * It 15 notenartin that this sealing off process
resembles closely that described by Drdhemm in 1 case of human ptwtaty
dwarfism ¢ The resernblance at the costochondeal junctson 1s fustrated
mn Figure 37

At those epiphyses which fuse carlier (80 120 days) such as the distal
end of the tibia metacarpal and medial humeral epicondsle cartihge
atrophy and seahing Jamima of bone abwo develop rapidh  The epiphy<es
renan separate for at least one to two vears Thus effect of hypophisec
tomy 1w disturbing skefetal maturation was first shown by Dandy and
Reichert™® m roentgenogrims of by pophy sectormzed puppies

At the distal end of the humerus where fusion of the maw epphyseat
center 15 1 progress at 25 days and 15 complete by 40 days of age difie
entiation contties after hypophysectony 1t 28 days and renched complete
epiphyseal fuson 190 Therefore the full effect of i poph) sectomy o0 aif
fesentianion dees mot develop smmedately and fuwon of centers whost
fusiom 15 tmmunent progresses Table \VITE shows the effect of hypo
phivsectomy at 28 days on epiphysel fusion

Prov mwal Tiod

10°Becks H Sumpson M E and Evans H M O sification at the ;

Epiphy s 9 the Har 1t Changres 11 Females at Progressnelh Longet Intervats Fol

fowing Hypophysectomy Anat Ree 92 321 133 (1943}

xErdhem, ] Nanosomm Prtwiaria Bestr poth dAnst 62 302377 (1916} -
£ M Effects of T

1Ray R D Astng € W Sunpsom M E snd Evans, ot

mw:meec:mns m’?;‘imh and Drfferent ation of the Skeleton of Hypophysectom

Femuole Rats Araf Rec 107 253 263 (1950) o

t Hy pophysect

208 W E and Rewchert § L. Swmges on Expersmental o

Dot Somatie Hovist ond Glardan PAcets, ulf Johns Hopbins Host

155 (1938)

206Thus was also found to be the case in stuidies of the metacd

tomy at 75 days of age it

rpal aftes hrpophysed
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| Eainbansgunieiy

Iig 38 The Degree of Dificrentiation \ttaned by 60 Dmvs of \ge by
the Distal Fnd of the Humerus of Rats Hypophysectomized at Different
Ages

(H & F stam X 10) 4 Rats hypojhysectemized at 6 dajs o) age The mamn
epiphvseal plate hag persisted I stahlih f the medial v

ecnter his not occurred B Rat hvpophs sectomyzed at 28 davs of age Epiphyseo-

! 1 the uperation The plate

The matm epmphy seal plate

that m the media) epienn

Medshog € W, Walker D G Simpom M F_ and Fyans H M Differences
i the Skeletat Deyelapment_Attained by 60 dav old Temale Rats Hipophsectomized
# Ages Vanyung From 6 to 23 Days fnat Rec 106 555 570 (1950)
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TABLE XVIII

1 piphyseat Status of Rats Hy pophy sectonuzed 1t 28 Days of Age

After 1 Postoperatine Period of 430 Days

Noronrl Rats
Age of Hy pophy see
I piplnseat Center £ mphyseal (()u“zed)R'\Qq
Closure 1n T prphy seal
Dys Status
Humerus distal 40 -
Radws  prosuml 85 +
Tibin distal 90 +
Metacarpal third 100 +
Humterus medial epreondyle 120 +
Ulna olecrainon 940 f'
Humerus  proxmmnl 1135
Radis  dstal 1135
Ulna dintat 1135
Fihulr  proximal 1135
i proamnl 1135
Modified frors Fvars et al ¥
1 slyses separate are marked + thase fused are mar
It was scught to chech the differentiation of
plite by hy pophyscctomy 1t younger 1ges DG®
physectomizing rats 1t G dns of age!® Ligure
of trs operation on nuaturation of the humerus
‘

hy pophy sectommzed at 6 days of a.e showed 1t

10tAslng L W DBechs I Simpson ME udl
Thvroxin Ingections on Growth and T pipliyseal Closure
1 Hypophy sectormzed Temale Rats Anat Fec 100 2>
W Smpon M [ oand
T cttoms l\d“‘glecl’{ats Followmng Chrone T
Growth Hornone IV Sheletal Chat ges Dufference
Intact Rats Growuth 13 198 206 (1949}
1oo\iather D G Smpsen M L Asing C W
Dificrentiat on m the hat 1 ollowmg Hy pophysectomy

106 539 554 (1950)
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After Walker ¢t af 100
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not only n retention of a large portion of the mam Plate but also m ghe
fature to appear of the medial eprcondilar ossification center {Fugyre
3847 The st hypophysectormized ar 28 days as weli as the normal 6
day old rat both showed much more advanced developrient The man
epiphyseal plate was fully resorbed and 2 separate ossification center ap-
peared w2 the medial epicondyle ( Figure 381 and 38C )

Rats hypophysectonuzed at intermediate ages (13 and 21 days) showed
mtertmediate stages of development The skeletal ages attamed by these
rats at chranologic ages of 60 days are shown m Table \I\ It will be
nated that irrespectne of the age at hypoghy sectomy the adsyance m shefets!
1ge was constant being between 18 21 days

TABLE XIX

Cstimated Skefetal Age :n Days at 60 Days Chronological Age Follow ng
Hypophysectomy at Pregressively Younger Ages

Age at Skeletal Age Advance 1
Hy popg) sectomy at 63 da ,; Skeletal Age
28 47
2 €2
13 33
6 24

Adapted from Ash g ef 2/

v to
The growth of ammals hypophysectormzed at varying ge[s az-;‘apfrr:sd”
cease at a constant age rather than after a constant mterval  Fig

and 40 strate the mrease 1 body wesght and s tarl IEQ(,;;I:AT!:‘S:Q‘

that the mcreise mn size persisted 1 all groups un dAabo it mb\i P 1);1 .

Thus rats hypophysectomized at eatly ages may ma el\zrp:?! o

weight and length as kad bees obsered by earber worhers [
tion 15 1 det a contro

1t would therefore appear that sheletal differentia AP

e cont
different from growth In seehng an explanation for the

L Bﬂ((;g; zzu;—‘:{‘\eln)n&s) der Phs
of 29
;“:’gﬁ[‘d‘;s {kh“mnhanges e :fj:l}m“ th of Yery Young Hype-
Tk, eud J Anslyss o o
‘:ii;om mi\\flﬂf;‘ma;g Il?ans Acts Bree Neerl 114346 (
pad

Thomson, D
B Sclse T and Tt anst @
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entiation after hy pophy sectomy attention falls first on the thyroid harmene
which 1s known to have effects for a number of days after admimustration ™
Thyrord hormonal effects mamfested after hypophysectomy could be due
either to continued low grade actnity of the thyroud or to the persisung
action of the thyrord hormone already present at the time of operation
Persistence of action of pituitary hormones after hypophysectonmy 15 very
unithelv since their effects survive at most only a few hours '

TwusromoEcTONMY

In evahmting the role of the thyroid gland the effects of thyrodectomy
may first be exanuned  Salmon'® ¥ had beer able to thyrodectomze rats
on the first day of hfe and Scow® 3¢ and Ra™* in thus laboratory also
performed this operation  In such rats growth was markedly retarded but
not completel arrested The sheletal age advanced ta 18 days Iy a chrono
logical age of 60 dns an advance of the same order as aiter hypophysec
tomy In rats which suriived for 120 to 140 davs the Lone age advanced
to 20 or 24 days This was m contrast to the arrest of differentiation ob
served 1n hypophysectomized rats after a three week advance Histologic
ally the epsphyseal cartilage plates did not become sealed off from the mar
row Some chondrogenesis contmued and erosion of cartilage was also
detectable The plates did not reduce m width with mereasing chronolog:cal
age as in normal rats, and thus at 56 days of age were actually wider thn
normal * 2 t Tt 1s known that i the pitwtary derangement which follows
UiHarrington C R The Thyroud Glmla' s Chenustry and Phystology H Milford
Oxtford Unnersity Press London (1933)
mivanDyke D C Smpson M E Li € H and Exans H M Survnal i the
Circulation of the Growth and Adrenocorticotropic Hormones as Evidenced by Par2
bosis Am J Phystol 163 297 309 (1950)
1aSalmon N Cffect of Thyso parathyrodectomy m Newborn Rats Proc So¢
Lep Biol aﬂd Afed 35 139 491 (1930)

MeSalmen T N The Effect on the Growth Rate of Thyrogamthymxdtctumkm

Newborn Rats and of of Thyrowd
terior Hypophysis Endocrumol 23 436 457 (1938)

™ selopment of Rats

1 t of Thyro para
| elopment of Raty
7 Drvvt Rr: 19 93 102 (1940)

115Gcow R O and Sunpson M E Thyroidectomy in the Newborn Rat Anat Rec
91 209 226 (1945)

1208echs H Smmpson M E  Scow R O Aslmg C W, and Evans H M

dectormized on the Day of Birth and the Effects of

Rats Thyrox
(S]Ldet;l ghang;‘se ‘::x Szcsh szmal; Tibta Metacarpal and Caudal \ ertebrae Anat
Rec 100 561 576 (1948} L C I nd By

1Becks H S R O Smpson M E Ashng C W

H B\elc * R:sponsz“by the Rat Thyro paralhyrold(‘ctomlztd at Birth to Gm\g‘l; H:’r
mone and to Thyroxwin Given Separately or m Combination TII Skeletal Chang
Tiia Metacarpal and Caudal Vertebrae, Anat Rec 107 299-318 (1950}
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thyroidectomy the alpha cells (the jresumed source of growth hormone)
are still recogmizatle though only m small numbers ™™ It nught he assumed
that the secrction of growth hormone in small amounts enntinues thus 1<
counting for the slow but custuned growth Howeser 4s will he shown
it 1s unhhely that this would explun the sheletal maturation which may stifl
Dbe slowly progressive two to four months after the operation The most
complete retardation of both growth and mituration should be induced I
camlmng removal of the thnrord and the pitwtary gland elmnnating
sonrces of buth thyroid and growth hormone

Covarnen TinroiprctoMy AND 11 PoPTYSLCTOMY

In colltboration with R I Ray and D G Walker thvroudectoms on
dav 1 has been combined with hypophnsectoms «n day 20 Growth was
marhedly retarded m these rats  Their sheletal age was the sunc as that
aftes thyrowdectonty alone being 18 days at 60 davs chronolgial age
Hustologically the hones reseml led more clovely those of thyrondectomized
rats m thit <erhing off of the cartilyge plates by bones did not develop
The retardation of growth and maturation was the most complete which
hat been attuned

Lifects of Hormone Admitustration on Skeletal Deselopment
Growrrt Hormone THrrRAMY

The growth hormonc 15 umque ameng, the | ftuitary hormones m that 1t
1 effective 1n the absence ot the hnown targtt organs It his been shown
to mduce growth i hypophysectonnzed adrenalectomnzed rats 12 hypo
{lysectomized adrenatectomized thyrordectonitzed rats (unpublished work)
hypop hysectormzed thymectonuzed rats ' * and gonadectonnzed rats ' The
amalvsis here will be contined to studics of 1ts action i nrmal rats nd in

"honef A A Scow R O Swopson M F Lt C H and Funs 11 M
Kespomse by the Rat Thyro parathyr idect mmized at Hurth to Growth Hormone and
t» Thyroun Guen Separately or in Comlmat o 11 Histological Chinges in the
Eiwtary Auat Ree 104 365476 (19)

P Simpon M L. Mare W Pecks H and Eaans H M Re<p nee of Adrema!
ect mized By e physcetomized Rats ts the Pittary Growth H rmene Lod cr 1 33
235250 (1944)

MRevhardt W L. Marx, W and Exans H M 1 fiect of Iaiuary Growth
("‘;:r;\;ne on the Thvmectomized Rat Proc 5 ¢ Fxper Biol and Ued 46 411415

Vheans 11N ad Simps o M L. H roores of the Aoters ¢ Il physe fin,
J b r 99516 (1081)
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Iy pophy sectomzed, thyroidectormzed, and thyrordectomized hypophy see
tomized animals

Growth Hormone e Normal Rats

1f growth hormone therapy ts mstituted after the growth plateau has
been attamed 1n adulthood (starting at six to seven months of age) growth
1 body weight and length 1s resumed, and grgantisn eventually results It
will be remembered that only epiphyseal plates belonging to the defaved
fusing group still remain to be reactivated The hones possessing these
plates participate 1n the overgrowth of the ammals Even after 14 months
of treatment, when bone lengths 1554 m excess of normmnl have been at-
taned, the epiphyses remain open and respoustse Other bones, notably
those of the paws where fusion has already occurred at the single epiphyseal
center, are unresponsive and thus the pws of these giant rats remam of
only normal size 3¢

If growth hormone admrmstration 1s started m younger rats, marhed
differences are disclosed m the responsiveness of different parts of the
sheleton The responsiveness is apparently related to the fime of fusion
characterizing indiadual bones Generally, all epiphyses will respond to
growth hormone unless they are too near therr time of normal fusion when
treatment 1s begun Growth hormone admimstration starting at 81 days,
20 days before the time of fusion of the metacarpal epiphy s, did not cause
elongation of the bone Its epiphyseal plate disappeared at the normal
time 12* The tibias of the same anmals grew substantially In the thirty-
day njection persod they attaned their defimtive length mnot usually
reached until three or four months later 2** Howeser, all of this growth
could be attributed to actwaton of the proxamal epiphyseal plate, for
epiphyseal fusion taok place at the normal time at the distal end of ths
bone (90 100 days of age}

In normal rats, therefore, growth hormone nesther delays nor accelerates
epiphyseal fusion The tesponse of the various bones differs with the dif-
ferences in thewr normal characteristics of growth and maturation

, Smpson M E,and i C H The
 of the Ptaithey Growth Hormone

126Evans H M, Becks, H, Asling C. W
Caudal Vertebrae Gronth

Gigantism Produced 1 Normsi Rats by Injeceon
IV Shfetal Changes  Tibia Costockondral Junction and
12 4354 (108) «

H e
27 C W Becks, H Sumpson M E, Li C_H, and Evans
g ot Diypahyseal Growth Hormone on Epphyseal Closure 1 the Thrd
Metacarpal of Normal Female Rats Anat Rec 101 2332 (1948)

the
M E, Ly, C H and Evans, H M Differences m

;::ﬁ\solégf'zs (‘;\m’mshm‘f{isor?ncnc of the Rat's Proximal and Dsstal Tibial Epiphyses,
Anat Ree 107 399 408 (1950)
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Growth Hormone tn Hxpophyscctonuzed Rats

Prompt increase m weight and sheletal dimensions occurs when growth
hormone 1s jected mto hypophysectomized rats Al epiphyseal plates
present respond to chondrogenesss cartilage erosion and elaboration ot
new delicate bone tribeculae Hjypophisectomized rats are more sensitive
to growth hormone than normal rats and so less hormone 1s required to
produce 1 gnen 1f ad d i after hypophysec
tomy endochondral ossification and growth of the bone 1s mamtamed
Post operatne mtervals of over a year may elipse before mstituting growth
hormone treatment and yet the resumption of growth may become evident
i five days 2°

The ncrease i width of the proximal tibal eptplnseal plate ts within
certan himuts of dose and time proporhional to the dose of hormone 1d
miustered ** This has allowed the development of a relable method of
asszy of the hormone' 2 in which total doses of s hittle s five micro
grams spread over a four day period may be detected  \lthough somll
wmereases 1 the width of the cartilige below the wnt defined tor growth
hormone can be produced by other hormones none evohes continued growth
or growth proportional to dose 1**

No question can anse as to whether or not growth hormone delavw
epiphyseal fusion i hypophy sectormized rats for the operation atselt has
alrewdy restlted mn indefimte postponement of fuswon  Whether or not 1t
fastens fusion must be considered with the problem of whether fusion
occurs when the defimtine length of the bune has lLeen reached or at a
charactersstic chronological age or after the elapse of 2 defimte period of
actnity - Sillicrberg and Silberberg htve maintamed that fusion occurs
when as 4 result of exogenous or endogenous stinuli the bones have

HoBeche § Sumpson M T Ivans H M Ray R D 1t C H and \ hng
€ W Respome t Patwatary Gr wih Horm ve and Thyroxn et the Tibuas § Hyx
Wysectomized Rats After Long Fostoperatne Intersals  fnat Aer 91 631-65¢ (19403

? Becks H O Kobrch B A Marg, W and Fvan H AL Tle Fffect £ Differun
e Levels of Growth Hormone on the Tibma of Yourg Hypop hysectornired Femmale
Vats Croscth 4 437 347 (1941)

Shsas, H ML Smpson M 1 Mare W and hibrich E A Puassay of the
Ptwtary Growth Horntone W udth of the Provimal Epiphyseat Cartilage of the Tiby
w1l pophy sectomuzed Rats Tndacrmol 32 13 16 (1943)

Mhreewpan, F S Lo € H Simpson M F_ ard Evans H A  Ruassay of
Hepohveeal Growth Hormene The Tibia Test nd el 45 455463 (1949)

DVare W Sinpeon, M T and Feans H M Speaifiaty of the Fpyhyscal
Ganlige Test for the Pitwtary Growth Horm ne Pro Soc Leper Bid and Med
33230252 (1544)
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reached full size *** It appears, however, that growth hormone does not
hasten fusion but that fuston may occur at certam centers during the
thromie admimstration of growth hormone Analysis of the response of
the metacarpal 1 hy pophysectomized rats mjected chromcalls with growth
hormone 1s anstructnve *> Epiphyseal fusion had not occurred after 8
months of treatment although the definttive length had been attamed This
was 6 months after the normal time of fusion The epiphy s was found
fused 1t autopsy however after 14 months of mjections It had not con
tributed further to the length of the bone during this time  Other epiphyses
of those normally fusmg by 120 davs of age were also found to he fused
at the end of the experiment Those epiphyses wlich normally remam
patent until senescence were open and active at the end of the experiment
Thus the bones having such epiphyses attamed greater than normal lengths
Comparisan of the sheletal proportions of these rats with intact rats treated
with growth hormone disclosed that the madence of disproportions was
greater in the hvpophysectommzed group ** They occurred notbly n the
paws 2 skull and pelvis

Tngure 41 shows the length of the tibn in rat giants intact and hypo
phy sectomized 1n which the experimental conditions were held closely com
parable except for the hypophysectomy which took place when the rats had
reached their growth platean The doses of growth hormone were simiar
1 the two groups The tibias of the hy pophysectomuzed giants were much
longer than those of the mtact giants It 1s tempting to assume that this
excess resulted from the absence of other pitwtary factors which would
have retarded growth The final explanation, however, mav not be so
simple for i early experiments on inducing gigantism n rats,'*® usig
preparations undoubtedly contaming apprectable amounts of other pituitary
factors, the resulting bady dimensions were some of the largest which have
ever been obtained

Grouth Hormone s Throidectomized Rats

Rats thyroidectomized on the first dvy of hie mereascd both weight

Growth
134Gujberberg M and Silberberg R Influence of the Endocrme Glands ont
and Aging 5{ the Skeleton Arch Path 36 512 534 (1943)
. The
25 1 C W Smpson M E Lt C H, and Evans M

:}r?\;:hsofHHy;?osp}l:;gsectumnzed Female Rats Following Chronic Treatment wlgl nf:;;;ﬁ

Pitwitary Growth Hormone 1II Skeletal Changes Tiba Metacarpal Costochar
Junction and Caudal Vertebrae Gromth 13 175 189 (1949} \
- cted rats are difficult to reconale with the
Eéfxgh these paws d d not grow beyond norm:l
were marhedly thickened so thit the digits
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and length when injected with growth hormone 190 101 131 Bapec through
out the body were stimulated 32° 2 The amumals were relatively msensitne
to the hormone and required 25 times as much 1y hy pophy sectomized rats
to induce equivalent growth Sheletal maturation was not enhanced by
admmustration of the hormone

Grouth Hormone we Thyrardectamused kv pophy sictonuzid Rats

Rats deprived of both thyrotd wnd pitmtary glands responded to growth
hormone with gronth  They were relatively msensitn e to the hormone No
skeletal maturation occurred and the ammals showed the same bone age
as the untreated controls 18 days at 60 days chronological age

TuyroXIN THERAPY
Thyrovin tn Mormal Rats

Thyrowun caused no mcrexse m body length m normal rats ** Smuth and
McLean produced premature fusion of the pronmnal tibml epiphysis'®
with thyroid treatment H V Christensen and I M Carlson produced
premature eprphyseal closure in the metacarp?l of mtact rats in ths fabora
tory by thyroid feedmg (unpublished) Nohack et af **¢ reported accelera
tion of development of epiphyseal centers m newborn rats under thysoxin
therapy

Thyrovus e H3 poplyscctomized Rats

The capacity of thyroxm to mduce growth of hypophysectomzed rats
15 stall under evaluation At margmally toxic Jevels (over 5 pg ) no growth
was obtamned 1 Barely detectable growth occurred at 5 pg " At 3t03
pg dosages small but statistically significant weight and Jength mereases
were demonstrated (Ray ¢t al ™ also C P Williams uppublished) The
question arose as to whether this growth might be sustamed In an expen
ment now i progress weight wmcrease continued for some months at 1
2 pg dosage Body length also wcreased as shown i Figure 42 The

O and Marx W Response to I ttuttary Growth Hormone of Rats
;‘l‘sggl‘?itctnﬂmxzed orlll the Day of Birth dnat Rec 91 227 236 (1945)

n M E and Pencharz R 1 Relation Between the Growth
e A T oo Pitutory and the Thyvand Hormore Edocrimol 25 175 162
(1939)

d McLean F C ~  of Hyperthyroudism Upon Growth and
3,%;.":31 anﬁmsﬁ?m of Bone Endor 552 (1938)
H S The Time of Appearance
W\clfbaﬁd‘ tgn]émz\?s":;nthg Rca! =1 tions of Thyrowin Thiouraci!
el an Propionate 4967 (1949)

kS
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magmtude of these ncrenses of course 1 no respect approached that of
normal rats or of hypophysectomzed growth hormone treated rts

Sheletal differentration continues 1n thyrosin treated Iy ophysectomzed
rats demonstrating that the maturing effect of this hormone 1s not med:
ated bv the pitwitary gland * 107 *1 Table \\ shows the advance may be
maintamed at a virtually normal rate  During chronic mjection mentioned
above r rams of hypophy d rats after three months of
treatment showed that all except the lnte fusing eprphyvses (such as tl it
of the proximal end of the tibia) had fused Lven after 6 months of treat
ment however patency was mamtamed in the late fusing group

In hypoplny <ectormized rats the fusion of epiphyses was effected by con
tinued erosion of the cartilage plate in the absence of chondrogenests Mar
row contact with the cartilage was mamtased and sealing off by bone did
not occur At the chondro medullary junction chondroclasts were {ound
but capillary tufts were sparse ¢ Long after hypophysectomy when the
sealing tone had been present for long perrods the admnustration of thy
rovn resulted 1 breaking up of thus bony lamina and re establishment of
marrow contact with the cartilage’ ¢

Thyrovin i Thyrodectonnied Rats

A part of the reaction of thvroidectomized rats to thyroxin 1s undout t

TABLE XX

Sheletal Age of Female Rats Hypophysectomized 1t 21 Davs of Age and
Injected with Thyroxin between 30 to 60 Dvs of Age

Skeletal Age Advance
mn
Treatment At At | Sheletal
30Days | 60Days Age
Hypophj sectomuzed Untreated 29 42 13
Hjpophysectomized + Thyroxn
)p(z 5 ug per day) 29 55 26
Normal Untreated 30 0 0

After Ray et al 24
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edly due to the repair of the mwtary gland and resumption of its secre
tion 2 With the resultant increase m endogencus growth hormone the
«question Lecomes one of the reaction to thyroxin and growth hormone to
gether The discussion will therefore be deferred to that <ection It 15 also
comvement to defer discussion of thyvroxin tn thyrowdectommzed hvpophs sec
tomized rats

Coverned TryRoXIN Anp GrowTit HorMONE Tiierasm
Thyrovin ~ith Gro-cth Hormone m Normal Rats

It bas been known for some tuue that thyroxm augments the growth
resulting from growth hormone jections in normal rats 1 but the heletal
mtaration has not been studied

Thyrovin ~cith Gro~cth Hormone 1 Hypophyvsectopnzed Rute

Vhen these two hormones were mjected 1nto hypophy sectonmzed rats
Dboth growth and maturation occurred * * ® *t A delicate balance of dosage
15 required otherwise one or the other effect mav predomunate ' The
proximal ¢jiphyseal plate of the titta mayv show greater widtls than with
growth hormone 1lone under one experimental regimen ** or may be much
nurower th with the growth hormone alone (C P Willams anpub
lished) Howeser, the bones alwavs attan greater dimensions than with
growth hormone alene although epiphyvseal closure m1y then superience
before narmality of length 1s attained It has leen reported that at one
site the mandibular condvle thyroxin nhiluted the response to growth
hormane ** This mhiition was judged by the width of the condylar
cartihge  In another experiment however when the coudlar segment ot
the maindible was measured, 1t was found tint the response to growth
hormony was wugmented as 1n other bones (Table \\I) The hnstological
preture corresponeed closely to that observed in the former expeniment

Thyrorin and Thyroxms with Grotth Hormone
Thyroudectomzed Rats

The resumption of growth when thvroxin = administercd to thyrod
ectormzed rats was as strihing as that resulting from the adimmstration of
growth hormnne to I paplh sectormzed rats  Lhe growth rate was equal
to that of normal rats  Sheletal differentintion was v accelerated leading
53 rate of mturation cven m excess of normat Tn rats thyrodectormzed

“Crllos D A Necke H Simpson \{ [ and Evans H M Growth and Trans
i rmat m of the \and bular Jomt i tte Rat tm J Orth { w and Oral Surg 32
AL (104)

-
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TABLE XXI

Length of Coudylar Segment of Mandible of Female Rats Hypophyse
tomized at 28 days of Age and Injected for the Ensuing 40 Days
with Growth Hormone and/or Thyroxm *

Distance Between

Number Crest of Condyle and
Group of Posterior Alveolar
Rats Margm of Last
Molar Tooth
Untreated Controls 5 84+ 022 mm
Growth Hormone 4 9 6= 009 mm
(50 200 g **)
Thyroem 5 §7< 012 mm
254g)
Growth Hormone and Thyroxin 5 103+ 022 mm
{doses as specified above)

*Unpublished work with C P Withams
*#Dosage mcreased with mcreasing body wergh t

on the first day of life daily deses of thyroxin of 25 to 30 pg so stimtt
lated differentration that in thirty davs of treatment the bone age advanced
3540 days even though the treatment had not started untif 30 days of
age when the bone age was 15 to 18 days Scow ¢f al2* felt that when
the two hormones were admmstered concurrently no advantage 1 growth
was seen over that when thyroxin was admimstered alone since maximuin
growth already was ocenrring under the stimulus of the endogenous growth
hormone evoked by thyroxin therapy Ray ef ol usmg shightly higher
doses of growth hormone reported augmentation of the growth by the
concurrent ndmimistration of the two hormones so that the rate exceeded
that of normal rats In both mstances the bone age advanced at the same
rate as with thyroxin 2lone

Thyroxmn and Thyrovin with Grerth Hormone i Thyrowdectont od
hy pophysectomised Rats

ollowed v hypophysectomy on

30 to day 60 caused shght but

length and the lengths of ndt

Vhen thyroidectomy on day 1 was f
day 20 thyroxsn admmstered from day
significant increases m body wesght Lody
vidual bones



ASLIKG SIMPSON, AND EVANS 151

Such doubly deficient ammals could not of course respond to thyroxin
by production of endogenous growth hormone as could thyrordectomzed
rats  Although the growth ehated by growth hormone injections was anly
stightly greater than that with thyroxm the comhined adnymstration of
these two hormones resulted in restoration of a normal rate of growth
Tigure 43 allustrates the relatne effectiveness of thiroxin and growth hor
mone alone and combined n stimulating body weight 1n hypophssecto
mzed thyrosde d and thyrowd d hypophy sectonuzed rats In
body length and bone lengths these antmals responded m 1 manner cor
responding to therr body weights

Skelet1l differentiation was resumed at normal or greater thin normul
rates when thyroxin was adnunistered, the addiion of growth hormonc
il net further advance this rate In fact mn the doubly mjected rats the
stimulus to cartilage eroston was balanced by chrondrogenesss, and 2 tend
ency to premnture eprphyseal tmion (as 1 the medial humeral epicondiie)
was corrected  This 1s allustrated 1n Tigure 44 showing the distal end ot
the humerus m doubly deficient rats injected with the two hormones alone
or m combnation

Ta recapitulation, 1t appenrs that m rats growth hormone 1s a potent
stmulus to <heletal growth but has httle effect on maturation winle
thyroxim directly advances mataration Lut <tmulates growth only shghtly
By admmistening these hormones concutrenthy i properh Lalanced dos
agts 2 normal balance between growth and differentiation may be estab
lihed The necessity of Loth hormones for this halance 15 best shown by
stulymg their actions m thyrodectonuzed hypophs sectonuzed rats

Adrenocorticotropic Hormane i N ormal Rats

Inncrmal rats \CTH myections (1 mg darly ) retarded body growthist 16
11 chondre genests and ovteogenests at the proximal tiba) eptplis s 1+ 1
though the retardation was nnt found to be as severe as after hvpoj e

Mlvans H M, Simpson M E and Li C H  Inhibitmg Lflet »f Adreno s o
trepic H emnne on the Growth of Male Rats End crmof 33 237 23> (1%43)

Bder, B L. Ingle D Lo C H and Frans TE M The Ffiect cn Liver
irutund of Trcalment with, Adrenccortucoteepin Coder Varied Dietary Con btuons
Im 7 dnar 82 75 103 (194%)

Wheehs, H Sy ML Li € H and Faans H M Fffccts of Adrer»
Sarticotroy 1¢ llm‘mm"’(/\cnl) (\:1 the Ouseous Svetem 1 Normal Rats Fndsermal
31303 310 (1944)

Whiker B I and fngle D J  Growth Inhbiton m Dove and Done \arrow
(“‘&v;mg Treatment Wi Virousorionropn (ACTIT)  Fadocrmal 43 o
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fig 4 Response of Drtal Humeral Fpgplnas of  Ehsrodes tomzed
By i sectomized hats ¢ Tlvroxan Growth B rmone an 1 the Comtiny
en

Thie anmals were ¢ davs 01 age excetas n wd (H& Fostan % W1 f Acemat
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sf the (late 1 the medial epice pdile are tuth pert cated D B th seratt ns de
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tomy The growth inhibition and bone changes were not caused by ACTH
m the absence of the suprarenals Therefore, 1n view of the effectiveness
of the hormone through the suprarenal cortex, the cortical steroids would
Le expected to have a similar antagenistic action 37 148

Adrenocorticotropic Hormone 11w Hypophysectonnzed Rots

In hypophysectomized rats ACTH did not affect the already mactie
condition of tibial epiphysis However, when ACTH was admustered
concurrently with growth hormone, marked imhibition of the action of
growth hormone was demonstrated 3% 3% In none of these expermments
had sheletal maturation been stucied (Such studies are especially desir
able i view of numerous reports of precocious sheletal maturation 1n
human bemgs suffering from hyperplasia of the suprarenal cortex )

Selection of rats hypophysectonnzed at an age earher than that m the
preceding experiments (26 28 days) offered a specific advantage With
earlier hypophysectomy retardation of sheletal age would be more obvious,
and any effect of the hormone on this phase of morphogenesss would ac
cordingly be easier to detect Therefore, ACTH therapy was mtiated the
day following hypophysectomy at 21 days of age, and simultaneously 1
normal rats of the same age, males bemg used Figure 45 1s a photograph
showing such rats at the end of the experiment, when €0 days of age
Figure 46 15 a graph showmng average body weight of the various groups,
mjected and control The suppression of growth tn the mjected rats 15
obvious Table X\II grves the body werght and length, and measurements
of some of the long bones, also llustrating the growth whibition

Histologacally, mashed narrowing of the proxirmal tial epiphy seal plate
was found The mtact controls averaged 330 nucra the intact treated rats
207 mcra, the hypophy sectomized controls 291 micra, and the hypophysec
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Iig 45 \fale Rats 60 Days of Age after 39 Days of 1rcatment with
Adrcnocorticotropic Hormone (ACTH)

One tl1ed natural size from { f1 to right ntact untreated wmact ACTH (20
m¢ dalv from day 22 to day 43 then 30 mg daih unul dav 60)  hypot hysectom z¢ 1
:': gay él) i tecated hypophy scct muzed at dav 21 ACTH (20 mg da ly from day 22

2y 60)
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tomy The growth mhibition and bone changes were not caused by ACTH
1n the absence of the suprarenals Therefore, 1n view of the effectieness
of the hormone through the suprarenal cortex, the cortical steroids would
be expected to have a similar antagomstic action 47 118

Adrenocorticotropre Hormone 1 Hypophysectomized Rats

In hypophysectormzed rats ACTH did not affect the already mactne
condition of tibral epiphysis However, when ACTH was admmistered
concurrently with growth hormone marked inhbition of the action of
growth hormone was demonstrated *** ** 1In none of these experiments
had sheletal maturation been studied (Snuch studies are especially desir
able 1n view of numerous reports of precoctous sheletal maturation n
human bemngs suffering from hyperplasia of the suprareml cortex )

Selection of rats hypophysectomized at an age earher than that m the
preceding expeniments (26 28 days) offered < speaific advantage VWith
earhier hypophysectomy retardation of skeletal age would be more obvious
and any effect of the hormone on this phase of morphogenes:s would ac-
cordingly be easter to detect Therefore, ACTH therapy was mtiated th*
day following hypophysectomy at 21 days of age and smulteneousls f
normal rats of the same age males bemng used Figure 4515 a photograph
showing such rats at the end of the expermment when 00 days of age.
Figure 46 1s a graph showmg average body weight of the various groups
myected and control The suppression of growth m the myected rats 15
obvious Table \\II gives the body weight and length and measurements
of some of the long Lones alse rllustrating the growth mhibition

Histologically marked narrowing of the proximal tbial epiphy seal plate
was found The 1ntact controls aseraged 330 micra the wtact treated rats
207 mcra the hypophysectonuzed controls 201 rmerg and the by pophy <ec

and Rendall E C  Atraphy of the Adrem! Cortex

N s e f Large Amounts of Cortn Awt Ret

m the Rat Produced by Admnistration of
71 363 372 (1938)
Reversibte Hy per

H8Winter C A Silber R H and Stoerck H C Producton of
adrenocort mem wn Rats by Prolonged Admimstrat on of Cort sone Endocrimal 116
72 (1950)

usMarx W Sumpséh M E Li C H and Evans H M
tary Adrenocorticotropic Hormone to Growth Hormone m Hypophys
Endocrinol 33 102105 (1943)
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Tig 45 Nlale Rats 60 Days of Age after 39 Days of Treatment with
Adrenocorticotropic Hormone (ACTH)

One third natural size  From left 1o rig/t ntact untreated intact ACTH (20
mg dally from day 22 to day 43 then 30 mg daly untl dav 60) hypor! ysectom zed

at day Z1_untrented  hypophysectomized at day 21 ACTH (20 mg daily from day 22
to day 60)
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Fig 46 Curve Showing Body Weight Response of Rats Treated sith
ACTH, as Spectfied 1 Figure 45
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tormzed treated 163 mucra The epiphyseal plates i the treated groups
shawed 1rregulanity of chondrocyte columns and dimimished cellularty
Though excesstve bony resorption had been anticipated quite the opposite
was found The bony trabeculae extended for o derable distances into
the marrow cavity both mn mtact and hypophy sectormzed treated rats and
showed lach of resorption and re They thus d on
the one hand with the normal controls which showed active bony reorgant
zation and on the other with the hypophy sectomized controls which showed
resorption of the spongiosa In treated rats the cartilage cores were m
vested by bone up to the chondro-medullary yunction as opposed to the
normal del cacy of the trabeculae mn this region The surface of these
trabeculae were 1 ty basophihic with h yhn  The costochondral
Junctions showed the same response as the tibtas and are illustrated m

Figure 47

The skeletal age was neither accelerated nor retarded by the treatnent
In Table XXII the skeletal age and the length age (1e nge of 1ormal
rats of equiialent length) are presented The degree of differentiation
attamned by the distal end of the humerus added suppart to the sheletal age
diagnoses (Figure 48) The mtact treated rats showed normal differenti
ation the hvpophysectomized treated rats were retarded as mn the npo
physectomized controls

Although food consumption was not measured m this expeniment the
evidence from experiments cited earlier’® was that food consumptron was
not a factor an the suppresston of growth with ACTH smce rats trcated
with ACTH ate as much as if not more than rats growmg actiely 1
response to growth hormone and when the two hormones were admints
tered concurrently the food mtake ncreased further Furthermore marhed
restriction of the fod mntake of normal rats miubited growth less than did

ACTH admnstration *+
Effects of Protein Deficiency on Sheletal Development

H 1 Dougherty and M M Nelson have recently succeeded 1 m;mt
tammg a group of male rats untl autopsy at 60 days of age U‘:'l1d:lle5
contaming no protem having mstituted the regimen at weanmg 2 ‘])“
The experimental period was thus dentical with thit m .
¢ described  Although they are not strictly comparable “|‘]:e
the hypophysectomized ACTH treated rats it 15 mnteresting to e‘(ammetem
effects on skeletal morphogenesis of these two forms of severe [m: o
metabolism disturbance Table XNIII shows their weight 1eng2}1]1 {! ::1 .
body and tibra) and skeletat age Their werght loss was greatclr :uan o
of ACTH treated hypopliysectomuzed rats their length gam shghtly

of age)
experiment Jus
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Tig 47 Costochondral Junction of Rats Tretted w th ACTH as peat
fied v Fgure 45

N (I ‘& Estan X 40) A Intact untre
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F1g 48 Response of Distal Humeral Epiphysis of Intact and H);(;
physectormized Rats to Treatment with ACTH as Specified 1n Figure 4

1 yseal plate
E stai 10) A Intact untreated Closure of tle maw epiply:
haii&rre; &"h.ﬁfmz 1 the medial ep condyle remains patert B Intact ACTH
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TABLE XXII

Measurements of Protem Deficient Rats and of Hy pophssectormzed
ACTH Treated Male Rats *

Faperimental Regimen
Hy pe | Insectomy
Protein +ACTH No
\easurement Deficiency** | 20 pug /day | Treatment
Body Weight (gm )
At Autopsy 340 515 63
Gam —162 —20 110
Bodv Length (cm ) r
At Autepsy 213 221 248
Gam 10 16 34
Tia Length (mm ) 245 244 207
Sheletal Age (days) >40<50 | >35<40 | >3y wd0

*All rats 21 days of age at onset 60 davs of age at autopsy

**Pur fied d et contamng no protem expertment n ¢ Maboratson with H L Dougl erty
and 3 M Nelon

their tibia length the same, and their sheletal age shghtly more It will be
noted however that some rctardation of skeletal age did oceur under these
conditions  Histologically the til1al ephyseal plates were vers narrow and
©en 1n some ammals showed perforations, chondrocytes were very
scanty The medullary cavty was devord o} bone except for the transierse
homma which sealed the cartilage plate from the aplitic marrow (Fig
ure 49A)  The distal end of the humesus showed some retardation of
maturation (Figure 49B) The most marked contrast between the ¢ pr
ten deficrent dwarfs and the ACTH treated hypophysectonnzed dwarts
%25 m the marked psseous resorption in the former and the failure of
0sseous resorption 1m the latter

Conference Discusston

Armstrong Dr Asling we thank you for a very cireful summary of 2
thorough study which undoubtedh was meticulously carnied out over a lon,

\l'mel a study 1 which much msight and 1magination had to be brought
9 thy

Lo not hnow whether there are questions or further discus:
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Fig 49 Representative Epiphyses of Rats 60 Days Old after Mainte-
nance on a Dret Devord of Protemn since W eanmng at 21 Days of Age

ndicted with H L Dougherty and M M Nelson
(H &E stam )< 10) A Proximal tibual epsphysts The cartilage plate 1s narrow
The spongiosa has been completely resorbed B Distal humeral epiphysis _Persistence
of a fragment of the main epiphyseal plate 1nd cates shght retardation i d ferent at on
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Aslng y hope that he feport hag ot been ¢, fong tfay We have foq
the chance of hearmg COmmens

/Immrony Are jop alnayg re[crrmg t0 femajeg and majes here»
Aslng 1 refer only o females untif the Yery last of the teport Then 1
maje

In Beneraf 1 AN 53y fhay Wwe have B0t noteq any sex difference m the
animga} Tesponses but 1 shaly Speak of that Specificay, The males g, have
2 shghtyy, bigher body eight gayy T thiy that ghe,, growth urve my,y,
have 4 more deﬁmtely Upwarg melnayen S0 thay they M2y gamn 5 cnt o

M over ghe Course of , e 2 half g, Invmg reacheq aduly
10t hay, a

Al ngy they Wwere 28 ys of ge at \popl)ysectomy and obtamcd
lttmgger, by 8¢ of 47 4. S 28 from was [9 Y Stopped
1 very ifficuj, At the time they are Sacnfice lusrologxc Studzes
showeq that ling hag I\ Place Yery wep atter of f, ot
B pophyse, tor Nima, 7 2 yearg after hy, Physect, do nop
Sier g 0 ger Y bone a0 They Seem p around 50

€ rats % pop) Wsectomyzeq hy 8 days old ang SACrificeq hen 6p
obvmusly h, S 0wy 0 maje the, dvance , bone 5 The

ts hypop Wsectom,, ed Age had 54 dayg 1y h to Make 1
Th Ve was ip, im0,

1Imrlrnng T notice the upper one 15 Mussing Some teeqp, Is that 5 com
mon obscrvauon ?

Asliny The IS0ry oo tery Poorly Indicateq n the photograph but are
nt and ¢

acty; Iy Teses 'Ption of th eeth dig APpeareq on
me eth p; TY earf; T ntly h)poph}secmmy even ap
thus gy, age 15 nop 1y enoy, h 10 ag t taoth Maturagg,,

Ho,
Ines >

Asling Some Suture, Stch »¢ those 1 the lnsxcmmum “ere inkeg to
ke them More Visible gy, the photogrnph
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Bevelander \What 1s a bug table?

Aslng A table of maggots that avidly consume connectrve tissue muscle
and so forth but will leave the sheleton mtact and very rucely cleaned

Follis These thyroidectormzed animals stil] have ther parathyrowds ?

Aslng  Let’s see Scow'® tool\ out the parathyroid and found no dif
ficulty whatever as long as he kept the mothers on a high calemm diet
Ray** put the parathyroids back imto the sternoclerdomastord muscle and
found no advantage from this Nerther of them got any tetans unless the
mothers had a very poor diet Tlus 15 1 critical matter as to whether the
parathyrord hormone of these ammals has any effect Rats are rather re
sistant to parathyroidectomy anyway and this 15 a factor not yet studie |
n our experiments The parathyrowd 1s gone m most of these ammaly

Follis Ts that cartex thicker than one would expect normally?

d 1 1

Ashing Yes and I wish I could more of the of
the thickening The lines of apposition are found along both dorsal and

ventral surfaces of the bone

I mught add that periosteal osteogenes:s also thes place under admunis
tration of grouth hormone but the marrow cavity seems ta expand m pace
with 1t If one tahes a cross section through the diaphysis of the tibrt and
measures the total area of 1t with a planimeter and then measures the mar
row cavity the total area will increase with periosteal osteogenesis, but
there will be endosteal absorption so that the proportion of the total area
to marrow cavity remams the same The balance seems to be sustamed

However 1t 1s not such an active process that one can find increased
numbers of osteablasts on the endosteal surface

Follis you apparently have not seen anything such as one would see m
ac Iy with tncreased periosteal

Asting Tf I may translate the word ‘acromegaly as “enlarged pmmxl
nences the best example I can give tn these rats wauld be the marhe
wncrense along the temporaf crest at the attachment of the temporal muscle
Rats do not have any apprectable amount of sinuses so we do not see any
simus activaton We see very marked activation of the mandibular con
dyle As to the occlusion between the molar teeth there may be an anterior

andible The rat hts a continuons working of the

displacement of the m: ng together so

incisors one imside the other and they seem to keep on fittr
that one does not get evidence of malocclusion of the masors

e
The paws show the least correspondence to acromegaly The Ione‘s :xl;y
1o longer than normal but there 1s a thichening of the digits dreo-ventr:
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and alo Jaterally so that the anmls hold thesr dgsts 11 2 spread position

1 should giie one other example  The deltond tuberdsities attam tintisial
prommence m these chromeally wected anmmals

Certamb we are not prepared to say that acromegaly has been produced
m rats Oue might be tempted to call some of these things acromegaly but
1 do not hnow that thiv s Justified

Armatrong  \What 1 the number of sucrograms of thyrovm?

tshng  \hurograms of thyronn—2 micrograms duly

{rmstrong  How s o adnunistered®

tshuy Subcutineoush 6 davs a weeh grving them 3 rest on the seventh

The pstwitary undesgoes 3 consderible amount of degeneration n the
fhyroudect suzed aninnd I ome gives thvioan ene will find 2 marked
repar of priuttary ovtoloy m the ammal It i defficult to dafferentiate
these pictures from the normal ammals  For example gonadotrt pie acton
13 alo restored  The anmids (o batk mta 1 relrtnely §ood state of health

Tollis Ts that milhgram equnalent to commercial mtersal?

fshn; T da not bnow what Dr T1w wonchovons are o the patency of
his prgmratians as compared with commerel ACTH but T beheve he
firude hus harnw i more potent The hormone that 1 bave nd fvom Dr 1y
vy wtne according to wilvenal mamtenance tests and the acarbie aart
s Yot will sce the duses which huve been necessars 1w crder to duown
atrate amy ~keletal response

I camot vy what these doses are equnalent to amon,, the o mmercttt
nuaternls

Lot Is that given sn one sjection or several”

tshiny  Flws was deeded among three myections daly It nught have
bren hetter to dusde r amang 1< 2 dy

frmstrong Do you thisk v would have obtamed the same tue ot
reslt 1f vou wuld have admmmsterert m adrenoccrmct! extract whch «on
tuned the cortical hormene®

#shaj In Endocrinolayy of Jubv 3930 there 1 2 report o mduied
fapercontomsm Y Wonter and toficagues demonstrated whibited bods
growth They hd not wse Inpop husectanuzed anussals  they used norml
wambs Fhe bene tastology w13 mentioned hrefly w this report sheletat
growth way o mbulsed by cortisone

Irmstrony Wit vou are domz then o addig one wsult on tp of
another, 15 that 1 fae statement *
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Asling ACTH does not have any effect on the skeleton 1 the absence
of the adrenal cortex

Armstrong  Exactly

Ashng  So that this whole response ts through the adrenal cortex

Horeard Did the armals eat as well as the controls?

Asling In ths expertment the food mtake was not measured The food
mtake has been measured by Dr Simpson on ACTH treatment with and
without growth hormone ACTH treated animnls ate more than the hypo
phy sectomized controls and as much as 1f not more than ammals growing
rapidly as a result of growth hormone injections 2

Pfeffer What 1s the mortality of those animals?

Asling T lost 50 per cent of my ammals in this experiment

Pfesffer What from?

4sling Sudden death I think that the hormone had sote posterior
lobe principle n 1t

Bartter Were your ACTH treated animals obese?

Asting No they were emaciated

Pfeiffer One has about the same loss of mice with large doses of cor
tisone

Ashing There 1s very high martahty 1 both groups Van Dyke 1 our
Iboratory succeeded m carrying much heavier tats at a 1 mgm per day
lesel for 116 days with virtually no mortahty These animals had alrend]v
ccomphished practically all of their growth and 1t would be very d fficult
to establish any substantial restriction of growth with them

Follis Why do you say you would expect restriction?

Ashng 1 thought ostecporosis was one of the features of adrenal cor
tical hyperplasin  Am I n error?

Sobel There have been reports to the effect that ACTH causes ostec
porosis

Unst That may be due to 1ts antianabolic effects It may depress the
rate of bone formation and mn that w1y produce osteoporosis

2

Follis Did you get any weight gan in the protem deficient ammals

Asling Minus 19 grams
Urist  \What 1s the mortality under such condstions?
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shng  Forty per cent
Urist Ihd they get any ammo acids?

Aslmg No, sir  Lbey had a sucrose fat and vitamin salt mmxture and
they had no protem whaterer  Torty per cent of them died before they got
to €0 days of age At the tume of autopsy some were becomng mornbund,
others looked as 1f they could have held on tor another 5 or 10 dyys

McLean As long as the bone 1s not growmng jo0u cannot demonstrate
fatlure to resorb

Ashung The bone does resorb after iy pophysectomy  Estrogens do not
prevent the resorption after hypophysectomn

McLean You mean the estrogen was gnen immediately after hypo
physectomy?

sling The estrogen was started on the day of operation and continued
for 18 days

Pferffer How long after adrenalictomy was the estrogen treatment
started?

sling The estrogen treated ammals were intact not adrenalectormzed
The ACTH level reached after approximately 50 hours of estrogen treat
ment corresponded to that reached 50 hours after adrenalectomy

Pfeffer That 15 only a temporary response In a chronic estrogen
treated amimal the adrenal usually goes down T do not know what hap-
pens i a hypophysectomized ammal I do not doubt that there 15 an
mtal ACTH 1increase

Asling You do not thunk this would be sustained ?

Pfaffer No

Sobel How did you measure this ACTH?

dshng Gemsell and VanDyke dud this by taking the plasma of the
ammals and making crude extracts to get an ACTH beanng fraction They
went through part of the purificanon procedure of ACTH so that1if \CTH
was m the plasma they would have a powder which carried 1t Then they
wjected 1t into hypophysectormzed rats and deterouned the amount of
depletion of ascorlne acid 1n the adrenal cortex

Sobel The reason 1t 1s of interest 1s that we have some hasis to heheve
that cluldhood convulsions of unknown ongn have to do with sudden
upsurges of ACTH T did not know there was a method for ACTH assay

fshing T beheve ths report will appear very shortly
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Unst 1 would like to ruse a question which may be nswered by Dr
\sling s very mmportant expenments Does ACTH produce any specific
or qualitative change 1 the structure of the growing hone?

Ashng In the roentgenograms of the animals which T studied the den
sity of the bone was greatest m the intact untreated rats In tl e next group
1t was not possible to differentiate between hypoyhvsectomzed untreate |
and ntact treated both bemg moderately more radiolucent The rad o-
graphic density was least 1n the hypophysectoruzed ACTH treated anmals
Thesr bones were of course smaller and thinner They could pass the rays
more easily 10 this same order

Histologicaily down i cortical bone well down mto the diaphysis 1t
was possible to see more of vasculanty and even encroachment upon the
corticnl bone lessened density due to this visculinty and even some mar
row elements

My only reservation 1s that T must cut cross sections of these bones to
make sure that shght differences 1n orientation of the pline of section are
not responsible for my mpression that 1 one density was less m the ACTH
treated ammals than m their respective intact or hypophysectomized con
trols

Unst Have you ohserved anything that might he termed  expermmental
osteoparosts ?

1shig 1f T had a good defimtion of osteoporost 1 should Iike to sav
that T got 1t expermmentally but 1t still seems to he a roentgenog raphic
diagnoss rather than a settled pathologic entity

1 <hould like to hear vour defin tion of osteoporosss Speahimng patho
logically osteoporosts 1n the cortical hone 1s certainly some form of rare
faction

Urist Using the word 1n the sense of porous bone having a thin cor
tex The pores bemg filled esther with bone marrow or vascular spaces

sl ng Subject to confirmation by cutting cross sections of the ! one]s 1
would say the bone 1s more porous i the treated groups than 1n their
controls  The cortex 15 very much thimer m the treited groop Ther.
was no evidence of mcreased numbers of osteoclasts
ere ws more lone between

t that th
Follis 1 thought vou made the pom o e med amls o

the epy hyseal carulage an the ACTH unhy pop
there was 1 the normal
y Tesorption 1 the

) t ver: r f an;
Ashng The spongiosa underwent very poo e the cortical

medullary cavaty 1 am tryig to differentiate carefully
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hone and the endochondromedullary bone here The two findings arc m
cxact opposttion, lut perhaps they can e reconciled

Shorr Obuiously, the thought 1n the back of the minds of the questioners
1s the relationship of vour findings to certan pathologic states 1 man  Am
1 nght i thinking that your dosage of ACTH was selected with the 1dea
that you must choose a dose that would produce some detectable change
m the skeleton?

Asling  Previous experiments of Becks Simpson, Li, and Evans'® using
doses of 1 mg, and occasioually mare had not produced the maximal bone
changes that I hoped to elcit

Shorr It would be helpful to learn from you the spread between the
maintenance dose of ACTH m the preparation that you used and that
which you found necessary to use m order to produce bone changes \What
was the spread?

Ltsimg 1 blieve that was 3 10 10 mucrograms, wimch then 15 a factor
of 500

Shorr That rght give us some 1dea as to the relation of tlus action of
ACTH to pathological states m man It was necessarv to give about 500
times the mamtenance dose of ACTH m order to produce what vou would
regard as defirute changes m the bony sheleton®

«Isling On reconsideration, I have grven you the wrong answer The
figure § to 10 mucrograms and the factor of 500 denved drom st represent
the mmumum dose which will gne a detectable response mn the adrenal rc
pair test m hypophy: rats The dose 15 sub
tugher, perhaps ranging between 0 5 to 10 mg, depending on the prepara-
tion This would mean thit in the experiments T was using 3 to G-fold the
uwruntenance dose

Shorr Thraughout the course of this chrome admimstration, did sou
look at the adrenals and did vou find that they were mamtaming a state of
£00d <torige of prefortned lipids ar were they exhausted? What was the
state of the adrenals?

Ashug The adrenals were, of course, npertrophic They were entarged
T cannot give you the figure T beheve that the intact ammals had abont
R0 mg adrenals The fat storage indicated enormous stimulation

Shorr  There was plenty of lmd nght throughout ¥
istng Tl

And there were enormously thickened cortices
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As I mentioned 1 the hypophysectomzed ammals what with the i
m mshed hody tone and the mcreased dimensions of the adrenal the ghnl
was actually palpable

The ascorbic acid depletion test was run on the adrenals of the hypa
physectomized anmmals It did not seem sound to do this on the mtact
animals because of the possibility of alarm reaction at the tm e of autopsy
confusing the results In the untreated hypophysectormzed animals the
ascorbic acid level was already rather low 40 days after operation Tn tle
treated hypophysectomzed anmals further reduction 1n ascorbic acd was
found

Shorr  Irutially or throughout?

dsling  This was an ascorbic acd assay on the 1drenal gland sself at
autopsy after 39 days of treatment

The gonads of the mtact ammals were depressed beyond body weight
proportion  The balanopreputial cleavage which 1s an index of the process
of sex maturation 1n the male (just as the vaginal opening would be i the
female) was retarded The hypophysectormzed ammals showed httle tf
any stmnlation

T suspect that there was a trace of JCSH which did not appear with
conventional assay techmques but which showed up under the high dosages
and under the long term of admimstration

This might be true of all pure pitmtary hormones Perhaps if you
myect them at ngh enough dosage—fiftyfold of the MED and for a
long enough time—6 weeks you may be able to disclose contammation
with traces of hormone other than the primary one

Rarfenstern. Dr Ashng here 1s a more general question that has worned
me a little bt 1n connection with the problems posed by your presentation
I wonder what your feeling 15 about the distortion that might come mtg
your results from the fact that you are replacing in the hypophy Scctomxze"
anmmal only one tropic substance whereas the ammal s deficient m
tropic substances ?

Ashing It would he most structive I think to runa single deficency
experiment mnstead of a smgle repar 1 should like to gne five pure hor
mones and leave out the sixth

Resfenstern Do you thik that this fact 1s gomng to change your results
or don t you have any guesses on this point?

Ashing T had better not hazard them I think the teraction of these

b ; tuch we feel certam
hormones 1s distinct sometimes remarhable The one which o e
1s a physiologie relationship 1s the growth hormone—thyrotropic
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synergism I do not believe we need to have reservations awaiting the final
purtfication of thyrotropic hormone to say that growth hormone and thyro
tropte hormone will be found to be synergistic  What 1t addition we shall
gamn by inclusion of the gonadotropins I do not know 1 wish somebody
would tell me why sex hormones are not effective 1n skeletal maturation 1n
these experiments when they are so conspicuous a part of human skelet1!
maturation for example 1 am most eager to find cut what will happen
there

Pfaiffer You will have to examme mbalances between the genoado
tropluns and other prtmitary hormones and sex hormones I think i order
to get an answer to that I mean I think 1t 15 a balance situation

Asting 1 have wondered whether some of the effects of the sex hormone
are mediated through the pituitary even in pitmtary deficient patients

Pfesffer 1 would not be surprised

Reifenstetn. You have the effect of one tropic hormone on the other
tropic hormanes

Here 1s another pomnt When you induce a discharge of ACTH you
get & decrease mn the gonadotropic hormone You have for example a
stressed anumal  The gonadotropic and alve the thyrotropic hormone 1s
decreased I am wondermg 1f this relationstup might make a deaded dif
ference here and 1f we are not dealing with an artificial situation that
would not come about as far as the human 1s concerned

Ashing I think any method to create single deficiencies would be good
Whether there 1s some way of selectively affecting the pitwitary s output of
one hormone 1 do not know There are some mdications that we mght
be able to get somewhere along that line 1n the next few years Sigle
defictiency hormone studies are urgently needed When there 1s enough
knowledge at hand they will be done

Copp We studied the effect on uptake of radiactne calewm in these
ammals

<shing I hoped you would discuss that

Copp We found very little effect of the ACTH 1n the normal ammals
There was a reduced sheletal uptake mn the hypophysectomized anmmnls
treated with the hormone and from the radioautagraphs thes appeared to
be due chiefly to a hich of the seahing off bone i the treated anmals In
the hypophysectomzed ammals there was a vers heavy deposit of radio
actine caloum mn tles  sealing off bone  but this was absent m the expen:
mental group This T think probably accounts for the difference I do not
believe 1t 15 a fundamental effect on calafication
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Bartter Did T understand you to say that the gonadc tropms bue no
effect on tone maturation?

Asling No sir In the absence of the piturtary, estrogen and testosteror e
have not so far appeared to enhance bone maturation epiphyseal umon
and so forth Tlus has been the experience of some other workers also 1
beheve There are a few epiphyses which will mature such as a tiny center
at the tip of the ischial tuberosities—some centers assocated with the pel
vis perhaps 1 should say And I must put m a major qualification from
the work of Dr Wilhlam R Ljons 'S who used testosterone alone and
with growth hormone in male hypophysectonuzed rats The os pews 1s
Tesponsine to testosterone m 1ts growth and not to growth hormone so
that one nriy have by hyvpophysectonuzing and treating with growth hor
mene an ammal of full dimensions with a small phallus  One may have
with the comerse (testosterone and no growth hormone) 1 very small
ammnl with a more fully developed phallus ncluding the ossification of
its os  Both hormones are needed to restore the balwce

Shorr T tlnnk what 1s m back of Dr Bartters mind 1s this  that cin
1cally one sees mstances of profound growth disturbance go on to sexual
maturty with closed epiphyses T wonder whether m these cases there are
not small amounts of growth hormone, and that these sl amounts of
growth hormone mught be suffictent tcgether with the sexual hormones 0
produce maturation

Asling My understanding of this from some who have worked with
growth hormone chmcally 1s that the more recent hghly purified prepara
tions have not seenied so efficacious i hunnn growth stimutition

Shorr Y think 1t 1s too early to come to any conclusions ahout growth
hormone 1n the human

4stmg At present the best growth stimulus for human bengs—perhaps
someone will correct me—is a combmation of testosterore and thyrovmn

trmstrong  Gentlemen we really must proceed

13 W R Abernathy E and Gropper M
lr:a%ﬁ‘:‘son the Os Perns oy( the Rat Proc S ¢ Frper Bl and Me

{19 0)

d Somato-
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THE NATURE OF BONE AND PHOSPHATE ROCK

STERLING B HENDRICKS and W L HILL

Trons the Bureau of Plant Industry Soils and 4 mictdtural Engecring
U S Department of Agricudture Beltsindle Variland

AArmstrong  There are many facets to bone nmong which are severa
i the chemical field T think that we should go alon, to these now

Some of you remember that at list vear s Conference 1 reviened ® as
far as possible at that time our informativn on the constitubion of the
mmeral phase of calarfied tissues  Smcee that tme Dr Hendrehs has air
niedd the devclopment of this subgect vers much further  [hrough s
conrtess I ohad the opportumty of seemg a manusript prepared by Dr
Hendrichs before pul icafion t - Dr Hendnichs has very hndly offered to
brepg us up-to date on this subject and <huw to us the mast recent develop-
ments 10 the imestigatinn of the numeral phase of calesfied tissues

Will you go ahead Dr Hendrichs?

Hendricks  An explananen of my connection wath the subject 15 re
awred [ hme been mterested m st for about twents viars the approich
tang that of o erystallographer I sball howover not burden you with
the specal nomencature of erystaflogriphy as T have been with that of
hectology

Dr Armstrong at these meetings Jast year presented the corrent aspect
of the subject ©* 1 am glad that I was not present because I would huve
agreed completely with the subject a5 then sumenrized 1 did not know
differently 1t was roughly at that trme that the Mmerican Chonuen! Saciety
detided to hold a svmpastm 1 Detrort hononin, Dr Mack for her wark
and 1 was ashed to summarize hnowledge about the compowtion af the
Tone salt T wis sure that the subject had been scttled in much the way
that Dr Armstropg ndicated  Howerer after haviag left 2t for some
eight years I suddenh reahized with 1 fresh pomnt of view that theee or
four small but extremeh pertment facts forced one to 1 rither dia
metriealhy of postte conclesien to that previoush gren

Yirmstrong W D Composition and L rvsial Structure of l)r ))une Salt Trons
Mocy Conference on Vlettbohic Intrretations 2 13 3 tjan © 1

tMfendricks S B and JIE W L The Nature of Fone and Plrisphate Rock
Troe Nar teadems Ser 38 731 737 (December 191
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Current Contepts of the Bone Salt

Twa of the workers mentioned by Dr Aemstrong were Dallemagne and
Brasseur,™ % who have expressed what might be calied the currently
accepted conception of the bone salt 1 wisited Dallemagne and Brassear
thus summer and, w the course of two days® argumentation and discussion
with them, attempted to show that a conclusion that they had resched
whnch was simudar 1o conclusions that we had reached independently in 1942
(the mdependence dut to the kick of commumeation dunng the war) was
wrong while indeed all of the facts that they had used were correct This
also holds for the statement D Armstrong made about the work of Car-
tier™V—ttus 35 on page 30 of the proceedings for fast year—who concluded
that bone s tricatcmm phosphate, calcwm eacbonate, calaum citrate, and
seon I doubt +f bone is such matertat

Many people have expressed sdeas on this subject, and of thase 1 have
seen I thunk that the ones expressed by Dr Hodge™® are cotrect Hauiag
comphmented tum, I will now say that 1 thunk they were correct for pos-
sibly the wrong reason

Dr Armstrong, on page 12 of last sear’s proceadings, summanzed the
varous tdeas about what bone salt 15, and here i Table XNIV they are

TABLE XXIV
Suggested Forms of the “Bone Salt”

i Hydroxyapaunte + CaC0: + ather phosphate Can(PQ4Ja(GH)x
2 A carbonate apatite
3 Trcalaum phate hydrate carbomat

e o o ot ks St g T S wnides T
e e Frecnis Nenwe 157 a5s gy T !
e Rt A g WA U
e BT e o st Sy 0 iy [T el

Some Observatsons an the Dynames of Ca!c)ﬁ)camm, Trane Macy

. c
k&ﬁﬁxu Metabobe Imerrstonens 2 73 112 (Jan 9 10, 3950
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summanzed even more briefly It 15 an apatite there 15 no doubt about
dat this bang the one definte result of x rav diffeaction It contuns
carbonate and other runar constituents

People were forced into these rather different conclusions for quute
smple reasons Dr Hodge *** Dr Bale ™ Tromel ' and perhaps other
easher worhers reached the conclusion that the materal ts hydroxy apatite
They compared the diffraction pattern of enamel which gies a relatsely
goad difftaction pattern and that of dentin with the diffraction pattern of
a specmen or preparation of hydroxy apante They found no detectable
difference 5o concluded that the materal 1s hydroxy apate  That conclu
ston s carrect

The Nature of the Carbosate

What mught be the mtnre of the carbomate ? They just sat Vel stas
there  That was practicalty the summary It 15 just Rround the place
bat they douhted that st was there as caloum carbonate  Later Hrasseur
and Dallemagne n workmg on the cashonate said Bt 15 1m bone as 1
crystalline caloum carbonate namely 4 or S per cent winich we cannot
detert beczuse our methods are not that sensitive That w quite wrong
The methads are sensitne enough to detect 1 per cent catbonate sncluding
the ones used by Brasseur and Dallemagne  Moreover calesum carbonate
<an be detected s the order of hundredths of 3 per vent mn virtue of the
fact that 1t has  very high brsefningence

Dr Arnntrong and many others tcluding me and mv woworher Mr
HAl hare held that bone salt 1s 2 carbonate apatste simufar to the minesal
froncelite Thas minerat can be obtaned as erystals a mimeter or more
1w eross section Thev contasm abont 3 per cent carbon dsoxade and are not
essentially different from the bone salt except that they contmn fluarine

18 a structural crystaliograpber 1s tald that a material contans 3 per cent
sarben dioside wd that 1t forms 4 Jarge umform homogenous ervstal un
fess he has very good reasons for domg otherwse he has fo aciet the
conclusion that carbon diovade 1s part of the crvstal part of the fattice
asat were  The acceptance of thns conclusion has done more to confuse
the question of what 15 the nature of the bone salt than any ofher thng
The acceptance 15 not niecessan st will tuen aut the carbonate s pat
in the lattice even thongh the crystal 1s large and apparenthy umtform

"Bz W I A Comparative Roentgen Ray Duffract on Stedy of Several Natueat
Avstites and_ Apatite-t ke Conshtvents of Bove and Tooth Substance Am 1 Roowt
gensl 43 735 (1040)

Mhlement R. and Trome! G Hidroxylapatte the Essentsal Part of the Inorganic
Bane and Toath Substarice Zz ¢ Phyaal Chewe 213 263 (193}

-

>
Y, R



176 THIRD CONFERENCE ON METABOLIC INTERRELATIONS
The Nature of Tricalum Phosphate Hydtate

The next element of confusion concerns the nature of tricalcrum phos
phate hvdrate Ve have ostens bly prepared this substance m crystals
having dimenstons of the order of 1 micron  One can preare the matersal
m 1 wet way without much difficulty which we did as early as 1932 Tt
gnes the hydroxy apatite duffriction pattern and well mmght be hnvdrons
apatite  Quite mndependently of us worhers on fertthzer m Lenmgrad
synthetized the materral and came to the syme conclustons about the for
mula  Brasseur and Dall also quite ind dently of us obtamed
this substince They sard  Ths 15 the materinl that ehnracterizes the bone
salt It differs from hydroxy apatite i that water 1s Jost upon heatmg
with formation of anhydrous tricaloum phosphate Hydroxy apatite still
holds on to water at 1000 degrees but by 600 degrees tricaleium phosphate
hydrate has lost all sts water and has become a quite distinct and easitv
recogmzible compound

Brasseur and Dallemagne said that the bone salt 1s tricalem phosphate
hvdrate with caloum carbonate as an adventitious material  They consider
the carbonate to be present s 1 separate matenal because 1t can be prefer
entially removed by solution m aad  After removal of carbonate 1gnition
of bone gives anhydrous tricaloum phosphate I thunk that the conclusion
1s wrong

Brasseur and Dallemagne cancluded that enumel 15 a carbonate apatite
because upon heating 1t does not chinge to anhydrous tricalcrum phosphate
Tius conclusion s apparently supported by hck of preferential solution of
the carbonate i acd They had apparent evidence that the material 10
enamel 1 a carbonate apatite and that the matersal 1n bone 15 1 tricalelum
phosphate hy drate

The nest thing ta realize about bone and enamel s that tone 15 essen
tially a neutrl compound whereas enamel 15 mare hasic (see Table \\V)
Look first at enamel The numbers show the atom contents of the particular
element not percentages The positive sons are cluefly cilerum with some
mgnesium and sodmm  The base of reference 1s total charge 20 The sum
of the negative tons that are present 1gnormg for a moment citrate and
some things ke that 1s less than 20 by roughly two hvdroxyl groups So
1t would seem that enamel 1f all of the accessory 1oms are correctly taken
imto account 1s mndeed a hsic matenal which m agreement with Hodge
and others would be a hydrovy apatite Bone ou the other hand 15 essen
tially a neutral compound  The total number of positine 1nd negative 10ms
without hringing 10 any hydroxy1 whatsoever Dalnces up quite exactly S0
it would seem mdeed on the basis of that evidence to be 2 tricalcium phos

phate ostensibly triealcum phosphate hydrate and not hydrovy apatite
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TABLE XXV

Tyvpical Composition of Bone and Enamel

Bone

Ca 1922 PO, 17 I8
g 056 L0y 279

\a 022
Total 2000 Total 1997

Enamel

Ca 1951 PO, 7%
Mg 038 COy 002

Na on
Total 2000 Total 1342

Changes 1a the Surface with Grnding

It was this evidence (~ec Table N\\VI) 1n part that suddenlv caused
us to wahe up— this and the evidence m the case of bone that caleum
carbenate ean be preferentially dissolved out by the use ot aad  The fact
that one can preferentially dissolve the calctum carbonate ot bone i acid
18 meontrovertible evidence that the carbonate 1s external to the apatite
fattice 1f you take a substance such as bone and gnnd to change the par
ticle s1ze of the material from wluch most ot the organic matter has been
remaned—there conld be a long disctiseion of how you remme this organi.
untter but wn this pasticnlir case tet us assume that the removal dud na
damage—vou will find that as mesh size decrenses the surface area of the
material 1 unchanged as measured by the Brumwucr Cmmett Tellers
method of mtrogen adorption on the solid It 1> of the order of about
f0 m®*/g Y namel on the other hand ground to pass 120 mesh has twice
the surface aren of (0 mesh materrsl A materral of this mesh size—if 1t
18 not a spangehhe materral—would have a surface area of the order of
only 1 few hundredths of a square meter per gram Something has hap-
rened to change the surface

MBrumer S The Adsorftion of Gases ond Vapors I Physical 4dsorhon Prince
ton Unn Press Princeton (1943



176 THIRD CONFERENCE O\ METABOLIC INTERRELATIONS
The Nature of Tricalaum Phosphate Hydrate

The next element of confu 1on concerns the nature of tricaloyum phos
phate Indrate Ve huve o tensibly prepared this substince m enstals
hrang dumen 1on of the order of 1 micron One can prepare the material
m 2 wet wiv wathout much difficults which we did as ey as 192 It
gnes the hvdrony apatite diffraction pattern and well mught be hydroxy
apatite  Quite independenth of us workers on fertthzer m I emngrad
swnthetized the materil nd cume to the same couclusions ~l out the for
mult Brassenr and Dallemagne 4l o quite mdependentls of us ol taned
this substance They «ard  This 1s the matenal that charactenzes the bone
sut It differs from hvdrony apatite m that water 1s lost upen heating
with formation of anhvdrous trcaloum phosphate  Hydrowy apatite st
holds on to water at 1000 degrees but by 600 degrees tricalerum pho phate
Indrate has lost all ats water and hts become 1 quite distinct and easth
recognizible compound

Brisseur and Dallemagne sud that the bone <alt 15 tnealium phosphate
hidrate with calaum carhonate as wn rdventiious mterral They constder
the carbonate to be present 1s 2 separate maternl | ecause 1t can e prefer
entrally removed Iy solutin in wad  Atter removal of carbonate igmition
of bone grves mhdrous tricalaum phosphate T think that the conclusion
15 wrong

Brasseur and Dallemngne concluded that enmel 15 a carbomte apatite
because up n herting it does nat change to anhydrou  tricalemm phosplrite
Tlus canclu 1on 1s apprrenths supported by lick of | referentral solution of
the carbonate m tad  They had apparent evidence that the matersal 1n
enamel 15 1 carbomte apatite and that the materia m Lone 1 1 trictloum
phosphate hvdrte

The net thing to reihize about tone and enamel i that Lone 1v e«cru
tiallh 7 neutral compound wherets enamel 15 more ba 1c (see Tatle \\W)
Looh first at cnumel  The numbers show the atom contents of the particular
element not percentages The poative 1ons 1re clueflv ciloum with some
magnesum and sodum  The buse of reference 15 total charge 20 The iur(r{l
of the negatne sons tht are present gnoring for @ moment atrate a;o
sonze things like that o less than 20 by roughly tvo hydroxs] groups .
1t would seem that enamel 1f all of the accessary 1ons are correctly taken
into account 1~ mdeed 2 basic matenl which i tgreement with Hodge
and others would le 1 hydraxs apatite Bone on the other hand 15 cste:
nafls a neutril compound  The tatal muml er of positne and m;:mmﬂe mgo
without brmgmg m any handrony] whatsoeser balances up quite exactly -
1t would seem 1ndeed on the hrsis of that evidence to be n';ncﬂu:xm,xc
phate ostensibly tricalaum phosphate hydrate and not liydroxy 2pa
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TABLE xXV

Tvmeal Composition of Bone and Enamel

Hone

Ca 1922 POy 1718
\ig 056 (O 279

\a 022
Total 2000 Lotat 1997

Fnamel

Ca 1051 POy 17 50
\g 033 )y 0o

A o
Total 2000 total 1842

Changes s the Surface with Grinding

It was tlus evidence (se¢ Table \\XVI) m part that suddenh causel
us to wake up—— this and the evidence 1n the case of bone that calaum
carbonite can be preferentially dissolved cut hv the use of aad  1he frct
that one can preferentalhy dissofie the calewm carbomte of bone m acid
35 ancontrovertible eviJence that the carbonitc is extermi to the apatite
lattice If you take a substance such as bone and gnnd to change the par
ticle s1ze of the matenal from which most of the orgame matter has been
remmed—there cruld Le a long discussion of how vou remove this organs
matter but 1n this particular case let us assume that the removal did no
damage-—you will find that as mesh size decreases the surface aren of the
matersal 1s unchanged as measured by the Brumuer Lmmett Teller™
method of mtrogen adsorption on the solid It 15 of the order ¢f about
80 m*/g Lnamel, on the other hand ground to pass 120 mesh has twice
the surface area of 60 mesh material A maten! of this mesh size—1f 1t
15 not 2 spongehke materiil—woull have a surfice area of the order of
only a few hundredths of a square meter per gram Somethmg has hap
ened to change the surface

*Brunaver S T7e Adsorption of Goses ard § apors I Physical ddsorption Prince
ton Unsy Press Pranceton (1945)
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TABLE XXVI

Change of Surface with Grinding of Bone Enamel and Francolte

Substance | Fineness | Surface m?/gm
Steamed Bone 100 200 662
16 30 662
48 637
Enamel Through 325 68
200 325 37
60 120 21
Francolite Below 6 microns 73
100 200 32
20 35 16

The mineral francolite which 1s the ty pical carbonate apatite alsa shows
this behavior on grinding  Upon passing from 20 mesh down to the order
of 6 mucrons the surface area mcreases by four to five fold The ex
planation of what happens 1s m Figure 50 It seems that in the case of
bone the material has realized its ulttmate surface and—1I think tls 15 1un
portant for the explanation —there are no entrapped surfaces Enamel
probably has about the same mherent surface as that of bone although
physical measurements as have been made show that 1t 1s of the order of
210 7 m"/g nstead of 8¢ m*/g The crystal 1s full of channels which are
of the order of atomc dimensions They are of the order of twice the
dimenstons of a carbonate group and apparentls they are not all mter
connected so as to le available to a mtrogen molecule caming from an
external surface such as that of a dry powder Only when the crystal has
been broken do you find that these internal cavities can be reached In
other words this carbonate apatite francolite upon which the whole con
cept was based—this single crystel~is a material that has many vouds
Moreover francolite upon crushing begins to show the preferential sofu
tion that 15 required 1f the carbonate 15 external to the lattice

The Nature of the Fluorine

Another fact which had caused us trouble for twenty years and for
which we can now see the explanation s that francolite and phosphate
rocks often contamn fluorme m excess of that permtted by the formula of
fluorapatite In the formula of apatite the ratia of fluorine to 6 phosphorus
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Fig 50 Schematic View of Cntrapped Surfaces m  Carbunate Apatites
as Present m Enamel and Francolite

qu;mduced with pesmission from Hendricks § B and Hil W L The Nature
of Bone and Phosphate Rock Proc Mat Acod Ser 36 731 737 (Ducember 1950)
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atoms 15 exactly 2 You can analyze all the crystallme apatites in the world
and find that they do not significantly go above 2 However 1 phosphate
roch which 15 @ mateni1l deposited by precitation reaction, the ratio some
times 15 as greit as 3—mn other words there are apparently 3 fluorne atoms
1n the formula instead of 2

Frgure 51, which shows one umt of structure i a very sunplified way
mdicates a possible condition 1 a small crystal The two fluorme atoms
mdicated by the arrow are the starting point for another umit of the fattice,
as also are the other four fluorine atoms shown as block dots  This s more
fully shown m the larger figure If the crystal contains only one umt, these
positions are avatlable for occupancy so that eight snstead of two fuorine
atoms are present In other words, the composthion of a crystal depends
upon 1ts size

Moreover, ane can now go lack to the phosphate rock and, from its
excess fluorine, caleulate the size of the crystal suce the excess fluorine can
only be on the faces The result for the surface area of the phosphate rock
15 60 square meters per gram If now it 1s assumed that bone has reahzed
the ultunate particle size, namely, the order of €0 to 100 square meters per
gram and that carbonate completely covers the surface, an estimate can be
made of the area required for a carbonate group The carbonate content
of rock then leads to an estumate of surface which m this case 15 60 m?/g
In other words, the inherent particle size of phosphate rock 1n thus case
can be calculated from the carbonate content of hone

There 1s one other strange fact about phosphate rock that Is a hearing
on the nature of bone Phosphate rock contains two princapal mmeral
one hnown as colophane and the other as francolite Under the petro
graphic nucroscope colophane has a very low brrefringence, while that of
francolite 15 moderate It has been noticed that a small amount of Cak.
often appears as the mineral fluorite i those rocks contaming francolite
The amount of fluorite, however, 1s generally small Geologically spexking
there was 1o reason for its restricted formation The answer, apparently,
15 that the colophane has a larger wmternal surface than does francohte The
larger crystal grew at the expense of the smaller crystal and it could onlv
do so by wringing fluorine off the surface and having 1t appear as caloum
fluorrde That did mdeed happen

TFinally then 1t 1s known that fluorine and carhonate can be on the surface,
and that enamel does not differ from bone m any essential structural was
1t 15 a more basic material, apparently, but 1t tuo contaims carhonite on the
surface This surface, however, m enamel 1s an jaternal one It 1s much

the crystals grew until their faces were largely corvered with carbunate,

asaf
formed over the

atrate and other 1ons, then additional apatite matenal
surface 1t m turn bemng himited i growth by surface reactions
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The Nature of the Citrate

Just at the tine when atrate was found as an essential constituent Dr
Armstrong and I were having a discussion nd he raised the question
VWhy not assume that citrate 15 in the lattice?  That was a crystallogra
pher s mightmare We were quite willing to assume that carbonate was
but when vou come to a big molecule Ithe aitrate 1t just will not fit The
answer 15 that the atrate 1s charctenisticrlly on the surfaces of these
hydroxyl apatites

The Nature of the Magnesum

‘We were m for a surpnse Very old work on bone had shown that
magnestum has preferential solubility and the very excellent work of
Logan and Tyylor®® which was published n 1938—and 1f one had fol
lowed 1t one would huve fallen into fewer traps—showed also that sodmm
1s on the surface

Magnestum 1s an ton which would perfectly freely have been accepted
as gomg 1n place of calcium mto the lattice It was a surprise indeed to
find that the magnesium s external to the crvstal The reason s a rather
mteresting one The magnesmum jon m soluttons near neutrality does not
exist as Mg++ which 1s the cation 1somerie with Ca++  Instead it 1s solely
there as the (MgOH )+ cation which1s entirely different from C1++ and
apparenth 1s excluded from replacement of calcium i the lattice Sod um
differs from Ca*+ while having the same s1ze 1t cannot go into the lattice
because of difference in charge

One of the more mteresting surface jons 1s uraml It 35 permusstble to
tell you that one of the princtpal uran um sources m the Umted States 15
phosphate rock due to the fact that phosphate material charactersstically
takes up the uranyl radical upon 1ts surface

‘The Nature of the Bone Salt

One final point 15 to be made Vvhat about the fact that Lone has the
composition of a tricaloum phosphate not of a hydroxy apatite and sl
1s a hydroxy apatite!! That has to do with the likelihood that bone ts
hydroxy apatite with excess phosphate upon the surface The excess phos
phate 15 not just the right amount for a neutral salt since the composition
does not exactly equal that of tricalcmm phosphate  This iterpretation of
the role of surface phosphate still has to be verified

H L Partal Solution of Bone and Carbosate Con
i o Tav[orecm tates J Biol Clerv 123 391 (1938)

taiming Calcum Phosphate Pre
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Lone vou see s formng m the pre ence of earhonate 11 & svstem
which the magneswnt son s \fgOH* and s wlhich the phosphate
{HPO,) = Apparently what happens 1s the followmg  The cryetal starts
growing and as it grows as hvdrony apatite 1t has got a trashpile of stuff
that 1t dves not want in the hvdroxy lathce and it starts excluding theve
Among these sons 1s cwrhopite magnesum and sodum  As the crystal
grows these materials apparently complete]y cover the surface and stop the
gronth  So one charactert tic of bone s1lt 1s that 1t 15 prevented 1+ the
ere adventitious matenals that get upon the surfrce frem growing heyond
a certam size A new surface can be started In cosering up this old one
and this 45 done 1n the c1se of epmel  \ new surfice ¢ al o be started
fust ty groming as an absolutely 1ndependent «rystil and that apparently
1s done 1 the case of bone

Conference Discussion

inmstrong Thank you sir It has been extremely intevesting 1o every
one It shows us how quichly the Minutes of cur meetings can grow out
of date

Hendricks Wvell at least munutes and not seconds

Hastings May T be the first to congratulate Dr Hendricks who was
sort of an old hand m tlns field before we hnew 1nything about 1t We
g0t off on the carbonate apatite theorv and it 15 a great pleasure to hear
su fi 2 elean-cut presentation of the situation

T should like to get thus one poimt clear I take 1t that those sq ots Wi
were indicated as the powtions for fluorie on the surface of the crystal
are the only spots where the CO; can appear

Hemincks No T think 1t 1s much simpler than that Dr Hastings

T cannot see the detail of the w 7y 1 which the carbon d oxide 15 upon
the surface nor can I see the detasl of the way m wh clt the crtrate 15 upon
the surface  However they definitelv are ot associated wath the flnonde
poutions - You tan fill the fluoride posttions 1 phosphate ruck and still
have the carborate there or rather the carbonate seems to cover the whole
surface

The general rule W out 1t 15 the followmg  tlat anv substance that wil)
form an insoluble calesym salt or will sequester calasm salt apparently wilt
form 2 surface compound with bone

Hodge Will you say that again ple ise?

Hendricks Any substwnce that will form an insoluble calcum safe or
‘g"“ sequester calewm as does citrate will form a surface compound with
one
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Newman 1 will underwnite that last statement At least, 1t certamly
looks that wav

1 feel moved to bring up a suggestion that was made by Robert humn
and then also to stich my nech out a httle on one of the possible means of
explaining the difference between the surface lattice positions of hydroxy
and fluoride and the surface covering

Robert humn***—1I have been advertising his work—has spent years
runnmng around to Government offices but as far as I know lus study has
ot been released for publication He prepared a whole series of phosphate
compounds carefully controling the pH and lus conclusion was that there
1s a imited amount of substitution possible 1 the apatite lattice 15 follows
that »f we write the conventional formula

Cattyy  (H0%), (PO,), (OH), (C,,POH,),
some substitution of calaum may take place Cat can vary from 8 ta 10,
and the hydromum 10n then would vary from O to 4 If there 15 maxt
mum substitution of hydromum 10n and you heat the bone ths hydronum
1on will dehydrate at about 400 degrees W hen you do that you see your
lattrce configuration should collapse VW hen you have maximum substitu
tion and the material 1s formed at a low pH a relainely low pH then the
lattice 15 not stable to heat because of the dehydration of the hydronum
10n at 400 degrees and it collapses giving # calcium phosphate

Hodge™* and coworhers and Sobel et af *** put this same phenomenon
m terms of the calcium phosphate ratio 1f the phosphate was hugh relative
to calaum the material was not stable to hent and converted to  tricaloum
phosphate  as you hue mentioned

Hendricks I would agree with the latter statement ot that of Kumn
Acuman 1m not sure there s a difference 1n the final anahsis

The amount of water lost at 400 degrees which madentally, 15 the
theoretical temperature for dehvdration of the hydromum 1on 18 related

s9humn R Elmore K L and Johmson D L Basic Region of the System Cal
cum Oxide Phosphorus Pentoxide Water (1 press)
feactiot
Fevre M L and Bale W F  Chem cal and X ray Du

)S“:\féﬁg:f léal?lum“?h?srphates Ind ard Eng Chers. 10 156 161 (1938)
£
Kirshner H A and Fankuchen, [ Calufication 0!
";sjtﬁ)dlllA\ErayIlIJax‘f‘;;ck{xtn Patterns m Relation to Changes i Composition J B

9.

Chent 179 205 210 (1949)
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to the ratio of clciunt to phosphate nssunung this substitution does take
place One can caleulate a theoretient lme The ponts for some thirty five
preaprtates fell nght alongat very, vers niceh  kumin 15 not the originator
of this sdea but I thunk he has the best evidence to support it It must be
consdered

1d like also to discuss the problem of surface 1n binding e started
to study CO and then got mvolved i some techniaal yreblems  ft hreame
apparent that there 15 a hidration Iyer an the apatite cryatal which may
hase a beaning for the surface-bound laver

Most erystals whateter their shipe do not possess a comyplete lattice at
the surfaces but are relatisely nich n one or the other principal constituent
JE fur the moment vou assume that the surface 1s relatively rich i caloum
and vou plot the potentil due to the localization of the po itne (harge 15
1ot go 1nto the intertor of the envstal the potental wall 1l You will get
to a perfecthy narmal ervstal onh where no net charge s «lserved  This
otential would have to be matched by 1 equal concentraticn uf pegative
charges in the solution phase Tlus 15 essentnnlly a double laver effect

If we assume then that this ervstal s surface 15 relatively rich in cal
cum then there has to be held 1 the surface immediately surrounding thy
enstal an equal number of negatne atons and I beeve when hone are
subjected to drying the 10ms 1n this hvdraticn laver would not Le removed
The 1ons would stay there Oaly the water would be removed

Ycu would analyze these lndration layer 20ns as part of the total struc
ture but in water, these are not 1n integral part of the crystal In this
hydration layer would be fluarnide phosphate trearbonate and the Ithe or
carbonate T do not know which

Armstrong That would require 4 ridiculously hih concentration of
fluoride 1n the flud

Aewman No 1t would depend on the relative affinty of these 1ons for
clem as Dr Henrdrichs pointed out 1 do not know what all would by
miohed Tt would be a rither complicated thing It would have to be
determmned, I think by expenment

I should Iike to hear your comments Dr Hendrichs W hat do you think
of something Ihe that>

Hendricks 1 thmk honest and strught forward discussion 15 the best
It seems to me both pomnts you ratse are confusing I believe that 1t 18 1
much simpler system than the one you mention that the apatite 1> stmph
growing like any other crystal just Ithe sod um chloride for wstance
except that apatite pecularly forms compounds with 1ts surface and that
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1s not at all the classical boundary phenomenon The classical boundary
phenomenon we see very well exemplified m clays and lase exchange
materials [his does not seem to fe a maternl ike that It seems to be 2
material whose surface can very esidly form a compound There 15 cal
ctum on the surface The calcium 15 not necessarth 1 part of the lattice
But on that surface 1t can form a compound wath carbonate with citrate
or anything like that

I should like to keep the picture m 1ts simplest aspect until forced mto
greater complenity because the complexities that have been added have
confused the 1ssue for all of these long long vears

One finding of Logan and Tavlor*® should be pomnted out They ob
served that 1f you precipitate a calcim phosphate 1 24fro from a solution
having about serum which contamns carbonate and so forth the materal
which first came out was essentually carbonate free and then standing m
contact with the solution 1t took up carbonate and gave up phosphate to
the solution as 1f the phosphate 1tself were comung off the surface and
being replaced by carbonite This apparently would be a process that did
not nself mvolve the apatite lattice but mvolved the surface phosphate on
the apatite lattice

Runins evidence for the hydrate 1s still very slim It 1s very d fficult
to demonstrate as to whether the material 15 a tricalcrum phosphate hydrate
or whether 1t 1s phosphate on the crystal T thik the best method of domg
this would be by exchange experiments with P3

The presence of these cracks has an smportint bearing on several ques
tions such as the relationship of fluoride to teeth Apparently fluoride
mugrates far more readily than does many other substances and will get
over quite a Jarge amount of that total surface

4rmstrong Last summer Brasseur showed me a fitm and T inagine he
showed the same film to you 1 was willing to accept the fact that the filat
showed the presence of crystals of calewum carbonate m a specimen of
bone Would the tvpe of association of calcium carbonate which you hase
described with the fundamental calerum phosphate be expected to shaw the
X ray diffraction of calaum carbonate?

Hendricks No it would not show at all the diffraction pattern of
calcium carbonate

1 might mention here that this has been discussed with Dr McC:nnc:L
with whom you worked and it has been Iike pulling teeth from Im,'l‘ N
accept any of 1t He brings up this pownt that francohte 1s bx}:llxm ,ords
not uniaxial Ithe apatte It 15 not 2 hexagonal crystal m other w i
And the answer to that 15 that with carbonate groups which are themse!
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wherently hughly birefnngent on the surface yuu et do ~uything with
the axis that you wich but the face 15 not sufhuently senaitine to gne any
thing other than the hydrovy apatite pattern

1f Brasseur and Dallemigne really found ealomm carbonate tt 15 there
I'donot have an 1dequate enough knowledyge of histclogy to hnow whether
or not there are conditions of bone under which caleium carb mate actually
deposits as such

There 15 another mteresting pomt here  We have worried about what
would be the stable phace 1n 2 calemm P Oy water system  Many pec ple
e tned to make u, among them Dr Hastings Ve think that the sta) le
phase mav not be an apatite at afl but rather anhydrous tricaterum phas
phate

[t 15 mteresting that n the body wnhydrous trcaluum phospt tte does
oceur at times 2s urmary caleuli—if that 1s sufbcently techn cal

Hastings You are learning fast

Hendricks Tt tught be the stable apatite but 1t w prevented from form
mg 1 most of the body systems

We have found one other place 1 geological place 1 wluch it 1s a deposit
from bat guano

But there 15 evidence that there 15 trulv a calam phosphate Lone  Tn
other words bone 15 always a metastable system

Shorr May I ask Dr Hendrichs what 1s the nature of the strontm
salt that 1s deposited ?

Hendricks 1t could be strught (patite  Strontum would go identically
with caleum And strontum moreorer does not have that objection of
magnesium namely bemng there dommnant as a bawic won  Strontium can
veplace ealesum as such,

Sobel 1 have been n correspondence for the last vear and a half with a
soung man named T G Taylor from the Umversity of Readmg n Ln,,
land  He bas feen doing studies with our pet theories wiuch are m con
flct with some of sour findings 1f we accept Ins studies wlich appear to
have been done very carefully He took actual bone rather than 1shed
tone on which most of such experimer ts have been performed and sery
carefully studied what went mnto solutson at various pH s and what was
left behuind  He aluo added to those studies enamel and dentin Much to
™Y surprise and to tus own the proportion of the components (calcium
magnesum phosphate atrate and carbonate) that went into solution at
Vatious pH s was indentical to that whuch the sohid stsel had
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In view of the that these comy ds on the surface were
derned essenttally from expertmental data mdicating that these go prefer
entally mto solution 1f Taylors expeniments can be confirmed —and I
think hus experiments are all right —we might have to think about the
subject matter agamn

T do not have hus charts with me as 1 did not antiopate this fopic but
next year 1t mght be worth while to bring up Taylors experiments I
suppose by then he will have published them

Hendricks Did 1 understand that the statement included carbonate?
Solel Carbomate otrate magneswm ctlerum and phosphate

Hendricks Agamnst that a half dozen workers hne specifically shown
that carbunate preferentially dissolves

Solel Most of those studies have been done on ashed bone
Let me describe tus expermmental method

He takes some ground up bone puts 3t m 2 bottle nd lewves 1t there
for about 24 to 48 hours And the end of ] at time he analyzes the super
natant flnd “ore recently he added to that the anahisis of the residue
1n the flask

Vlost other experiments have been repeated extractions rather than tle
tvpe of equilibrium which he has carred out

Hendricks There 1s of course the grave objection to that particufar
type of expenment of not dealing with the material from which te
orgamic matter has been removed I think some of you will readily see
that materials like coflagen also could form surface compounds with bone
and that these matersals might just so exclude the surface of the matersals
as to force the equilibration 1 Taylor s work to be by complete resolution
of bone

MeLean Dr Hendrichs 1 wonder whether you will tell us when ant
where this will first appear in prmt

Hendricks It 15 i the Proccedings of the Natondl Aciiemy

153

Hastings VWould yon repeat for me what you think the size of the
hydroxy apatite crystal 1s before 1t starts being a surface =
of

Hendricks In the case of francol te 1t 15 caleulated to be 2% 1
structure The difficulty 1s this I do not know the relative ex
the crystal m the direction of the prinaipal ety stallographic 2
case of bone 1t comes out to be about 10 umts of structure
the order of 100 angstrom umts m wmherent particle size
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T should Like to return to Tavler’s work which lears the further im
pheation that atrate s eharucterntically present on the surface [ mean
atrate 1n too imhedded 1n the materal and dissolies 15 such and you e
not place extrate anywhere in the lattice  Citrate cannot be mwide the actual
envstal structure

Johnson  Perhnps this might 1e the time to igect for the thought of
evennane somie comersation that went on ovcr cohes and our dinner ves
terdty among a fow of us ~Jiek depends upin the eventinl sinthesis of
the work that Dr Hendricks Wt done aned Dr Blooms work and Dr
Hastings' experiments which he talked about vesterdyn The general tenor
of the comersation was this  that the very ripad turnover of the 10 mn
ute transfustons which Dr Hastings did primnndy took out of the hone
pasbly, the surface component but dil not gut at the bave (nistal
Biooms work using astronomicaf doses of parathyrond hosmone went
besond that, but st 1y amportant that 1 has work there was ne osteotlast
acttaty n that first phase  The abnence of osteoclst winity mu be 1sso
eated with the foss of the surface adsorbed matersil wiile 1ty presence 1
associated with the Tmsie ervatal Toss as the matnx i duestroved

That 15 whn T was gomg to get at some method of determimn,, what
the salt change 15 surrounding the lacunie 1nd precedmg the appearance
of its osteoclasts 1n the question yesterdas afternocn Whatever the jer
centage of calcum that 18 surface bound Jet us s1v 12% it appears that
halisteresss may be 12€¢ correct—88¢ wrong! That 15 a paraphrase « f
the sitwation

Armstrong It 15 contrany to mv nature to urge pecple to dose down
on discussion 1ut 1 am constanth faced with the problem of seemny that
we have sened to us all of the intellectual food that we e planned for
the table
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SOME CONSIDERATIONS OF THE SOLUBILITY
OF CALCIUM PHOSPHATE"®

HAROLD C DODGE

From the Dunsion of Pharmacology and Tovicology, Department of
Radwation Biologs School of Bedicine and Dentistry
Unmzersity of Rochester Rochester, New York

drmstrong  Dr Hodge will now discuss lus recent studies on the
solubility of the bone salt

Hodge A continued search of the Iiterature has to date provided a Int
of less than two dozen mvestigations an which analyses have been made of
calaum and phosphorus concentrations m the solutions above precipitates
of basic calcum phosphates In some of these studies large excesses of
calaium or of phosphorus were added to the solutions mtentionally Some
times by plan and sometimes mad-ertently the time allowed for equlibrum
conditions to be estabhished frequently may have been nadequate, although
st 1s possible that the marked deviations from the solubihity curves shown
m Figure 52 are to be attributed to the presence of relatively stable soluble
complenes, rather than a lack of conditions approaching equilibrium  Not
all of the analyses agreed amongst themselves as well as those shown m
Figure 52, a complete presentation of all the avaslable data would be so
overburdened with pomts that the picture would be hopelessly confused

Starting with the work of Bassett (1908)7 and Cameron and Sedel’®
and 1ncluding some of the data of Holt La Mer and Chown,'s Sendroy
and Hastings "° the current work of Hodge,™ together with the recent
work of Elmore and Farr,"™ an average lme was drawn (see the lower line

der_contract wsth the United

188This pa; 1s based m part on work carried ovt un:
S Mtomc I Comn § Rochester Atomic Energy

States Atonuc Energy Commission at the Unnersity o
Praject, Rochester New York

167Bassett H Jr Bestrage sum Studium der Calcrumphosphate Z anorg Chem
59 155 (1908)

1%Cameron F R and Sedell A Phosphates of Calewm 7 Am Chen: Soc 26
1458 1463 (1904)

9ot L E Jr_laMer V. h and Chown, H B
J Biol Chem 63 509 578 (1925)

10Sendroy ] Jr and Hastmgs A B Studies of the
(II The Sclubility of Tertiary, Caleium Phosphate m Sa
Flmds) J Biol Chem 71 783 796 (1927)

mHodge H C unpublished results
em Calcium Oxide Phos

72 d Farr T D_ Fquilibrium in the Syst
;‘zhﬂr:(;gmlo(x.}fe S ond Eng Chem (Industrial Ldron) 32 80 586 (1940)

Studies m Calaification

Solubshty of Calcum Salts
1t Sclutions and Biological
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Fig 52 The Concentration of Caleum Plotted Agamst That of Phos
phorus

Caleium 55 the ordinate  Both concentrations are plotted on logarithmic scales The
data tend to fall along two trend hines as shown The Jower lme represents systems m
which the calcium phosphate has precipitated and has been equilbrated for various
lengths of time The upper hne represents systems m which a precipitate has been
resuspended n water with or without salts i selution
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m Tgure 52) This grouping was aclueved from the smulanty of the
constants m the equitions for the log Ca log P relntionships derned mde-
pendently for each study

At the same time that these data were plotted the data of Ericsson'™
and of Greenwald ™ were also plotted It was immedtately apparent on
mspection that the data of Lricsson and Greenwald did not fall on the
same line as had been calculated for the dita of the imestigators listed
above It appeared that Ericssons and Greenwald s data closely approwt
mated a straight line (see the upper hne m Tigure 52) placed above but
having appromately the same slope as the lower line first drawn When
the data of Kumn et o/ '™ were added these Iy close to but shglth above
the upper straight line

Separation of the Data nto Two Groups

Some reason was sought for the separation of the data into the two
groups as represented by the two lines in Figure 52 Tt was soon discov
ered that the systems Iying along the lo cor Iine m every case had Leen
prepared by adding solutions of phosphoric acid or son e phosphate salt to
solutions of calaism hydrovide or some calawm salt and then equilibrating
the resultant suspension for varous periods of time (weehs to months)
In contrast along the upper line the analyses of Lricsson, of Greenwald
and of hunin et al were made on systems that had been prepared by add
g varying amounts of dned solids to water or to aqueous solutions and
equilibrating for various periods of tme Consequently the data on the
upper curve represent concentrations of calerum and phosphorus that have
been achieved by a process mvolving solution of a solid whereas the data
Iying on the lower curve represent residual concentrations of calctum and
phosphorus 1m solutions from which solids have been precipitated

4 hen the concentrations of calcium and phosphorus were expressed 25

mols per liter 1t was found that the slope of the curve for the preap
tated systems 1s about 093 so that the relationship for the lower line 15 a5

follows Lo _ 04 approximately The sigmificince of the exponent of
93

4
1MGreenwald I The Solubility of Calewm Phosphate J Rol Clerr 143 40371
1942)

sokuan R Efmore h L and Johason D L Basic Regon of the System Cal
cium Oxide Phospt orus Pentowde-Water  (In press )



PODCE: pEM

the phosphe ris concentsation > wabnown e equatian for the lne of e

solideadded to solutions wistena 1 as follows 13 wproa

wately  The sunphaty of the caleim ta phosphortis £180 3¢ the exponent
of P umty 1 au encouragement to sech an exphnation for the relation
stup

In the case of the * precypitated Siems the cataum o phosphores swio
19 peir aoongh to 1 2 to suggest that the princpal wmon s prmary phos
phate  The constanes of calewum fo phosphorys ratio over such a wide
range of caleruns nd of phosphorvs concentrations sespectinely mas he
due to the presente i the sofution of 1 soluble comple of calcum phos
phate perhaps havia,, some such farmula as

Q—{a—0
O=P—~0—j -0 —~D =0
O—H -0

In the case of the resuspended solid systeron the calutn to phosphorss
Taho appears to Ye somewhere i the range of 13 10 21 H a envaal of
the apatite lattce went nto solution the expected othaum o phosphorus
e would be about 17 Agae the comstancy of walaum te phosphorus
ratwr over wuch an enormious range of conrentean oser total dissalied
substatice suggests that vome other sotulle comples of (aemm phosphiate
may be present m this case with a composition approamating the livdroxat
apatite empirical conposttton

There 1s one exception ta the location of pomts accardmg to the method
of preprration of the suspension  In a series of resusparsiens of sobd
vhosphates Sendsoy and Havtmgs added varous amonnts of caterum and
phosphorus to the solutton 1 serum  These points fall along 2 line which
appeary 10 be roughly paraflel to the other two tines w Fagore 52 bat 15
plced belaw the cune for the precyntated ssstems

Calaum to Hydrogen Ratio

In Figure 33 are plotted the fogarithms of the molar concentrations o3
alewm agnst the pH for most of the systems abuat which we bave m
farmatios 1t 19 apparent that Jespite o marked degree of varabihty the
poinits appear to cluster about a hne of slope umty It 1w probabile that the
amount of scatter increases With tncreasng dilttion and mereastag ph
Lnfortunately Bassett and Cameron and Elmore proveded no record of
the aadity of they voluwon  Hewever, Thmore and 1are have estimated
for Bassett s d1ta that the p of the most ditute system i which secondary
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Frg 53 The Molar Concentration of Calcum Plotted Agamnst pH

Calcium s the ordinate and the logarithm of the molar concentration 13 plotte] Al
though there ts marked scattering of the pomts there 15 2 linear te
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phosphate was the solid phase probably was about 2 8, this pomt does not
le precisely on the line but 1t differs no more than do pomts at the tigher

pH's The equation of the line would mdicate that = 60 approxt
mately however the sigmficance of thus ratio 1 doubtful By selecting a
dozen typical solutions all done by the same mestigator vanations of 40
to 6000 were encountered although m the work of Holt LaMer and
Chown and of Hodge values mn the range of 400 to €00 were found The
kand of varnbility that exists 15 well sllustrated i the lower night hand
part of the figure where the datr of Runin ¢t al appear to describe a Ime
runming at approssmately right Angles to the indicated trend line

Log Calcum vs Log Phosphorus Minus pH

On the assum tion that <& = 4, and that I—C[“ = ke the combined

2
equation shoul 1 read }{C; = = kg This can alo be expressed as 2 log
Ca=log P—pH}-k

In Figure 54 the loganthm of the molar concentration of calcium has
1een plotted ag 1mst the logarithm of the molar concentration of phosphorus
mtnus the pH It 15 obvious that there 1s considerable scatter, 1t 15 also
obvious that m general there 1s a hinear tendency as wonld be predicted
The trend lne mdicates at over a wide range of concentrations of calcwm
and phosphorus and over a considerable range of pH a smgle hne can
describe the relationship between these three quantities The single point
referred to above that may be used from Bassetts work fell remarkably
close to the trend Ime thereby mnkimg this relatonship serve at least

over caleium sons varymng from 107! to 10° M

(4 log unts) and over range of values of tog P pH of 1o less than 11
log units

Vanations with Time

In the experuments of Logan and Taylor, analyses were performed at
varymg times after the mitial mang  In some cases the pH was mamn
tamed nearly constant by additions of sodum hydroxide as needed 1t 1s
interesting to observe that there was a umform trend for the solutions to
lose calerum nd to lose phosphorus (because the pH was mamtamned al

Logan M and Taylor H L
s Furmzlmn) 7 Bt Che;; o3 377-530916*;‘!‘%83‘ Bone Salt (IT Tactors Affecting
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Fig 54 The Molar Concentration of Caletum Plotted Agamst the Molar
Concentration of Phosphate Mmus pH

Calawm 1s the ordinate and s plotted on a Inganthmic scale azamst the logarithm
of the molar concentration of phosphate minus pH Over a wide range of concentra
tions of calcium, phosphorus and hydrogen 1ons a linear tendency 1s foun
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most constnt) m the early tume periods It 15 also interesting to find that
the eqmlibrmm concentrations were close to or ajproaching the trend
line The ltter phases always mmolied additional decretses n caleum
concentration along with increases 1 phospharus concentration  In their
experiments numbers 130 and 131 1n the first hours a course 1s descrit ed
which 15 roughly parallel to the course of the trend lne but placed con
siderably alove 1t Such behior suggests that m addition to ctlerum and
phosphorus m solution 1n the concentrations expected from the trend line
there was other soluble caleium phosphate The aj proach of the curves
m each case toward the trend line again sugyests that mn some wav it mnay
define at least roughh the equilibrium condition

Calculus Formation

In the recently published work of L eung 7 the calemum and j hosphorus
concentrations of salia samples shaken with solid syvnthetic hadre <y lapatite
have been measured at sarious CO  tenstons  Vwhen the salna was first
coflected caleram and phosphate values were such as to mdieate the con
siderable supersaturation with respect to the trend hne m Trgure 54 Lpon
equilbrating with mtrogen contammg no CO  the (O from the saliva
was almost entirely removed Smmultaneously a large jart of the caluum
and considerable phosphorus was thrown out of solution 1nd the pIl in
creased v fittle  The point now reached J1y close to the trend hine  “ub
sequent treatment of the salna m contact with hydroxilyptite with mtro
gen contang § to 226 CO gave caloum phosphorus and pH values
such that a series of pomts was described v, close to the trend line
although hoth the caloum and phosphorus contents ncresed several fold
Thus 15 an additional indication that the trend line defined the saturatin
conditrons for hydroxylapatite

From Leungs data the hypothesss may be advanced that the loss of
CO from the salnz m the mouth mav be assoctated with the production
of calculus on the teeth Dental caleulus as far as its mimeral {hase 1s
concerned 15 hydroxvlapatite  Conditions fasormg 1 reduct on 1 «alonm
and phosphate contents of saina to values hike those along the trend line
for sohd hydroxylapatite offer theoretically a partial explanation for cal
culus formation

Sotubality as a Function of Amount of Solid Phase

Greenwald 1n 1942 presente!a convmcmng demonstration that creas

‘(’lqiéloo;]g: H C and Lewng S W Calculus Format n 7 [ w0f sel 21 211 22)
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g the amount of solid phase was assoctated with 2n 1nerease 1n the amount
of calctum and phosphate in solution His interpretation was  that the son
product increases with the amount of solid phase  Greenwald confirmed
the work of hlement and Weber (1941)'"® 1n which amounts of precipr
tated hydroxylapatite dred and weighed xarving from 100 to 1200 milly
grams were equilibrated for short periods with water and the amounts of
cn:c(llum and phosphiorus m solution mereased with increasing amounts of
<ol

Ve were greatly imterested to find that an excellent approximatien to a
lnear relat:onshup 1s obtained from the data of Greenwald when the loga
rithm of the grams of solid phase 1s plotted agamst the loganthm of the
calaum concentration m solution \Whereupon we plotted the data of
Rumn of af m a simlar fashion and discovered that two strught fines
were obtamed one for the solutions above the amorphous sobd and an
other for the systems in which the solids were crystalline These two lines
were newrly parallel closely placed and had slopes considerably less than
that of Greenwalds data  The data of Klement and Weber agree reason
ably well with the lme for amorphous materal of Kumn ot af A practt
cally parallel line placed somewhat above those of humn ¢t af was found
for some data furmsled by Levinshas and Neuman 1" The data of Hodge
although exhibiting considerble scatter may well also hive a lmear trend,
the line n this case lies at still ngher calcim concentrations  The data of
Cricsson show still more marhed variability and 1 e at sull higher caleum
concentrations but mav be sud at least m part to fall ncar the hines for the
data of Hodge and of Levmskas and Neuman

Dried sobds were suspended m 01 N cadinm chlonde solution by

Levinskas and Neuman presumably :\aler by Kunm et al 10
conductivity water and paraffined at and Wel rwand m a
sarety of salt so by Ericss Tp g
washed 1t by ¢ and hep susp for
a year hefore <pent ity on
were diluted of ~ tog ntra
tion 0f 0214 dee w g
dilute ph dnl il to
one liter .
temperat Al
extraord
mereasing
calcum

8 f
N -

v nshas
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Fig 55 The Caleom Content Plotted Agamst the Tot1l Amount of
Solid Phase 1 a Liter of Suspension

Calowm in grams/100 cc 15 the ord mate Both viems are plotted as loganthms  The
studes of Kunn ¢t al1 _and of Levnshas and Neunan  are on resuspended precipt
tates The studes of Hodge!™ are on sofutions 1 wheh prec p tation occurred
Greenwald\74 used al quots of a suspension sutably diluted
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ng the amount of solid phase was associated with an mncrease in the amount
of calcrum and phosphate m solution  His mterpretation was * that the 1on
product ncreases with the amount of solid phase’ Greenwald confirmed
the work of hKlement and Weber (1941)% 1 which amounts of precipt
tated hydroxylapatite dried and weighed varying from 100 to 1200 mulh
grams were equilibrated for short pertods with water and the amounts of
calcium and phosphorus m solution mcreased with 1ncreasing amounts of

sold

We were greatly mterested to find that an excellent approximation to a
Iinear relationship 1s obtamed from the data of Greennald when the loga
rithm of the grams of solid phase 1s plotted against the loganthm of the
calerum concentration m solution  Whereupon we plotted the data of
Kumin ef af mn a simufar fashion and discovered that two straight lines
were obtamed one for the solutions above the amorplous solid and an
other for the systems in which the sohids were crystalline These two lmes
were nearly parallel closely placed and had slopes considerably less than
that of Greenwalds data The data of Klement and Weber agree reason
ably well with the lime for amorphous material of Kunm ¢t ol A practs
cally parallel line placed somewhat above those of kunin ef al was found
for some data furmshed by Levinskas and Neuman ** The data of Hodge
althongh exinbiting considerable scatter may well also have a hnear trend,
the line 1n this case hes at still higher calemm concentrattons The data of
Ericsson show still more marked varuability and le at still hugher calcium
concentrations but may be said at least mn purt to fall near the hines for the
datr of Hodge and of Levinskas and Neuman

Dried solids were suspended 1 01 N sodmm chlonde solution by
Levinskas and Neuman presumably mn distilled water by Kurun ef al m
conductrvity water and paraffined flasks by Klement and Weber and 1n 2
varety of salt solutions by Encsson Greenwald prepared a precipitate
washed 1t by decantation and kept the precipitate suspended i water for
a vear before use In hus experiments, senll quantities of the suspension
were diluted 1n a solution of potassum chloride to give 2 final concentra
tion of 02 M The systems described by Hodge were prepared by titrating
dilute phosphoric acid with saturated lime water, dilufing these swtably to
one lter wsing COy munus free dstlled water and stirnng at constant
temperature for several months Under such drversified conditions it 18
extraordmary to find such general agreement as to the relaionship  with
increasing amounts of solid phase there are increaging concentrations of
calerum n solution (see Fagure 55) The amounts of solid phase per hiter
18K Jement R and Weber R Behavior of Hydroxylapatite 1n Sotutions Ber chem
ges 4B 374 386 (1941)
119Leymshas G and Neuman, W unpublished results
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ing the amount of sohd phase was associated with an mcrease mn the amount
of caleium and phosphate n solutton  His interpretation was * that the 1on
product ncreases with the amount of sohid phase’ Greenwald confirmed
the work of Klement and Weber (1941)**® 1n which amounts of precip
tated hydroxylapatite dried and weighed varymg from 100 to 1200 mil
grams were equilibrated for short periods with water, ind the amounts of
calerum and phosphorus 1n solution mcreased with ncreasmg amounts of
solid

Ve were greatly interested to find that an excellent approxtmation to a
linear relattonship 1s obtaned from the data of Greenwald when the loga
nithm of the grams of solid phase 1s plotted aganst the logarithm of the
calewm concentration m solution  Whereupon we plotted the data of
Kunin ¢t ol 1n a simmlar fashion and discovered that two strught hines
were obtained one for the solutions above the amorphous sohd and an
other for the systems m which the sohds were crystalline These two lmes
were nearly parallel closely placed 2nd had slopes constderably less than
that of Greenwald s data The data of Ilement and Weber agree reason
ably well with the Ime for amorphous matenal of Kunin ef al A practt
cally parallel line placed somewhat above those of Kunim ¢t al was found
for some data furnished by Levinskas and Neuman ** The data of Hodge
Althongh exlubiting considerable scatter may well al=o have a liear trend
the fine mn this case lies at still lugher calium concentrations The data of
Lricsson show still more marhed sariability and lie at still hugher calcum
concet trations but may be said at Teast 1n part to fall near the hnes for the
data of Hodge and of Levinshas and Neuman

Dried solids were suspended m 01 N sodum chlonde solution by
Levinskas and Neuman presumably m distilled water by Kumn et o/ m
conductivity water and paraffined flashs by Klement and Weber and i a
vartety of salt solutions by Ericsson Greenwald prepared a precipitate
washed 1t by decantation -and kept the precipitate suspended m water for
a year before use In lus experiments, small quantities of the suspension
were diluted m a solution of potassim chloride to give a final concentra
tion of 02 M The systems described hy Hodge were prepared by txtr?ung
dilute phosphoric acd with siturated lume water, dilutmg these sutably ::
one lter usmg CO_ minus free distilled water and stirring at constas "
temperature for several months Under such dnersified conditions 1t .
extraordmary to find such general agreement as to the relationship wnof
1ncreasing amounts of solid phase there are mcreasing concentranon;ter
calcium 1m solution (see Figure 55) The amounts of solid phase per It
18kjement R and Weber R Behavior of Hydroxylapatite 1 Solutions Der
ges T4B 374 386 (1941)
15Levinskas G and Neuman, W unpublished results

chert
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Hodge As far as calaum 1on 1s concerned?
Hastings  Surely

Hodge 1 should Iike to ask Dr Hendnichs what sort of picture he has
of the gelatinous precipitate that can be prepared which has the theoretical
calerum to phosphorus ratio but which will not give an \ ry diffraction
pattern

Hendricks It 1s a gelatinous preciptate which has the correct calaium
phosphorus ratio 1 the hydroxy1 apatite?

Hodge Yes sir Have you ever seen one of those?
Hendricks No 1 have never seen one

e have been attempuing to prepare Warrmgton s octa cilawm phas
| hate'® recently It 15 material made by—the order 1s i ortaut but T am
not sure of the order—dumping the large excess ot calaum chl rule nto
phosphate  An amorphous material 1» obtamed under such conditions
Warrmgton made this materral m 1872 and called it octa calctum phas
phate It mught be amorphous material thrown out very svery quickly hut
still 1t does not have the composition of hydroxvl apatite

Hodge 1 twe prepared an apatte other people hrie too in wlich
there 15 a great deal of water up to 2000 per cent water with a calewm
phosphorus ratio of about 21 wlich on drying and heating and rgmting
gives a hydroxyl apatite pattern but which just taken out as a little pat of
Jelly does not have any

Hendricks This 15 just 1 gel?

Hodg. What T am getting at 1s this Do vou suppose that that gel has
m 1t some dehydrated separate umts that are very much the form the
hydroxyl apatite would ultimately take?

Hendricks There 1s 0 necessity to do so

Hodge 1 tried to formulate this thing somehow or other You mught
hike to see how I tried to do 1t (see Figure 56) In the solution we would
certamly have some hind of equilihrum At pH 7 there 15 mostly sec
ondary phosphate This 10m could react with calemm to form crystals of
secondary calclum phosg hate hydrate Tt could form one or more soluble
calaum phosphate complexes For mstance we might have one with a
12 Cato PO, ratio one with a 10 6 ratio There may be a varety of

1=Warngton R Researches on the Phosphates of Cal d the luby
o Trekte Phospbate T Ghom Soe (Labions 1 S and Upon the Sohubty



200 TIIRD CONFEREMCE 0N METABOLIC INTERRELATIONS

of solution vary over a five fold rn.e viz  from 0001 to 100 grams jer
hter Certamly the recogmtion of ths dependence of solution concentration
on the wmount of sohd phase 15 important In more than one case m the
past mestigators have fuled to mention the amounts of solid phase used
therel y making 1t rmpossible to compare their results with those of othe
muestigators  The order of magmtude of change obtaned i calerum con
centration 15 roughly as follows a 1000 fald increase m tle amount of
sohd phase 15 accomparued by a ten fold merease m calerum concentration
The form of the soluble calclum 1s unhnown agam the possibilitv of some
sort of soluble caleium complex mny be suggested

Conference Discusston

Hodge The mnco vo1s dfold Tt e mc of this
product vartes  The ph. runs from—mnhere do you want to start? Twenty
three  somebody savs Values up to 33 are in the literature  There 1s a
range of 11 log units T do not see how 1t can be used

Burtter \When vou say that the ph varies 11 ponts between what do
you mein? One ammal and another?

Holge Between different experimenters For example take almost any
smgle paper go back to the work of Hastings take Logan and Taylors
worh Greenwald s work take my own work Just pick data out of the
lLterature  1f vou multiply the cube of calcium concentration times the
square of phosphate the values run all the way from 10-% to 10 LaMer
1s a goud phyvsical chemust but when he got a constant that ranged from
10 ™ to 10-%* he was abashed He did not even jut thit 10~ in fus table
he left that sg ace Liwnk

H udir hs Is that PO*?

Hodje Yes

{rmstrong Y ou are gomg tao fast for me \What 1s the power to which
vou rased the phosphorus?

Hodge 093 the slope of the lower curve m Figure 52 1 do not know
what the 093 means

Hastu s You just hive salt solutions® You do not have any plasma
figures d vou? lhat would make a big difference as to how you are
1lotting the data

Hodje There was at least ane study in which plasma was used I have
Just total caleum

Hastings 1€ they are just total calcum concentrations then those data
are wrong
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these complenes—soluble complexes The jons can also form the hydrosyl
apatite lattice

You see, the presence of the soluble complex rather than tons of calcium
and of phosphate 1n the solution may be the thing that controls the eal
cwum to phosphorus ratio 1 the solution over this enormous range of con
centraton  All we have to assume 1s that there 1s not very much calaum
or phosphate as 10ns and a potentiality of 1 great deal of calesum and phos
phate as a soluble complex, and we have it

Hastings Dr Hodge you know that Logan and Taylor **! and Logan
and some of the other fellows really did a pretty thorough mvestigation
of the effect of different amounts of sohd We had done a few prelimmary
experiments hefore that Regardless of whether they calculated them as
ph s for tertrary caleum phosphate I would thinh that for constant phos
phate and constant pH their results would show a decrease of the calaum
m solution as a function of amount of sohd

That was done both with ground bone salt and with soltd phases of

artificially prepared hydroxy apatite Isnt that contrary to what you
showed i that last chart?

Hodge That 1s nght
Hastings How would you account for that?

Hodge Trom therr data vou have to decide exactly the reverse that
the more solid phase present the more calaum there was i solution I
think there are at least two things that can be said (1) 1 recalculated
their data and found that the amount of solid phase changed during their
suspension period by an important amount not by a httle amount This
was n the data as presented 1 $oto Lut they did not make the caleulation
and I am not sure they took this change mto consideration This takes a
lot of the apparent disagreement away

The second cne 15 that T am almost sure that their suspensions had not
yet had time to get to equbibrium

Hastings They were

Hodge The data for some of their suspensions the 30 day ones for
nstavce when plotted on the log Ca ¢s Jog P—pH graph gave a sertes
of pomts In the first few hours there was a rapid change 1n the direction

l(ﬂl‘mlggzn M A and Taylor H L Solubility of Bone Salt J B! C/em 119 293
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Ca+t+
T A hosphat
Calc.lum I .sphate e gzPOr —>» 1 Secondary Calcrum Phosphate
fraeert HPO,~ Hydroxylapatite
Soluble Complexes Ton Pool Solids

Fig 56 Formulation to Illustrate the Proposed Relationship between
Soluble Complexes, Tort Pool, and Solids of Calium Compounds m Body
Fluds
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OBSERVATIONS ON THE ROLE OF
PHOSPHATASE™

WILLIAM F NEUMAN, VICTOR DiSTEFANO, and
BETTY JANE MULRYAN

From the Dicision of Pharmacology and Texicology Depariment of
Radiation Buology School of Medicine and Dentistry
Uniersty of Rochester Rochester New York

drmstrong Tf we can go along now I will ask Dr Neuman to discuss
tis recent observations on the role of phosphatase

Neuman Dhosphatase has been mentioned m almost every scheme of
calofication since Robison'®* first suggested 1ts possible unportance  Per
haps the principal reason for the persistence of this idea 1s that n almost
perfect correlation has been 1epeatedly observed'® 1% ¢ between the oc
currence of phosphatase Instologically and the areas of active calarfication

Observations at Variance with Concepts of Role of Phosphatase

Roluson himself however reported a number of disturbing observa
tions  His ongmnal 1dea was that phosphatase provided local, Ingh concen
trations of morganic phosphate by virtue of 1ts action on switable ester

™:This paper 15 based on work carrsed out urder contract with the United States
Atomic Frergy Commussion at The Lniversity o Rochester Atomic Energy Project
Rocl ester New Yo

1* Robison R The Possible Sigmificance of Hexosephnsphonic Esters m Ossification
Bt chem J 17 286 293 (1923)

2 Robison R and Sowmes K M The Posuible S ymficance of Hexasephospi orie
Esters i Ossification 11 The Phosphoric Esterase of Osstfying Cartdage Bio
chem 7 18 740 754 (1924)

b Martland M and Robson R The Possible Sigmificance of Hexosephosphortc
Easters n Osufcation V. The Frzyme m the Farly Stages of Bone Development
Buochem T 18 1354 1357 (1924)

c Fell H B and Robison R The Development and Phosphatase Actmaty In
Pywo and In 1 tiro of the Mandibutar Skeletat Tissue of the Embryomc Fowl
Biochem ] 24 1905 1921 (1930)

d Macfarlane M G Patterson L M and Robson R The Phosphatase Activ
ity of Ammal Tissues Biochems J 28 720 724 (1934)

™Lorch 1 J  Alhalne Phosplata e ind the Mechanism of Ossificrtien J Bone
ond Jomt Surg 31B 9499 (1949)

6Gomort G D

Soc Frp Bl ond Med 42 23 26 (1939)

o i Tissue Sections Pro
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of le v caluum and less phosphorus s if they were huvng a precytate
farm  lhen at longer time period the direction reverses s 1f caloum were
lexving the s lution without ~ change 1n pho phate concentration

So 1t looks to me as 1f there were at least two things gomng on One of
them 15 a change parallel to this solulnhity line m Figure 52 and the other
1s something else

Hastings But I am sure there 1s no question about the fact that »f yor
shake a solution that has the 10n product of serum with a large amount of
exther ground up bone or so-called tertrary calcum phosphate there 15 very
quickly 1 decrease and a marhed decrease of the calaum mn solution anl
practically no change i the phosphte

That 1s 1n the hterature

Holje Isit?

Hastings  That occurs just as fast as vou can shahe 1t up and centrt
fuge 1t

Armstrong  That 1s the reason 1t was tal mg out caleum carhonate
below the solubihty of calcium carbonate

Hastinjs Yes but regardless of how it came down the pownt 1s that of
vou have a solid 1f you have a lot of it there which m our experiments
was about 3 gm per 50 cc (m those early expermments) jou tahe it out
very rapidly ard 1t does not go out 1s 1 caloum phosphate compotnd 1
am sure of that much

McLean Yon are doing the same thing that you were domg with the
lead phosphate vou spohe of yesterday

Hastings 1hat 1s night except that 1t 15 not as good an adsorber ot
whatever you want to call it—calcium remover
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substrate He found, however, that ester phosphate was present only m
low concentrations 1n plasma *$* 1 urther, phosphatase was relatnely
effectual m hydrolizing these partictlr esters Tollowing these abserva
tions he relegated to phosphatase a role of secondary importance and sug
gested the existence of a “second mechamsm **% Though Robison did not
clearly distingush between them, actually, his proposed “second mecha
msm  was comprsed of two factors a) an orgamc matrix which was
responstble for the orderly and specific deposition of the bone nuneral, and
b) 2 cellular or enzymatic component which was differentiated from the
phosphatase mechanism by 1ts sensitivity to a variety of mhibitors

In an attempt to find 2 means of supplying phosphatase with smtable
substrate, recent workers have focused attention on the importance of
glycogen and the glycolysis phosphorylative cycle 15 0 191 These workers
had been successful m showing the importance of the glycolytic scheme
caleification  They have not, however, been successful m demonstrating
that the purpose of the glycolytic process 15 to furmsh substrate for phos
phatase This may be illustrated by quoting from Gutman,'®® “\Whether
glycogenolysts 1s essentral mn order to provide phosphorus m some specttl
form or concentratron or place, or whether required energy 1s made avail
able, 1s not clear "

I should like to emphasize this lach of clarity by raising the followmg
question  How can the cell secrete significant quantities of ester phosphate
to the surrounding medwm without simultaneously removing an equal
molar quantity of morganic phosphate? Tlus could be possible only 1f the

173 kay H D and Robison R The Possible Sigmficance of Hexosephospl oric
Esters 1 Oss fication 11T The Action of the Bone Enzyme on the Organc
Phosphorus Compounds m Blood Brochem J 18 755 764 (1924)
Martland M Hansman T S and Robison, R The Phosphonic Esterase of
Blood Brockem J 18 1152 1160 (1924)
hos
Goodwin H W and Robison R _The Possible Significance of Hexosep!
€ p);?nc Esters m Ossification IV The Phosphoric Esters of the Blood Buw
chem T 18 1161 1162 (1924)
ble Sigmficance of
::3Roblson R Maclead M and RoscnhimCA H Tl‘;nr}ef;;cﬁ’n;gkrm g

Esters in Ossification L.
1927 1941 (1949
1%Gutman A B d Yu
genolysis and Calesfication 1n Cartilage T
relations 1 11 26 (1949) .
fation to Heali g
10Folis R H Jr  Glycogen in Rachie Cartilage and Its Rel
Proc Soc Exp Brol and Med 71 H1-343 (1949)
d des
A Lehmanmn G and Wertheumer F Der Glykogenbestan
‘lz;g:p‘zlr:n::d serne Bedentung Pflugees drchit fur dic gesamie Physologis 220 183
193 (1928)

-
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cell nvolved possesses the ability to store phosphate in a relatively non
jome form Adnuttedly, recent evidence ndicates that such a phenomenon
may occur  Rothstemn and coworkers' have presented data which strongly
suggest that the yeast cell, at least may contain phosphorus 1o the form of
a highly polymerized meta phosphate For the present however smmlar
data on hypertrophic cartilage cells and osteablasts are totally hachung

At the moment the crux of the phosphatase question appears to involve
two conflicting preces of mformation  a) the enzyme 1s mvariably found
to be present 1n areas of actne calafication suggesting a hey role m the
deposttion of osseous mmeral and b) 1t has bLeen impossible to obtan
adequate evidence that the enzyme though present can accomplish much
because of a lack of substrate

Inhibitory Effect of Ester Phosphate on Calcification

During the course of the discussions at last years Conference 1t oc
curred to me that ester phosphate may be mhibitory to calafication  This
proposition presents the phosphatase problem in a new hght Prowided
ester phosphate ts sufficiently mhibitory a hi,h concentration of substrate
1s not required for phosphatase to play an important role 1n calcification
The enzyme may be acting as a trigger mechanism by removing an agent
which prevents the occurrence of a general precipitation of calerum salts

A sertes of expermments were performed to test this hypothesss The
first experiments undertahen were designed only to show gross effects
We had demonstrated previoushy'® that powdered bone preparations are
capable of crystal growth when immersed daily m a svnthetic ultrafiltrate
of plasma This phenomenon was chserved again except that 1n one serses
a representative phosphate ester was added to the ultrafiltrate The results
are given m Digure 57 Clearly the presence of ester inhibited the forma
tion of crystals

03 Rothstein A et al  The Relation hip of the Cell Surface to Metabol sm lV
IdV]l University of Rochester Atom ¢ Energy Project Nos UR-69 UR
ang

b Rothster A and Larrabee € The Cell Surface of Yeast as the Site of
Inhub tion of Glucose Metabohism by Uranium—U

¢ Rothsten A Frenkel A and Larrabee C  Certamn Charactenstics of the
Complex of Uranum with Cell Surface Groups of Yeast the Relationsh p of
These Groups to Glucose Metabolism—UR 17

o

Rothstem A The Metabolic Effects of Uranmm on the Yeast Cell—UR 54

Rothstem A Mewer R, Hurwitz L Berke H  and Larrsbee D The
Mechanism of Action of Uran um on Cells—UR-80

*Neuman W T Bone as a Problem in Surface Chemstry Trans Macy Confer
ence on Metobolc Interrelations 2 32 72 (1950)
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Fig 57 The Inlibition of \lmeral \ccretion In § #ro by the Presence
of Glycerophosphate
.o ve 10 mg % P when completely hydro
fatted veal bone were placed n 10 ml
© same composttion as sulutron (P (sec
7€ the suspension w is centrifuged the
solution aspirated for analysis and fresh solutn added In the graph are plotted the
amounts of morganic phosphate removed from the salution by the bone preparation
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Haw the presence of ester phosph phshed this intul was
not esident 'Two reasonable mechamsms may be suggested a) the ester
may form relatnely undissocited complexes with calcium therely reduang
the calaum on activity or b) the ester may he adsorbed on the crystal
surfaces thereby preventing further additions of caletum and phosphate
the correct lattice positions

F of Calcwm Complexes by Ester Phosph

To obtun a partial inswer the experiments were repeated, this time
however the ester was added as the calaum saft In thus case any mbib
tion observed could be due only to surface adsorption Tlese results are
summnnized tn Table X\ VII

In most cases m which the caleium salt of the ester was added crystal
formation took place indeed at a rate greiter than observed in the con
trals  Cleatly then comglex formation s mdwated At least part of the
anhibitory effect of ester phosphate 1s due to its ability to farm undissoc:
ated complexes of calerum

As a more direct test of this action the following experiment was de
signed  Varymg amounts of calaum chionde were added to solutions of
sodim suifate In all mnstances the final volume temperature and pH were
wentical and constant In <nother series yarving amounts of caloum
chlonde were added to solutions contam ng sodsum sulfate and sodmm

TABLE XXVII

Lffect of Glyceroy hosphate «n Average Darly Crystal Growth

Fresh Bone [ Ashed Bone

Constituent Added r | Constituent

F E
L nteol | mental | Controt | memtal | Analyzed
mg/day | mg /day | mg /day | mg /day | Phosphate

Free Ester 065 | 022 | 081 | 033 (P}

Free Ester 051 | 020 | 063 | 024 | Phosphate

(P)

072 113 111 160 Calcrum
(Cay

038 | 041 l 08s ! 071 | Phosphate
(P)

Calcium Salt of Ester
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glycerophosphate When, as i Figure 58, the weight of preciptate ob
tained was plotted versus the amount of calcium added, the complexmg
action of ester phosphate was clearly apparent Surprisingly, one mole of
ester phosphate was found to bind two moles of calaum The only ex
planation we have for this unexpected combining ratio 1s that caleum must
interact with hydroxy! groups of the glycerol part of the molecule

Prevention of Crystal Formation by Ester Phosphate

As 2 more sensitnve and drrect test of the mhibitory action of ester phos
phate experiments were undertahen emploving the calaification of ractutie
bone slices  Like other worhers mn this field we have evolved our own set
of conditions for utthzing this technique  Four slices were obtamed from
each individual rat and one shce placed m ewch of the following four
solutions  a) the basic solution (containing morgame caleum and phos
phate) to which nothing had heen added, b) a solution contamng the
basic solution to which calaum glycerophosphate had been added ¢) 2
solution contaimng the basic solution to which mercuric chlonide had been
added and d) a solution contamnmng the baste solution to which both cal
ctum glycerophosphate and mercuric chloride had been added Preliminry
experimentation demonstrated that phosphatrse activity as deternuned
colormetrically ** was consistently mhibited by the concentration of mer
cury employed Occasional slices did show some residual activity

The results of a serses of such expermments are presented in Tables
NXVHI XXIX XAX \\XI In those expermments in which phos
phatase was not inhibrted the addition of ester resulted m 1ncreased calet
ficatton This effect nas neither consistent nor strihing  In those expert
ments 1n which phosphatase w=s rendered mactnve by the presence of
mercursy  the addition of ester minbited calorfication almost without excep
tion Tt should he emphasized that the mhibitory effect of ester m the
calafication expertments cannot be attmbuted to its ability to complex
calaum  Actually there was an error mn our calculations resulting m the
additton of four moles of calaium per mole of ester phosphate m all cases
where ester was present 1n the calaifymg soluton It should also be em
phasized that the concentration of ester phosphate i these experiments
was very low approximately 0 125 mg ester P S

for
184H ms C and Taly P Sodium Phenolphthalein Phosphate as 2 Substrate
Phossiotase Tests J Biol Chenn 159 399410 (1945)
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TABLE XXVIII

The Inhilition of Calafication by Ester Phosphate When
Phosphatase Is Inactivated *

cp J CPL ‘ CPI J CPLI }

24 (FHHE) 13 (FHFE) (1 () | L ()

2 (Ft) 2 () [T (F 0 370
2 (FHH) | 285 (AR [ 1M () [ L () |
15 (++++)
1% (++++)
17 (+4++)

(++++) |1 (+) [
(+++4) 11 (+) 0 °
(++++) [t (+) 0

[NI™

*Fxplanation of symbol>  C=some caloum P=morgamc phosphate

E=calem glycerophosphate 1=mercury
The caleification of shees was graded on a scale of 0 4 nd cat ng vertical calafica
tion and 0 4+ nd cating transverse calcificaticn when the slice 15 viewed 1 1ts nor
ma] position

TABLE XXIX

The Inhilntion of Calaification by Ester Phosphate W hen
Phosphatase Is Inactivated ¥

cp ! cpr | cpr | CPEL |
2 (FH+4) |3 (HHH) 1 (+4) [0 .
2 () | 280 ) | 2 (44) |3 (FrEa) ) 0 I
2 () (2 () [ L () [T(FFT)
14 (+++4+) |2 (++++) [ 1 (+) 4 o
27 (k)12 ()LL) 1
I {++1+) 12 (#+++) [ 1 (++) O

*Explanation of symhols C=ionic calewm P=inorgani phosphate

F=calcium glycerophosphate [=mercury
The caletfication of shces was graded on a scale of 0-4 tndicatmg vertrcal cafaifica
tion and 0 4+ indicating transyerse caleification when the shce is viewed 1n its nor
mal position.
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TABLE XXX

The Inhibitwon of Calafication by 1 ster Phosphate \ hen
Phosphatase Ts Inactivated *

(@3 CPE Pl CPEL |

3 (A FE) 3% () | 2 (R ) [T () 1

I () {4 () 2 (A ()

I () |3 (R |2 (rhr ) LR )
() (2 (rra) [ (4 0

2 (4+++) (2 () |1 (e O 1°
2 () {2 () |1 (Rt L)

*Explanation of symbols C=tomc caloum P=inorgame phosphate

F =calcum glycerophosphate I=mercury
The calaification of shces was graded on a scale of 0 4 indicating vertica! calosfica
ton and -4+ md cating transyerse calcification When the slice 1s viewed m 1ts nor
mal position.

TABLE XXXI

The Inhitation of Calethcation by Lster Phosphate W hen
Phosphatase Is Tnactnated *

cp | CPL CpPl

CPLI |

2
2 (R |2 (H+) L )

2 (FFHH) {2 (HHHE) P () 1(+)
2% () [ 204 (+++4H) | O

2 (k) 1204 () |
2% () [ 25 (4445 [ 1

Yo (H+++) 2% () L 14 () | L () }
++ 0 370

0
+) 0 e
() o
*Fplanation of symbols C=1omc caloum P=norgan ¢ phosphate
E=calcum glycerophosphate I=mercury
The caleification of shees was graded on a scale of 0 4 indicating \ertical calcifica

tion and 0 4+ indicating transverse calcrfication when the shice s viewed 1n its nor
mal pos tion. .

Studies with Radsoactive Glycerophosphate

These results indicated that ester phosphate must mhibit calerfication by
preventing crystal formation  Such an action could take place only 1f the
ester 1> actually adsorbed by the mineral substance Accordmgly, radio
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actrve glycerophosphate was prepared™™ and carefully purified to msure
the absence of contunmating morgame radiophosphate  Solutions contam
ing varying amounts of this ester at physiological pH were shaken with
speaimens of powdered glycol ashed veal bone for 29 hours Prelimimary
experimentation had established two facts a) the equilibrium was reached
m this period of time and b) the radiactne phosphate present mn the
ester did not undergo exchange with morgame phosphate 1 soluton The
bone speaimens were separated from the solutions and the amount of
adsorbed ester determmed from the amount of radioactivity taken up by
the bone These results are presented 1n Figure 59

The results could satisfactonily be described by a Langmuir 1sotherm
and indicated that at physiological concentrations of ester, considerable
quantities ase adsorbed b) the bene mmeral This finding offers support
for the tdea that ester phosphate mbubits crystal formation by occupying
surface lattice positions

Discussion

With the data reported above 1t appears that phosphatase has a three-
fold action i favoring calcification  a) 1t mcreases the concentration of
morgame phosphate as first suggested by Robison D) 1t increases the
concentration of caloum ron by removing the presence of a complexing
agent and c) 1t prevents the adsorption of ester phosphate and thus
eliminates a process which 1s mhibitory to the growth of the mimeral erys
tals It 1s difficult to evaluate 1 a quantitative sense the relative amportance
of each of these three actions It seems clear however, that phosphatas®
plays an important role 1n calcification even though the absolute total con
centration of 1ts various substrates mav be quite low

Conference Discussion

Gutman Which ester did you use?

Newman This 1s a glycerol phosphate  All the work has been done % ith
a glycerol phosphate That 15 the big weakness 1n our expeniments Time
did not permmt a fuller exploration

Hastigs  What was the molar concentration?

Neunman 1t was 10 mg per cent phosphorus That 1s equnalent to
about 0003 molar

The
95 H d Pyman F L  The Conststut on of the Glycerylphosphates
IS;'x}x\theé:ls of amand);n ghctr)’]phospﬁa!!s T Chem Soc 105 1238 1259 (1914)
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active glycerophosphate was prepared®® and carefully purified to smsure
the absence of contarmnating morgame radiophosphate  Solutions contam
g varymg amounts of this ester at physiological pH were shaken nith
specimens of powdered glycol ashed veal bone for 29 hours Preliminary
experimentation had established two facts a) the equlibrium was reached
m this period of tume, and b) the radioactive phosphate present n the
ester did not undergo exchange with morganc phosphate 1n solution The
bone were sep 1 from the sal and the amount of
adsorbed ester determned from the amount of radicactivity tahen up by
the bone These results are presented m [gure 59

The results could satisfactonily be described by a Langmur 1sotherm
and indicated that at physiological conc of ester, consid
quantities are adsorbed by the bone mneral This finding offers support
for the rdea that ester phosphate mhibits crystal formation by occupying
surface lattice posttions

Discussion

Viith the data reported above 1t appears that phosphatase has a three-
fold action m favoring calerficatron  a) 1t mereases the concentration of
morgame phosphate s first suggested by Robison b) 1t imcreases the
concentration of calcium son by removing the presence of a complexmg
agent and c) it prevents the adsorption of ester phosphate and thus
eltminates a process which 15 mhibitory to the growth of the muneral erys
tals Tt 1s difficult to evaluate 1n a quantitative sense the relative importance
of each of these three actions It seems clear however that phosphatas®
plays an important role m calafication even though the absolute total con
centration of 1ts various substrates may be quite low

Conference Discussion

Gutman Which ester did you use?

Newman This 1s a glycerol phosphate Al the work has been done with
a glycerol phosphate That 1s the ng weakness i our experiments Time
did not permt a fuller exploration

Hastings What was the molar concentratton?

Newman It was 10 mg per cent phosphorus That 15 equivalent to
about 0003 molar

hates  The
18hung H  and Pyman, F L The Constitution of the Glycerylphospl
Syr!x\l;]n:sls ot o and g Glyceryiphosphates J Chem Soc 105 1238 1259 (1819)
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Hastings  Ts that a lot more ester this time?

Newman No T will grve the actual ratios We added 2 millimoles of
ester per 100 cc and the amount of calcium comples as measured by the
displacement turned out to be 4 millimoles This was done m an attempt
to get a quantitative combimng ratio W e could not use the polarograph or
any of the commonly used techmques m chelate studies But this was our
escape

Hastings  That would account for jour other experimental result
wouldn t 1t?

Vemman Yes As a matter of fact 1t would go 2 long wty towarl
esplatming it No on second thought that 1s the wrong direction It 1s
altogether wrong But 1t 1s such z crude test It was merely an explora
tory experiment and T presented 1t only because 1t was our pomt of
departure

drmstrorg Did vou sty that the radiophosphorus of the ester 1ecane
distributed between the phosphorus of the ester in the muneral phase®

Neuman No it was taken up by the bone If vou ndd morgame phos
thate to a solutron of ester ind separate the ester the specific actwity of
the ester 15 unchanged just as you would expect—parttenlarly with gh cerof
phosphate  Ghycerol phosphate 1s verv stable to hydrolvsts even at condi
tions of very lugh temperature

Gutman When you refer to plystological concentrations of ester do
you mean those m the serum?

Aeunan Yes

Gutman The concentrition 1n the cell may vary enormously
\etman 1 am constdering now onky the extracellular phase
Gutman  And presumably intercellular flurd?

Newman Yes presumably That 15 a presumption

Shorr 1 wonder whether Dr Huatt would say somethmg ahout some
expertments he did i which § glycerol phosphate was added to a basal
solution contamnmg morganic phosphate and what effect st had wpon clo
fication

Hiatt Usmg L-hisudime 1 X 102 M or beryllum 1 X 104 we
could demonstrate no mhibition when the medium contaned both inorganic
phosphorus (5 mg ) and ester phosphate (@ glycerophosphate m an
amount calculated to vield 10 mg €& morgamc phosphertis on complete
hydrolysis)
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Newman Tn the presence of the ester #

Hiatt We could detect no mhilntion of wlaicatiun by beryllum 1 X
10-1 M, 1n the presence of morgame phosphate whether or not ester phos
phate was present m additron

Newman Alone?
Huait That 1 rught

Neuman  That would seem contrary, I would say On the other hand
for your data, Dr Gutman you did not have morganic phosphorus present

Gutman In most experiments onlv phosphoric ester was employed but
m some Dboth ester and morgame phosphate were present In the latter
experiments no mhiition of calafication was ohserved as Dr Hiatt found

Newman Waldmans data fit m very well with this view e demon
strated a lack of calaification 1n the presence ot ester when phosphatase was
inhilnted by heat

This 15 sery tricky, and I should ke very much to do this over with
berylum because it seems to me berylhum ts o much better whibitor than
mercury mught be I will not say that this 15 an established fact because 1
feel that the rachitte slice techmque 1s very tricky In the wav we set 1t up
1t came out right Ve have demonstrated the reasons why it should come
out that wav  Liter ts actually absorbed by the mimeral and nhibits crystal
formation by a complexmg calcum T would be surprised 1f every time
1t can be demonstrated that ester does inhilit calaification of richitic slices

Hastings T wish you had some other esters

Newman 1do too 1 thunk that some of the others should be cqually
good or hetter They nught not

Armstrong Robison and Rosenhemn® i their stucies of i zifro cal
afication tried msulin and, as 1 recall they could note no effect of msuln
which was different from that of any other protem Of course when one
puts protem m the calafymg solutions mterferences with caletfication are
produced

Stiorr [ wonder whether 1n hine with our present thinking we should
not tahe the Robison Rosenhem concept ot the second mechamism and put
it first The preparation of an ester must come first, and then subse
quently 1t would be brohen down The second thing that I was not clear

“’“Rohlsnn R and Rosenhem A H Calofication of Hypertrophic Cartilag:
Vitro Biochem J 28 684 (1934)
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about was your objection to phosphate gomg mto the cartilage cell as a
prunary part of the buildmg up of glycogen Why did you feel that you
could not accept that as one of the mechamsms operating? How does the
glycogen get into the cell?

Neuman This gets into a pretty rugged field but, as I understand 1t
now, from the gist of the opinion of people like Kamen and Spiegelman,
Sacks,*** and Rothstein 2 phosphate enters the cell only accompanted by
glucose, and probably 1n an equal molar quantity However, glycogen does
contamn phosphate but not i equal molar quantity with glucose Thus, 1f
I try to bring n sufficient phosphate to permut all of this glycogen to be
emitted agam, or secreted as an ester, I have put 1n a tremendous amount
of 1norgamc matertal which would, I think, disturb the electrolytic balance
within the cell With regard to the question of how the phosphate gets out
again  obviously the cell metabolhized ghcogen to COz, and i every
molecule of glucose comes m taking phosphate with 1t, why do not the
cells not fill up with phosphate® So there 1s something very wrong with
the over all idea W ould you care to comment on that?

Hastings No I would agree that the glucose and phosphate go nto 1t
mole for mole

Follis Could that be the thing that lalls the cell, because you are night
at the pamt where the ceil 15 exther dying or Adled by the blood vessel

Neuman Possibly 1 am not denying the fact that the cell may furmsh
substrate 1 want that clear There may be a local mechantsm, a cellular
mechamsm, for providing large quantitzes of ester The pamt I am trymg
to make 1s that we do not have to discard phosphatase as an important
factor m calarfication becattse we have not, as yet, demonstrated a large
quantity of substrate on which 1t smght act In these experiments, 3 Very
small quantity of ester Iy acts as an nhib mfuence and,
therefore, phosphatase would act 1n a beneficral way, even though the sub
strate concentration 1s low

It also would explan, perhaps n part, how pathological calufication
seems to correlate best with those tissues which also have phosphatase
activity

Armstrong  Since we are indulging m speculation I can remnd you of
a paper by Wilhams % that appeated 1 Nature about a year and 2 half

197kamen M D and Spiegelman S  Studies on the Phospl
Some Unicellular Orgamsms Symposia on Quantitats ¢ Biology, C
XII 151 163 (1948) -~
1958achs J  Mechamsm of Phosphate Transfer Across Cell Membranes 1hd

184 (1948)

199Rothstern A Discussions Iid p 162 and 184 (1948)
~oofyyllams W T Function of Urease m Citrullus Seeds Mat

ate Metabolism of
old Spring Harbor

ure 163 79 (1930}
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ago The author suggested the jdea that we may be able to demonstrate
an an vi#ro actraty of a protem as an enzyme which may have no relation
ship to the physiological function of the protein He used as the expen
mental basts for this theory urease of watermelon seed He found on
sprouting the seeds that the urease content decreased raptdly The dex
proposed 1s that the urease 1n the seeds has nothing to do with hydrolhvzing
urea It represents a form by which the seed stores proten He suggests
that 1t 15 merely accidental that this particular protemn hydrolyzed urease

If you carry this idea further you have to recogmze the possibility that
1t may be that phosphatase hydrolyzes phosphoric acid esters w1 21tre with
out any relation of this type of hydrolysis to bone formation e are
struck however with the pomt that we would hike to see some utilization
of this hydrolytic power of the enzyme mn bone formation

Newman 1 think we are all more logical than we care to admit

Hastings T would not agree with you If you have a glycolytic cvcle
of any hind you are gong to have phosphorus around too It 1s part of
the system T am not talhing about a speafic effect

Shorr There would seem to be no justification for ruling out the par
ticipation of phosphatase merely because the prevailmg local concentration
of organ ¢ phosphate esters 1s fow  All that would be required 1s that there
15 a contmumng supply which would heep up that concentration

A more mmportant consideration 1s the nature of the orgame phosphate
ester upon which the bone phosphatase would act It 1t could act on all
the phosphate esters 1n the phosphorylative ghicolytic cycle then there
would seem to te little reason for the cycle proceedmg through all of its
steps The essence of the problem might lie m the accessibility of the ntra
cellular phosphate esters to the phosphatise which 1s extracellular  Thus
although phosphatase may sphit any organic phosphate ester 1 the glycoly e
sertes it may have access to one specific ester which the cartilage cell
releases extracellularly

Gutman 1 have one possible explanation for that difficulty Dr Shorr
1 think 1t may depend upon differences 1n the rates of action of the vartous
enzymes mvolved

Allaline phosphatase as Dr Shorr has indicated 15 nonspectfic m 1ts
action and will dephosphorylate a great many phosphonic esters mcludmg
glucose 1 phosphate glucose 6. fructose d and other
phosphonc esters n the glycolytic cycle but will do so at a very slow rate
whereas the action of phosphorylase 1n converting glycogen 10 glicose-1
phosphate and tlat of phosphoglucomutase and all the other enzymes n
the glycogenolytic cycle 15 extremely rapid Consider for example, the
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position of glucose 1 phosphate which 15 subject to the action of three
separate enzvmes mnamely phosphorylase which muy convert the glucose
1 phosphate hack to glycogen phosphatase which may dej hosphorylate to
glucose and phosphoglucomutase which may comvert glucose 1 { hosphate
to glucose G-phosphate  Vhen glycogenolysis takes place the pomt of
equilibrium 1s such that the major part of glucose 1 phosphate 1s converted
1o glucose G-phosphate So I thunk the crux of the paradox | es w different
rates of actvity of the various enzvmes concerned

Shorr \\ould vou not htve to consider not only rate but concentrition?

Gutmat And the concentrations of enzyme and substrate which deter
nune m large part the directon and equilif rium pomnt of the reaction

Shorr T am just thmking of the fact that we are working on rachitc
rat shees Actualls perhaps we ought to go to the growing deer antler
Just as Aub wnd Wislocht did because the concentration of alhaline phos
phatase at the growmg points 1s very great and really astronomical com
pared with what we 1re dealing

Vewman After situng here I have become 2 little more onier ted and 1
would like to 1sh one more question hecause these contrarv data are rather
unhandy to say the least

We were ble to demonstrate that with 1000th molar that 1s 105 mer
wiry we did not get conststent mhilntion of {hosphatase The probabil ty
of removal of metallic enzyme witubttors Uy the nuneral presents the poss:

tulity that vou also did not have pl osphatase inhif ited m alf cases I wonder
hob of phospt by col v or some

1f vou demonstrated the
other means at 10~ Bet++

Hutt We are not sure that the effect on calerfication was the result n:
hibition of nlkalne phosphatase Ve did notice that i the presence ©
phos) hate ester without morganic phosphate there was no calarfication

\ewman And vou noticed mn the | resence of morganic phosphate the
ester did not act as an mhibitor But the question 15 Was the phosphatase
mhilited m that experiment?

Hiat Yes we agree that the question remams to be answered

Newman Did you demonstrate it or do vou assume that 10 Be m
hubited 1t?

Hiatt We did not demonstrate it \We also are not sure that nhibition
of alkaline phosphatase 1s tl e mechamsm of mterference with calafication
m our experiments

Neuwmin So we may not be m disagreement
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Tollis T think we should go easy on the statement that phosphatase 1s
nonspectfic and that 1t 15 based on some of Jonas Friedenwalds histo
chemical stuches, * by the use of inhibitors and speaific substrates For
mstance, he finds he can demonstrate one phosphatide 1 the glomerulus m
the hadney and another phosphatide in the tubules So not the same thing
may hold true

Gutmmn Your objection 1s well taken But usng bone or cartilage
phosphatase one can demonstrate dephosphory lation of 8 ghcerophosphate
a glycerophosphate  pheny I glucose 1 phospt glucose 6 phos
phate fructose chiphasphate ATP and many other phosphoric esters

Follis But there may Te a number of dephosphorylating enzymes pres
ent

Gntuman Yes that 1s perfectly true

Newman That iy be  Robison humself T believe got all worried Te
caise he found that the phosphate preparations he started with did not
Indrohze blood esters Then he made 2 preparation of bone phosphatase
which dhd act on blond esters to s obvious rehief

Sobel T should just bike to add for whatever confusion it may bring
that Professor Alhaum of Brool hn College working 1 connection with
our gronp measured the ATP content of rachitic Lone and found 1t to be
01 as rich as muscle with respect to ATP  This represents a verv rich
Zource of organc phosphate These experiments have been repeatedly con

rmed

Gutman Has thts work been published ?
Sobel No 1t 15 just prelmmmnary just started
Hastings  Any ACTH?

Sobel He used 1t for mesuning the distribution ot ATP and ADP It
15 Just the ATP angle that concerns him  His prelummary results which
were confirmed ndicate this bone 15 high m ATP

Tollis Perosteunn will hydrolyze

Gutman We looked for adenosme triphosphatase 1 cartilige and found
mimmal actryity as measured by the method of Duboss ind Potter

Armstrong Dr Bevelander do you have observations from your studies
of mvertebrates that would bear on this discusston?

™NoengynDayes & D ard Triedenwald J S Histochenucal Stud us on the
Alkaline Phasphatases in the Tissues of the Rt Lsing Frozen Sectons J Cell anf
Comp Phystol 36 421 (1930)
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position of glucose 1 phosphate which 15 subject to the action of three
separate enzvmes namely phosj horylwse which may convert the glucose-
1 phosphate back to glycogen phosphatase which may dej hosphon late to
glucose and phosphoglucomutase which may convert glucose 1 phosphate
to glucose 6-phosphate  When glycogenolysis takes place the pomt of
equihibrium 1s such that the major part of glucose 1 phosphate 1s converted
to glucose 6 phosphate So I think the crux of the paradox hes 11 different
rates of activity of the vanous enzvimes concerned

Shorr \Would you not have to consider not only rte fut concentration?

Cutman  \nd the concentratio 1s of enzyme 1nd substrate which deter
mune m lurge part the direction and equilthrium pomt of the reaction

Shorr T am just thinking of the fact that we are warking on rachttic
rt shees  Actually perhaps we ought to go to the growing deer antler
yust as Aub and Wislocht did because the concentration of alkaline phos
phatase 1t the growing ponts 1s very great and really astronomical com
pared with what we are dealing

Nemnman  After sitting here I have become a little more oriented and T
would Ike to 15k one more question because these contrary dat are rather
unhandy to sav the least

We were 1ble to demonstrate that with 1000th molar that 15 10~ mer
cury we id not get consistent mhititon « f phosphatase  The probability
of removal of metallic enzyme mntubitors by the mineral presents the posst
Infits that vou also did not have phosy hatase inhibited m all cases I wonder
1f you demonstrated the inhib tion of phosphatase Iy colormmetry or some
other means at 10-* Bet+

Hiaft \e are not sure that the effect on calafication was the result of
inlubition of alkalime phosphatase We d d notice that i the presence of
phesphate ester without torgantc phosphate there was no caleification

Aetman  And you noticed i the presence of morganic phosphate the
ester did not act as an inhibitar  But the question s Was the phosphatase
intubited m that experiment?

Hiaif Yes we agree that the question remuns to be answered

Neuman Did you demonstrate 1t or do you assume that 10~ Be in
ubited 1t?

Hiatt We did not demonstrate 1t We also are not sure that mhbrtion
of alkalme phosphatase 1 the mechanism of mterference with calaification

1n our experiments

\ewman So we may not be mn disagreement
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Follis T think we should go easv on the statement that phosphatase 15
nonspecific, and that 1t 15 based on some of Jonas Friedenwalds lusto
chemcal studies,”™ by the use of ilubttors and specific substrates Tor
mstance, he finds he can demonstrate one phosphatide 1 the glomerulus i
the hadney and another phosphatide sn the tubules So not the same thing
may hold true

Gutman  Your ohjection 1s well tahen Dut, usmg hone or cartilage
phaspt one can d dephosphory lation of 8 glycerophospihate,
a glycerophosphate, phenylphosphate, glucose T phospl glucose 6-phos
phate fructose dipfiasphate, ATP and many other phospharic esters

Folhs But there may be a number of dephosphorylating enzyimes pres
ent

Gutman  Yes, that 1s perfectly true

Newman That may be Robion himself I beheve got all worried be
cause he found that the phosphate preparations he started with did not
hvdrolyze hlood esters Then he made a preparation of bone phosphatase
which did act on blood esters to lns obvious rehef

Sobel 1 should just like to add for whatever confusion 1t may hring
that Professor Albaum of Brooklvn College worhing m connection with
our group measured the ATP content of rachitic bone nd found it to he
01 as rich as muscle with sespect to ATP Tlis represents a very rich
source of organic phosphate These experiments have been repeatedly con
firmed

Gutman Has this work heen pubhished?

Sobel No i1t 1s just preluminary, just started

Hastings Any ACTH?

Sobel He used st for measurmg the distnibution of ATP and ADP 1t

18 just the ATP angle that concerns him  His prelmmmary results, which
were confirmed mdicate this hone 15 lugh m \TP

Follis Pertosteum will hydrolyze

Gutman We looked for adenosine triphosphatase m cartilige and found
mmmal activity as measured by the method of Dubots and Potter

Armstrong Dr Bevelander, do you have observations from vour studies
of wvertebrates that would bear on this dwsenssion?

®Moengyn Dayies G D and Triedenwald J & Fistochemycal Studics on the
Alhaline Phosphatases m the Tissucs of the Rat Leng Frozen Sections J Cell and
Comp Physiol 36 421 (1950)
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Bevelander You mean to add more canfusion to the situation  (Laugh
ter)

In regard to phosphatase some time ago we made a studv of the rela
tion of phosphatase 1n developing teeth particularly i reference to histo
genests of dentin and enamel and cume to about the same kind of conclu
stons that have been reached 1n reference to the correlation between the
presence of phosphatase i the development of bone We were not qute
satisfied with these results and from there we went on to some other
dermal derivatises such as hatr feathers nails and a few other structures
We found about the same lind of correlation between the presence of
phosphatase 1n the developing organs that one can observe in enamel
dentin and bone

A few years ago I had the apportunity to go to Bermuda and do what
I thought was to be a study of the bone of some deep-sea ammals I was
trying to avoid some laboratory work (Laughter } Several things hap
pened and nstead of working on deep-sea antmals I worked on a number
of mollushs T thought perhaps that some of the imertebrates might have
a simpler method of calafication than that which occurs n the higher
vertebrates

Ve started working on a number of different mollusks and durmg the
course of some exploratory experiments we did a number of studies
regard to the way 1n wiuch crystals were deposited We made some ex
ploratory studies on a membrane which this ammal elaborates which looks
very much lihe osteogemc fibers although 1t does not have the same chem
1cal composition  Among other studies that we made was a series of tisto
chemical studies and I was particularly interested to see whether phospha
thse was present in that part of the mollusk whick 15 generally accepted ta
be intimately concerned with laying down or the deposition of the shell

The process of laymg down the shell consists of the elaboration of a
thin sheet or strip of a fibrous Iihe material which 1s known as perio-
strachum or concholin which has a farly definite chemical camposition 1n
terms of its amno cid sugar amalysis but which 1s not comparable to
collagen  Shell formation can be separated mto two processes the first
consists of the elaboration of a delicate protein membrane, the second the
impregnation of this membrane by very munute crystals which have been
observed to undergo considerable growth m our study preparations

But to get back to the phosphatase picture m thece ammals we do find
a very intense phosphatase localization i this portion of the mantle tissue
The imteresting part <bout this exosheleton 1f you want to call 1t that 1
that 1t 15 made up of calaum carbonate In the varions mollushs this 15
erther aragomte or calate
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In regard to the presence of phosphatase 1t 15 a hittle difficult to see how
phosphatase would be utilized m splitting off phosphate 1ons to produce a
calaum carbonate crystal Some of the other possible functions which this
enzyme nught perform 15 suggested by the work of Pugal®? who found
when these ammals were removed from therr aquatic environment that an
ctching of the mner surface of the shell takes place, which he suggests 15
correlated with a glycogenolytic process This enzyme has also been de
sctibed 1 the spinming gland m the stk worm by Bradfield *°3 In this
connection this latter 1nvestigator suggests that phosphatase may be con
cerned with the elaboration of protem fibers

Shorr ‘What about the cartilaginous tissues?

Bevclander Dr Lorch has made a studv of that problem Dr Shorr
and she finds that there 1s a very definite localization of alkaline phospha
tase duning the development of the cartilaginous tissues Dr Lorch worked
on older maternal than the matenal I worked on up to and mcluding those
stages m wh ch the cartilaginous tissue calafies I want to qualify that
calerfication Tt 15 not the usual bone calosfication It consists of an accre
tion of caloum erystals around the cartilaginous sheleton Under those
conditions she did find the phosphatase

Shorr But you also found 1t eather
Bevelander 1 found it n very very young dogfish embryos

Hendricks Could 1t be that the function of alkahne phosphatase 1s 1n
volved with the mtroduction of serimes in proteins since they possibly go
through a phosphory lating sertes?

Bevelander There was an 1dea that we fiad with regard to the possible
function n connection with calefication  There 1s a possibility that that
1 hosphatase may phosphorylate some substance n that membrane, some
thing we do not hnow about Oue of the things we har m mund was pos
sibly an excess organic calerum salt

Hastings T think there 15 no doubt now but that high energy phosphates
are essential for the formation of the peptde bond Dr Bevelanders
demonstration caps the chmax  that you get lots of phosphatase where
you are not making anv caleium phosphate salt at all Therefore I think
we should direct our attention completely away from the business of the
relation between p as an phosp! producer

® Dugal L P The Use of Calcareous Shell to Buffer the Product of Anerobic
Glycolysts m Venus Mercernaria J Cell and Cortp Physiol 13 235 251 (1939)

203Bradfield J R. G Phosphatase Cytochs 3t Relationt to Protem Secrets
Lrper Cell Res (Supp I) p 338 349)’(194;;1")  in Relate rotem Secretn
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Bevelander Y ou mean to add more confusion to the situation (Laugh
ter)

In regard to phosphatase some time ago we made a studv of the rela
tion of phosphatase 1n desveloping teeth particularly m reference to histo
genesis of dentin and enamel and came to about the same kmnd of conclu
stons that have been reached i reference to the correlation between the
presence of phosphatase 1n the development of bone We were not quite
satisfied with these results and from there we went on to some other
dermal dertvatnes such as hatr feathers nals and a few other structures
Ve found about the same hind of correlation between the presence of
1 hosphatase in the developing organs thit one cwn observe i enamel
dentin and bone

A few years ago 1 had the apportumity to go to Bermuda and do what
1 thought was to be a study of the bone of some deep-sea ammals I was
trying to avoid some laboratory work (Laughter ) Several things hap
pened and mstead of working on deep-sea ammals I worked on a number
of mollusks I thought perhaps that some of the mnvertebrates mught have
a simpler method of calafication than that which occurs 1n the higher
vertebrates

We started working on a number of different mollusks and during the
course of some exploratory experiments we did a number of studies i
regard to the way in which crystals were deposited We made some ex
ploratory studies on 1 membrai e which this ammal elaborates which looks
very much like osteogemc fibers although 1t does not have the same chem
1cal composition  Among other studies that we made was a series of lusto
chemical studies and I was particularly mterested to see whether phospha
tase was present 1n that part of the mollusk which 1s generally accepted to
be intimately concerned with laying down or the deposition of the shell

The process of laymmg down the shell consists of the elaboration of a
thin sheet or strip of a fibrous ke materral which 1s hnown as perio-
strachum or concholin which has a farly definite chermical composition
terms of 1ts amino acid sugar analysis but which 15 not comparable to
collagen Shell formation can be separated mto two processes the first
consists of the elaboration of a delicate protein membrane, the second the
umpregnation of this membrane by very munute crystals which have been
observed to undergo considerable growth 1n our study preparations

But to get back to the phosphatase picture mn these animals we do find
- very tense phosphatase locihization i this portion of the mantle tissue
The mteresting part about this exosheleton 1f you want to call 1t that 1s
that 1t 15 made up of calcum carbonate In the various mollusks this 1s
erther aragonite or calcite
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In regard to the presence of phosphatase 1t 15 a hittle difhicult to see how
phosphatase would be utthzed n sphttmg off phosphate 1ons to produce a
calaum carbonate crystal Some of the other possible functions whnch this
enzyme mught perform 15 suggested by the work of Dugal °* who found
when these animals were removed from thesr aquatic environment that an
etching of the mner surface of the shell takes place, which he suggests 15
correlated with a glycogenolytic process This enzyme has also been de
sctibed 1n the spmmng gland n the silk worm by Bradfield ¢ In this
connection this latter myestigator suggests that phosphatase may be con
cerned with the elaboration of protem fibers

Shorr What about the carhilaginous tissues?

Bevulandir Dr Lorch has made a study of that problem Dr Shorr
and she finds that there 15 a very definite localization of alkaline phospha
tase durmg the development of the cartilaginous tissues Dr Lorch worked
on older material than the matenal I worked on up to and including those
stages 1 wiick the carbloginous tissue calafies I want to quahfy that
caletfication It 15 not the usual bone calerfication It consists of an accre
tion of calerum crystals around the cartilginous skeleton Under those
conditions she did find the phosphatase

Shorr But you also found 1t earlier
Bevdander 1 found 1t mvery very young dogfish embryos

Hendricks Could 1t be that the function of alkalwe phosphatase 15 1
volved with the mntroduction of serines 1 proteins smce they possibly go
through a phosphorylating series?

Bevelander There was an e that we fiad with regard to the possible
function mn connection with caletficatton  There 15 a possibility that that
phosphatase may phospharylate some sulstance i that membrane some
thing we do not know about Oue of the things we had m mind was pos
sibly an excess organic caleram salt

Hastings 1 think there 15 no doubt now but that high energy phosphates
are essential for the formation of the peptide bond Dr Bevelander s
demonstration caps the climax that you get lots of phosphatase where
yuu are not making any calaum phosphate salt at all Therefore T think
we should direct our attention completely away from the business of the
relation between pt as an hosphate producer

1} P The Use of Caleareous Stell to Buffer the Product of Anerobic
Llymhsxs m Venus Mercernarsa J Cell and Comp Physiol 13 235 251 (1939)

Bradfield ] R G  Phosphatase Cytache ot Relation to Prot
Lrorertot hes (Sup D s[{: HH 349”(?;4;;'"5 ry in Relation to Proten Secretim
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Dmstror ;1 i not willing to throw that notion w1y enticely It mny
he that niture 1s vers economical and that she has arrnged for w enzyme
to do two thm,s It seems to me that we ou,ht fo retam i the back of our
muds the hydrohytic function of enzymes untit we ¢an entirely discouns
this role  \What the end of this story will be I have no way of knowmng

Nemtan 1 would like to pomt out thit part of our demonstration of
ability of ester phosphate to miubit caletfication 1nvolved the precipieation
of calaum sulfite  Perhaps 1 should s1y there 15 2 weakness there that I
did not admit  \hen we mined calaum and the solution of sulphate con
tamng ester no precipitation tool plice even 1t high concentrations of
caleum It was three weeks 1 efore we obtamned maximal precipitation We
have not established that equilbrium 15 complete m three weeks I televe
1t 15 There was no further sisible aceretion mn the last couple of weeks
For some reason 1n the presence of 1 tenfold excess of caleum awty over
the solubilitv product no precimitation took place One might s1y that
possibly the ester phos hate i the fluids of the mollush—presumably they
use ester phosphates 1n their metaholic schemes too—could be there to pre
vent the precipitation of calcium carbonate At least that ts a possibility

Hastings 1 am sure that that delay of preapitation 1s a nonspecific re
atton  Lveryone of us who played with makmg precipitates of cateum
salts from supersaturated solution finds the most amazmg ligh effect of
smalt quantiies of other things present You can have a supersaturated
solution of cnlaim carbonate and very supersaturated that will preaipitate
and come to equihibrium very quickly 1f you only have sodium chlonide and
sodium bicarbonate and citaum there but a tenth of a milhmole per hter
of citrate wil mahe the calaum carbonate stay up indefimtely except that
1 have not kept the solution that long

You can make 1 solution that 1s supersaturated with respect to caloum
carbonate and put w one millmole of phosphate or one half milhimole of
phosphate (not to exceed the solubility praduct of tertiary calcium phos
phate) 1t wall stay supersaturated unless you shake 1t with solid phosphate
These supersaturation effects are tremendous

Hendricks 1 should like to comment as a crystallographer on those par
ticular matters The Shell Development Corpany in California brought
ammoni mto use for introduction mto rrigation waters They got along
all right for about a week  After that calcium carbonate began to precipt
tate and stopped the distribution systems Naturaily the question arose as
how to solve the difficulty The chemist assigned to the problem tried
everything he had i the tboratory and soon found that Calgon sodium
hexometaphosphate worked quite well He added a boxful to one trrigation
ditch but the company was economcally munded and set another man to
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work on the {roblem He started with the idea that the amount of Calyon
would depend upon the sequestering of the calaum Instead 1t soon ap
peared that very hitle hexometaphosplite was required Obviously the
mechamsm had very httle 10 do with the sequestering of the calerum

You can take a calaym bicarbonate system add sodmm hexametaphos
phate to 1t and the calaum carbonate will not precipitate Upon standing
a very long tine it will precipitate but then the crystals have very unusual
forms oceurring as war club hle crystals winch are oftenumes found n
plant cells and I believe sometimes 1 amimal cells

The explanation seems to be the following  that m order for 1 crystal
to graw 1t has to grow at a nucleation center It has to grow at a center of
some type that 1s present These nucleation centers as a rule re motes
that 15 any sort of a dust particle Betore a crystal can continue to grow
1t has to have fluctuated beyond a certain size lecause 1f 1t 1s less than a
certam si1ze apparently 1t will redissolve go n ht back m  The function
of these additive materals 15 to porson the mote as 2 nucleation center for
the growth of the crystal

1 do nat hnow I suspect that that has notlung to do with the formation
of bone but 1t may hne a great deal to do mn the mollushs w th the pre
vention of deposition of caletum carbonate 1n quite a morg hologically wrong
positon  In other words 3t 1s a morphological factor that presention of
precipitation 1n one pos ten and encouraging it m another mught be rela
tively important and those charactertsties must play a part in morpho
genests n lower forms

Bevelinder As a matter of fact we have seen sometlung hke that
happen In some of these ammals we miroduced cover shps 1ind got shell
crystal growth to take place on an ordimary muera cover shp \We saw
erystals of all sizes anl all vamations and a great many aberrations
urystal pattern

Copp VWhat 15 the exjlanation of the very lugh phosphatase m rachitic
ammls?

Sol el You mean 1n the blood?
Copp In the blood and 1n the bone
Newman 1 have no 1dea

Tollis There 1s mereased osteoblastic activity and the phosphatase 1s
usually tilen to indicate 1f there 15 no liver d sease mereased osteohlastr.
activity
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Irmstrong £ am not walling to throw that notion vy entirely It may
be that nature 1s vers economucl and that she bns arranged for wn enzyme
to do two things It seems to me that we ought ta retamn 1n the back of onr
minds the hydrolstic function of enzvoes until we can entirely discoun;
this role What the end of this story will be [ have no way of hnowing

Veman I would {ike to pomnt out that part of our demoustration of
abilits of ester phosphate to mhibit calaification myvohed the preapitatioy
of crlaum sulfate Perhaps I hould svy there 1s 2 weakness there that 1
did not admt When we mined calerum and the solution of sulphate con
tamning ester no preapitation took place even at lugh concentrations of
caleum It was three weeks before we obtamed maximal preaipitation We
have not estallisl ed that equihbtium 15 complete 1n three weehs I 1eleve
1t 15 There was no further visible accretion n the last couple of weeks
Tor some reason 1n the presence of a tenfold excess of caloum away over
the solubility product no preciptation took pice One mught say that
possibly the ester phosphate mn the fl uds of the mollush-~presumably they
nse ester phosphates in theirr metabolic schemes too—could be there to pre
vent the precipitation of calcium carbonate At least that 1s a possibility

Hastigy 1 am sure that that delay of precipitation 13 a nonspecific re
“ction Lieryone of us who played with making precipitates of calesum
salts $rom supersaturated «olution finds the most amazing tigh effect of
small quantities of other things pre ent You can have a supersaturated
solution of caleum carbonate and very supersaturated that will precipitate
-nd come to equilibrium very quicklv 1f you only have sodium chlonde and
sodwm bicarbonate and calaum there bLut v tenth of a nulhmole per hter
of atrate will make the calerum carbonite stay up indefrmtely except that
[ have not hept the solution that Jong

You can mike a solutton that 1s supersaturated with respect to calesum
carbonate and put m one nullimole of phosphate or one half muillimole of
phosg hate (not to exceed the solubiity product of tertiary calem phos
phate) 1t will stay supersaturated unless you shake 1t with sohd phosphate
These super: effects are tr

Hendnehs T shonld ke fo comment as 1 crystallogripher on those par
tcular matters The Shell Deselopment Company n Califorma brought
ammonia mto use for introduction mto 1rrigation waters They got along
all right for about a week After that calcinm carbonate hegan to preapt
tate and stopped the distribution systems Naturally the question arose as
how to solve the difficulty The chemst assigned to the problem trred
everytlung he had 1 the laboratory and soon found that Calgon sodmm
hexometaphosphate worked quite well He added a hoxiul to one irmganon
ditch but the company was econonucally minded and set another man to
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work on the problem He started with the 1dea that the amount of Calgon
would depend upon the sequesterng of the caluum  Instead 1t svon ap
peared that very httle hevometaphosphate was required  Obviouly the
mechanism had very Dittle to do with the sequestering of the calcrum

You can take a calaum bicarbonate system, add sodium hexametaphos
phate to 1t and the calerum carbonate will not precipitate Upon standing
a very long time 1t will precipitate but then the cristals have very unusual
forms, occurring as war club-ike erystals, which are oftentimes found 10
plant cells and, T beheve sometimes i animal cells

The explanation scems to be the followang that in order for a crystal
16 grow, 1t has to grow at a nucleation center It has to grow at a center of
some type that 1s present These nucleation centers as a rule are motes
that 1s, any sort of a dust particle Before a crystal can continue to grow
1t has to have fluctuated bevond a certamn wze because if 1t 1s less than a
certam size apparently it will redissolve go rght hack 1 The function
nf these additne materials 15 to puison the mote as a nucleation center for
the growth of the crystal

I do not know, I suspect that that has nothing to do with the formation
of bone, but 1t may have a great deal to do m the mollushs with the pre-
vention of deposition of caleum carbonate i quite a morphologically wrong
position  In other words 1t 15 a morphological tactor that prevention of
Pprecipitation 1 one position and encouraging 1t m another might be rela-
tively important, and those characteristics must play a part m morpho-
genews 1n lower forms

Bevelander As a matter of fact, we have seen something lLike that
happen In some of these ammals we ntroduced cover ships and got shell
erystal growth to take place on an ordmary “micro cover shp  We <aw
crystals of all sizes and all varmations and a great many aberrations m
ervstal pattern

Copp What s the explanation of the very high phosphatase m rackitic
anmals?

Sobel You mean m the blood?
Copp In the bloed and 1n the bone
Vewnan 1 hase no 1dea

Tollis Lhere 15 wereased ostecblastic activity, and the phosphitase 1
usually taken to mdicate 1f there 15 no hiver disease mcreased osteoblastic
actvity
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THE EFFECT OF AGE AND LOW PHOSPHORUS
RICKETS ON CALCIFICATION AND THE
DEPOSITION OF CERTAIN RADIOACTIVE

METALS IN BONE *

D H COPP %, ] G HAMILTON, D C JONES ©1,
D M THOMPSON s and C CRAMER ®

From the Department of Physwlogy, Faculty of Medicine Unversity of
British Columbta Vancon cr B C and the Dinsions of Physiology
Medical Physics Evperimental Medicine and Radology and
Crocker Loborators Unnersity of Coliforma Berkeley
and San Franeisco Califorsa

4rmstrong The topic for this afternoon 1s  Metabolic Turnover of the
Skeleton It will be mtroduced by Dr Copp

Some of you may not know that Dr Copp has recently returned to
Canada where he 1s the Professor of Physwology in the Medical School
of the Unnversity of British Columbia in Vancouver

Copp Radioactne 1sotopes have made possible new techmques for study
of metabolic turnover in the sheleton In addition many of the radactive
elements 1mvolved 1n nuclear fission are deposited 1n the skelton where the
chronic effects of their radmtions may produce bone atrophy or bone
tumors The hazard to health qute similir ta that from chrome radm
powsomng  has been emphasized by the growing importance of atomc fission
from an mdustrial and mibtary pomnt of view It was this problem that
first led us to investigate the deposition of metals 1n bone 20

In metabolic behavior most of these metals appear to fall into one of
204This paper 15 based on work carried out under Contract No W 7405 eng-48A be
tween the Radatio) Laboratory of the Unwversity of Cabforma and the Manhattan
Project and U $ Atomuc Energy Commiss on
205Professor of Physology University of Brit sh Columba Vancouver Canada
206Professor of Medical Physics Exper mental Medic ne and Rad ology Unwerstty of
Cahfornia Berkeley and San Franaisca Cal forma
207Present address Bio-Med cal Branch U S Naval Rad ological Defense Labora
tory San Francisco 24 Califorma
Department of Zoology Unners ty of Arizona Tucson, Arizona

Department of Physiology Univers ty of Californa Berheley

208Present address
203Present address
Cahforma

st0Copp D H Axelrod D J _and Hamitton, ] G The Depos tion of Radioactive
Metala'sn Bone a a Potential Health Hazard 4m J Roentgenol 58 10 16 (1947)
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the following groups 2! (a) Alkaline earths such as calaum strontum
barium and raduum which are localized almost exclusively in the sheleton
and which are generally affected by the same conditions which affect cal
cium metabolism  (b) Metals such as yttrium and plutonium, which show
some distribution m soft tissues but which are chiefly Jocalized m bone
(c) Metals such as cerum lanthanum amencium and curum which are
mtially taken up by the liver n large amounts as well as by bone These
metals dwappear from the liver within a few months but remain quute
firmly fixed 1n the skeleton

Effect of Age and Low Phosphorus Rickets on the Retention of
Cestain Radioactive Metals m Bone

The retention of the metals Ca*> Sr®* 9 Bal, Y and Ce'* 1n bone
was compared m the following groups of ammals  (a) mature adult rats
m which bone growth had practically ceased (b) young growing rats
which there was active growth of new bone and (¢) young rats with low
phosphorus rickets m which new osteord matrix was foroung but depost
tion of bone salt did not take place

All the amumals used were female rats of the Long Evans stran  The
adult rats were G to 12 months old and showed no appreciable weight
gam The young normal anumals were weaned at 21 days to the stock diet
and were 7 to 10 weeks old when used for these experiments The rachitic
rats had been weaned at 21 days and reared on a synthetic diet® very low
m phosphorus (0008 te 0015 P) although adequate m calom (043
to 046% Ca) The ammals were 7 to 10 weeks of age when used and
were \ rayed to determime 1f florid richets was present

The following radioactive 1sotopes were used

Ca'* —5 mucrocuries of radocalom with 125 mg Ca as cal
aum chloride 1njected mtravenously

Sr®® %5 microcuries of carrier free radistrontium {produced
by nuclear fission) njected mtrapentoneally

Ba'® —5 mmcrocunes of carrier free radiobanium (produced by
fission) njected 1ntrapentoneally

0 Hamilton J G The Met1bol ¢ Propert £ the P
Didamilion J & o Ph):tzn 7,'{; 7:§p(e|9:§)0 the Fssion Products and the Actin de

® Coleman R D Bechs H Rot! [ vanN and Copp D I Skeletal Changes
m Severe Phosphorus Deficiency of tle Rat Arch Path 50 200 232 (1920}
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Y® 5 muerocurtes of carner free radioyttrum (produced m
the eyclotron) as chloride m 1sotome saline at pH 4
njected mtramuscularly

(e —5 microcuries of carrter free radiocerium (produced by
fisston) as chloride m 1sotonte saline at pH 4, myected
mtramusculrly

Following njection of the respective radiorctrse 1sotope the ammals
were placed m mdnidual metabolism cages and urme and feces were col
lected separately They were scrificed 8 dass Iater and trsues and excretd
were amlvzed for radinsotope The results obtaned are grven mn Table
NNNID The values given for Ca* Sr* and Ba* are expressed as per cent

TABLE XXXII

Effect of \ge and Low Phosphorus Richets on the Bone Uptahe of
Ca Sr Ba Y and Ce m the Rat

Per Cent of the Absorbed Dose
Sheleton | Urine | TFeces Iner

(125 mg Ca)

Normal— Adult 37 47 432 _

Norm1l—Y oung 734 127 72 —

Rachutre—Lew I 134 745 17 —
Srf 90 (Carrer free)

Normal—Adult 291 427 269 —

Normal—Ycung 719 164 128 —

Rachitic—Low P 204 694 75 —
Ba*® (Carrier free)

Normal—Adult 373 232 318 —

Normal—Y oung 618 124 253 —

Rachitic—Low P 339 524 114 -
18 (Carrier free)

Normal—Adult 705 186 52 57

Norml—Y oung 768 151 46 3 i

Rachitic—Lew P 741 84 67 | 62
CeM (Carr er free)

Norm— Adnlt 4206 52 E 9 :f;

Normal—) oung 615 57 120 .l.g H

Rachiie—Low P 724 43 50
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of the 1dministered dose, for 1 * and Ce* they represent the per cent of
the 1sotope adsorbed from the site of mtramuscular mjection Each figure
represents the average of values from $ to 8 ammals

OBSERVATIONS
Ca¥

A significant part of the dose of radiocatcuim was retamed in the sheleton
of the adult ammals Since very little new bone salt s bemg formed 1
these ammals thus 15 probably accounted for by 1on exchange with calcium
already present m the bone In youngy growing ammals the retention 1s
much greater and may represent radiocaleium actuallv meorporated m the
newly formed bone salt A sumlar effect of age on the retention of P¥ (as
phosphate) m bone has been obsersed by Falkenhem 1n muce ** and by
Weissberger and Harns 1n rats 24 There was very Ditle radiocalcium re
mammng n the rachiic ammals when sacrificed and this may have been
due to mbility to form new bone salt The radocalem was lost primarily
m urine as had heen observed by Weissherger and Harris®* when radio
stronttuin was gien to rachitic rats

Spo e

The retention of radiostrontium 1n hone was very simnlar to that ot Cat®
in these three groups of ammals However the adult ammnls excreted
almost ten times as much of the Sr** # m urme and tlis was ssoctated
with a smaller proportion 1 the feces

Balto

Although qualitatively similar to radiocaleum and radiostrontium there
was a greater relative retention of radiobarium 1n adult and richitic am
mals This may be due to the decreased solubifity and shift in 1on exchange

j88

Neither age nor rickets appeared to hnve any st mficant effect on the
retention of radinyttrium 1 bone suggesting that 1ts metabolisia must be
quite different from that of the alkaline earths This was confirmed by the
difference m the distribution of radioautographs described below

“Falkenhewn M The Influence uf Growth on the Phosphorus Metabohsm of the
(‘\{{r;:u;; and the Ffiect of Thyrowun at Varous Ages 4m. J Physiol 138 175 179

2UW eissherger L and Hars L fEect of T h 3
Metabalism J Riof Chem 151 S?Js 545 (51943{- ect of Wosopherel, on Phusthorss

PWessherger LK and Harrs L TN e e
with Radosrontiam 7 Dol Chem 184 287 (loggy R D Ny Techn o
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Cott

Age and richets also appear to have ver) httle effect on the bone fiatyon
of radiocerum  The smaller propornon 1n the skeleton of the adult antmal
15 accounted for by the farger amount m the Iner The proportion of the
dose 1 the latter 15 extremely vaniable and appears to depend on form and
methods of admimstration

RADIOAUTOGPAPHS

Radwautographs were prepared from thin undecalafied sections of bone
by the techmque of Axelrod #* The bone sections and corresponding radio
antographs are shown m Figures 60 to 63

Figure 60 shiows the distrabution of radiostrontrim in the femur from a
normal young rat  The 1sotope 1s found throughout the bone with partien
farly heavy deposits 1 the new bone which 1s forming below the epiphysis
In Iigure 61 the distnibution 1n the femur of a rachitic rat 1s shown While
counstderable radiostrontium 15 found mn the thin minerabized shaft of the
bone there 15 none 1 the undecalesfied osteord matrry beneath the emphyss
Radoautographs of bones from ammals mjected with Ca®® are very st
lar  The radwealcium 15 found only 1n areas mn which baste salt 1s present
and none 15 found 1n the uncalaified osteord matrix of rachitic bone

This 15 1 contrast to the behavior of radwyttrmm (Tigure 62) and
rachocertum (Figure 63) These two elements 1 common with plutonsum
zircontum and many other heavy metals?’ show a marhed concentration
the uncalofied osteord matrix of rachutic bone  There appears to be a spe
afic affimty of these metals for bone protein even i the absence of bone
salt This 15 further evsdence that their deposstion in hone 1s not analogous
to that of calaum

Radiocenium has a pecuhar spotty distribution throughout the dense cor
tex of bone which 1s also evident 1n the radiwautograph of the distribution
of amencim 1n adult bone (Figure 64) A lugh power magmfication of
the latter (Tigure 65) shows the radioactive material m the nexghborhood
of the st blood yessels which run 1 the cortex  Although the cause of
ths pertvasculat distnbution 1n cortical bone 15 not kaawn 1t 15 commonly
associated with the fanthamde earths and amencum and curtum whech are
usually 1n the trivalent state and have very swmlar physical and chereal

* d
s, 1] An Improve 1 Cutting Undecaluified Bone Sect ons an
?i,“,i‘,?,‘,'ﬁé'auon] utogr & 88 192> (1947)
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Fig 60. Temur from a Y oung Normal Rat Injected with Radiostrontium
and Sacrificed 1 Week Later

Note the Sr82 9 deposited w the shaft nd the calcified arcas below the epiphysis
[1 rom Hamilton Res Mod Phys 20 718 (1948) 1
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fig 61 Temur froma 6 Weeh Ofd Rat with Low Phosphorus Richets
Injected with Radiostrontium and Sacnificed 1 Week Later
Note that the $r#9 90 35 depossted n calsfed areas only with none 1 the unralnﬁc/d

osteosd matrix below the ep physis [From Copp Axelrod and Hamdton Aw
Roentgenol 58 10 (1947) 1
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Frg 63 Femur from a 6 W eek Ofd Rat with Low Pfospl orus Richets
Injected with Radiocenum and Saerificed 1 1§ eel Later
oot heavy deposts n the

tered po nts of rad o
nlton A J Roent
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Fig 65 Higher Power Magmfication of the Section of Femur and

Americum Radioautograph Shown n Figure 64

[From Hamilton Rex Vod Phys 20 718 (1948) ]

Note the deposition of americium m the region around the small blood vessels of the

cortex of the shaft
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properties  These elements are also taken up by the liver 1n Itrge amounts
mtially 22

Effect of Age and Low Phosphorus Rickets on the Turnover of
Calcium and Strontium in the Skeleton

The marhed effect of age and richets on the retention of radiocalaum
and radostrontium prompted a more detailed nvestigation to studv the
changes responsible for these differences The onginal work was carried
out with racdiostrontium *7 Lut was repeated later using Ca'd since the
tatter 1s the element normally 1nvolved m bone metabolism ¥

EXPERIMENTAL
Isotopes

Lhe radiostrontium used was carrier free and conusted of 1 mixture vt
Sr® and Sr® formed by nuclear fission  Since Sr% decays to a radionctive
dau hter Y? with a €0 hour half hie all samples were held for 24 days
before counting so that equilibrium mught be attained and any Y present
at the time of the experiment would hate decased A dose of approvimtely
5 microcuries of radwostrontium 1n 025 ml neutral 1sotonic sahne was
myected intraperstoneally nto each anmal

The dose of radicacttyve caleium used contaned 5 microcurie of Ca*® with
125 mg Ca as calaum chlonde in 025 ¢c of solution This was admin
wstered by sntravenous mjection The amount of carrier calctum present
was found to be suficient to rase the level of serum calctum as much as
25¢%, but later experiments with hugh speafic actvity calorum (001 mg
Ca per microcurie) mdicated that this amount of carner had no significant
effect on the distribution and excretion of the 1sotope

Ammals

The adult animals were mature female rats of the Long Lvans stramn
from 6 to 12 months old These were raiced and maintamed on the regular
stock Sheletal growth was at a mummum in these ammnls

The ammals with low phosphorus rickets were prepared according to the
method described by Coleman ef af? * These were weaned at 21 davs and
fed a dict hugh m calomum (0437¢) and very low m phosg horus (0037c)
for 5 to stx weehs They were 9 weehs old and weighed approsumatels 90
#1Jones D € and Lopp D H  The Metabol vm of Radioactne Strontiunt 11
Young and Rachie Rats J Brol Chem 189 509 514 (1951)
28Thompson, D M and Copp D I (Unpublished data)
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to 100 grams at the time of the of radiocall or rad; :

The young normal ammals were fed a complete diet from weanng unt:
they were 7 to 9 weeks old, at which time they weighed approximatel;
200 grams They were then mjected with the radiocaloum or radio
strontium

Procedytre

After myjection of the radioactive 1sotope, the ammals were placed 1r
mdvidual metabolism cages, and urmne and feces were collected separately
The rats were sacnficed at vanous time mtervals from a few minotes to
16 days after the myection In all, 273 amimals were used

At autopsy, the femur was removed and analyzed for radiostrontium or
radwcaleium, the total amount in the sheleton was estimated according to
the method described by Jones and Copp#7 An aliquot of serum was
analyzed, and the total serum 5% % or Ca'® was estimated using the value
of 249% of body weight reported by Berhn ef of

The results are shown graphically m Tigures 66 to 71 Each pont
represents the average of values from 4 to 8 ammals

A EFrect oN THE METABOLISM OF RADIOCALCIUNM
Serum

Figure 66 shows the amount of radiocalaum present 1n the serum dur
ng the first 4 hours following intravenous mjection The fall ts rapid m
all three groups, but 1s relatrvely slower m the adult animals, and rem1n>
at a consistently higher level Ths reflects the slower removal by sheleton
and hidney 1n the adults

Skeleton

The radiocalcium present m the sheleton during the first four hours 15
shown m Figure 67 and for the first 16 days 1s shown mn Figure 68 It1s
apparent that the 1mtial uptake by the bones of both normal and rachitic
young ammals 1s very rapid  However, while the 1sotope appears to remain
fixed m the skeleton of the normal animals, it 15 rapidly lost from the
boues of the anmmals with low phosphorus richets Thrs agrees with the
findimgs with radiostrontium, and suggests a very labile caloum fraction
1n bone which rapidly reaches equiibrium with the serum radrocalcun, and
declines as the 1sotope 1s excreted m the urme and the serum Jevel falls
The ratio of Ca*® 1n bone to that in serum indicates that some 1565 of the
bone calcium 15 1 the “labile’ fraction The sigmificance of thns fraction
1 the calafication mechamsm ments further mestigation In the adule
219Berln N I Huff R L VanDyle DF%’ aa::li }"gt’";‘f:l:eylkg RGrd C’le-ll;: %1:;1:'

Vol of the Adult Rat as Determned by
S;tu%frr Biol and Med 71 176 178 (1948)
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ammals the uptabe by the cheleton 1 much stower reaching a maximum
at 2 to 4 hours as has been observed by Nornis o o/ ® It then dechnes
slawly  The uptabe probably reflects son evchange with the wicram already
present sn bone salt swce there 15 hittle or 5o new bone formmtion 1n these
wmmals  Lesy than 349 of the bone caleruns appears to be savolved 1 this
Teachon

Urne

The uninary eseretson of radialom was simslar m both young and
adult normal animals (see Figure §7) but was tremendously mereased 1
the rats with low phasphorus rickets  Retal Sernm Clearances were cal
culated 12 hours after wgeciion by dividing the rte of urwary excretion
at this time by the tota] serum radiocaleaum and espressing the result a5
per cent of the total serum m the body cleared of wcotope by nnmary
everetton per mmute  Foy normal young ansmals the average value was
0% per munute for the normnl adults 2t was 207% per mmute whie
for the group with low phosphorts rickets the clearance was M or
016 ce /100 5g cm body surface/mun

Tius v be compared with the values for mahn cleance o glomerular
filtraton rate of 023 c¢ /100 cm 2/min ceported by Friedman ef ol 2 and
ndicates that these 1s very ittle reabsorphion of calowm by the tubules

The gh urmary evcretion and renal seram alearance m these rachtic
rits despite a normal fevel of blaod crlosum suggests that thers 15 2 direct
effect on calowm cleatavce by the hudnes This may be assacrted with the
low level of miorgamc blood phosphate i these anumals

Feres

The fecal exeretion of radiocalatms nas low n the young normal ant
mals (see Figure 70) wnd almost wsignsficant s the rachie group  How
ever 1t vas relattely hugh m the adult angnals and accounts for most of
the loss from the steletan

Conclusions

Ton exchiange 15 undoubtedly an wmportant factor 1 the uptake of mad o
strontim and radiocalessm by the skeleton and 15 perhaps the only one
of spmficarce m the adult ammal Howerer 1 the young ammals 1t does
not appear 1o be the only mechamst The very rapid uutial uptake m the
wormal yotng anmuals with fixation and very slow loss argues agamst an
exchange pracess and m these anumals much of the radiocalom 13 prob-

(st of Rad um Saronhom
S, Gl S0 S oo o By 8101
{19

the
WFriedmin § M Mackenzie K R and Fr edman, C L. Renal Funct on i
Adrenalectomized Rat, Endocsinol 43 125 125 (1948)



COPP JIAMILTON JONES THOMPSON AND CRAVER 243

RACH T C (LOW PHOSPHORUS!

YOUNG GONTROLS

Aot __ %

S N T A S S|
ThE N oavs

Frg 69 Cumulative Excretion of Radiocaluum n Urime (Lxpressed as
r cent of the Admimstered Dose) following Intravenous Injection

0
o0
‘0 -
20
; YOUNG CONTROLS
S .
fo ° SAcH Tic fLow pHoseoRUS)
H . % 3 u 13
T™E N DAY

Tig 70 Cumulatne Excretion of Radiocalaum m Feces (xpressed as
er cent of the Admnmstered Dose) following Intrivenous Inpection



H THIRD CONFERENCE ON METABOLIC INTERRELATIONS

ably incorporated mn new bone salt In the rachitic rats the mitil uptake
1s equally rapid but there 1s no fixation and the Joss from the sheleton 15
alvo raprd  Tlus suggests a small and very labile calerum fraction m these
animals

This Jabile calem which amounts to some 15%% of the total caletum
rachitic bone mav represent exchangeable calaum on the surface of the
bone crystals Radiwautographs of femurs taken 1 hour after injection
when the Ca® m rachitic bone 15 at 2 maximum show the radiocalemm
only 1n areas i which bone salt 1s present with none m the uncalafied
osteord matrix  As the serum level of Cat contn ues to fall as the 1sotope
15 poured out mn the unne the Ca¥ 1n the labile bone fraction will fall with
1t since they are 1n equlibrum

Of particular mnterest 1s the relatively hugh renal clearance of calcium m
the rachitic ammals Since previous experniments have dicated active
absorption of radiostrontium from the mtestinal tract of these amumals at
would appear that high urinary excretion 1s 2 more 1mportant factor n the
negatne caleium balance m these ammals than 1s smpaired absorption from
the mtestmal tract

B ErfFeCT ON THE VETABOLISM OI RADIOSTRONTIUM
Serum

The results of these experiments with radiostrontizm have been reported
by Jones aud Copp* " Following mtraperitoneal injection of Sr® 50 the
plasma level nises during the first 15 munutes as the radiostrontiun 1s
ahsorbed from the peritoneal cavity It then falls rather rapidly m the
voung and rachitic amimals  more slowly 1n the adults Indeed the plasma
radiostrontrum 1n the latter remamns 5 to 10 times the value 1 the younger
ammals This mav be explained by slower remaval by sheleton and hidney

Skelcton

The level of Sr®® % i the sheleton 15 shown m Figure 71 As was
observed by Norris and Risteleshs #° radiostrontium rapidly concentrates
the sheleton The uptake was continuous n the adult ammals up to Z fiours
and reached a maximum value at 2 to 4 hours This mav be accounted for
by ton exchange with bone salt?* In young ammals the mtial rate of
uptahe was five times as great and the maximum was reached within 30
mmnutes  The radiostrontium remained fined m the sheleton and sery 1tle
Toss was observed even 4 to 8 davs after myection It 15 probible tht this

- o
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raprd uptahe and fixation 15 assocrited with incorporation of the strontium
1 the newly formed bone salt

Ihe same mitial rapid uptake was observed in the rachutic animals and
the maximum reached was sinuiir  However, this was followed by actne
remosal from the sheleton, so that at the end of 24 hours, less than one
third of the radrostrontimm originally present at 1 hour was still Jeét n the
bones Tlis was assocrated with a tremendous excretion of radiostrontium
m the urme  New bLone salt 1s not formed 1n these rachtic ammals, so that
radiostrontium cannot be incorporated sn this form, although ton exchange
with exssting hone salt may take place as 1t does mn the adult The evidence
stiggests that the mutial rapid uptake 1s due to a lahide combmation with
bone from which the radiostrontium 1s readily released i the rachutic am
mal This may be due to exchange with labile calaium on the surface of
the crystals of bone salt, or may be an imtal step m the calefication
process As with radiocaleium, radicantographs showed that gven at the
time of maximal uptake radiostrontrum was deposited only mn bone salt
with none n uncalaified osteord matrix

Urine

In the young ammal very little radiostrontium was lost m the urme 1
contrast to the rachitics 1 which a large part of the dose was elimmated
by this route within 24 hours  Plasma clearances were calculated by divid
g the excretion rate (determmned graphically) by the radiostrontium Jevel
1 the plasma  Since there was great divergence m the weights of the ani
mals 11 the different groups, consistency was obtamned by expressing the
clearance as the per cent of the total blood plasma “cleared’ of radio
strontium by urinary excretion per munute, rather than the usual cc of
plasma “cleared per tnute

Plasma clearance was sumilar m both young and adult normal anmals,
with approximately 1 per cent of the blood plasma “cleared’ per minute
Ta the rachitic rats, the plasma clearance was 10 to 15 times greater than
1n the normals ndicating a direct effect of this condition on the excretion
of radiostrontum by the lidney This may be associated with the fow
lesel of norganic phosphate in the blood of these animals ¢

SumAryY oF THE Lrrects oN METABOLISM O
RADIOCALCIUM AND RADIOSTRONTIUM

1 Radwcalem and radiostrontium are removed from the plasma
nmch more slowly 1n the adult amnmls than m the other two groups

2 The uptake of radiocalesum and radiostrontiem Dy adult bone 15
continuotts for the first 2 hours, and reaches a maximum within 4 honrs



COPP HAMILTON JOMNES THOMPSON AND CRAMER 247

3  Skeletal uptake of radiocalenum and radiostrontium 1s much more
rapid n the young ammals, reachng a maximum within 30 to 60 mimutes
The dej osited 1sotope appears to remamn fixed n the hone

4 Iu raclatc rats the rapud wutal uptake was stalar to that w the
normal young ammals but was followed by active loss from the sheleton,
so that only one third was left at 24 hours and less than one fifth at 16
days This suggests 2 Ibile combmation with bone possibly due to ex
change with labile calewm on the surface of the crystals of bone salt

5 A large part of the dose of radioctleim and radiostrontium was
excreted by the rachitic rats within the first 24 hours and the plasma
clearance was 10 to 15 times as great as i the normal amals and 21
proached the glomerular filtration rate  This appears to he duc to a direct
effect of low phosphorus rickets on excretion by the kidney

Effect of a Low Phosphorus Dyet on the Excretton of
Radiocalcium and Radiostrontium

Day and McCollum? * observed marked bone resorption and negative
calewun balance 1n rats reared on a diet defictent 1 phosphorus  They felt
that the bone resorption was necessary to prouide phosphortss for the essen
tial needs of the soft tissues So severe was the deficiency that the anmals
died after 8 to 10 weeks from collapse of the softened rib cage and respira
tory failure

The marked reduction m the retention of radiocaleium and radiostron
twm m rachitic bone has already been discussed In the following expers
ments the 1sotopes were mjected into normal young 21 day old rats or mto
mature adult rats and the ammals were then changed to a diet low in
phosphorus

A large part of the dose of Ca's or Sr*® 9 15 deposited 1n the sheleton
of the normal animals within 2 to 4 hours after ijectron Half the ammals
1 each group were then changed to a diet very low m phosphorus (0015)
while the remamder were retamed on the complete control diet The an:

mals were placed 1n metabohsm cages and the urme and feces were col

lected separately at duily intervals for 30 days and analyzed for Ca* or Sr¥

At the end of this time, the ammals were sacrificed The carcass was
anatyzed for residual Cat® or S8 90

From these values the quantity of radiocalcium or radiostrontum re-
Day H G and McCollum E V  Mineral Metabol sm Growth and Symptoma

E’rélsog(vl;slq)lhts ona Diet Lxtremely Deficient in Phosphorus J Bl Chem 130 269
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rapid uptake and fivation 1s assocrated with sncorporation of the strontmm
m the nenly formed bone salt

The same nutiaf rapid uptahe waa observed m the rachitie ammals and
the massmum reached was smular  However, this was followed by actne
removal from the sheleton, so that at the end of 24 hours, less than one
third of the radiostrontiom ongimily present at 1 hour was stall feft wm the
bones  This was assocrated with a tr dous excretion of rad
m the unne New bone s1lt 15 not {ormed in these rachitic ammals so that
radsostrontium cannot be meorporated im thus form although 1on exchange
with exssting bone salt may take place a3 1t does m the adult  The evidence
suggests that the wmtid rapud uptahe 13 due to 2 labile combmation with
bone from wihich the radiostrontium s readily released m the rachitic am
mal This may be due to exchange wuh fabile calemum on the surface of
the crystals of bone salt or my be an mmual step 1n the calerfication
process  \s with radicalaum radiwattographs showed that even at the
tme of maximal uptihe racdiostrontiim was deposited onby 1 bone st
with none m uncalafied osteoud matraa

Urie

In the voung ~wamal very hitle radiostrontium was lost m the urme
contrast to the mchities n which a farge part of the dose was ehrmated
I thas route wathm 24 hours  Plasma clearances were calenlated by dd
wyg the excretion rate {(d t graphically) by the rad: ferel
i the plasma  Since there was great duergence 1 the weights of the am
mals m the different groups consistency was obtamed by expressing the
clearance as the per cent of the total blood plsmt cleated of sado
strontsum by urinary excretion per smunute rather than the usual co of
plasin  clewred  per mumute

Plsma clearance was swntdar m both joung and adult normal ansmals
with approvamately 1 per cent of the blood plasma ‘ cleared  per mimute
In the rachitie rats the plasma clearance was 10 to 15 tumes greater than
wn the normals ndicating 2 ditect effect of this condition on the excretion
of radiostrontsim by the hadney This may be assocated wath the low
level of morganie phosphate w the biood of these anmals *

Summary oF THE Errects ov MeragoLisu or
Rapiocarciiat ANp RapiosTRONTIUN

1 Radwealcum and radwstrontium are remoted from the phasmy
much moze slowly i the adult wmnls thw w the other two groups
13 adult hone 55

foium and radiostrontium
2 The uptike of rachocales ¢ owts

contnuons for the first 2 hours and reaches a maxsmum wi
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3 Skeletal uptahe of radiocaleium and radiostrontium 1s much more
rapid m the young ammals reaching a maximum within 30 to 60 munutes
The depostted 1sotope appears to rematn fixed m the bone

4 In rachitic rats the rapid imtial uptake was sumlar to that mn the
normal young ammals but was followed by active lss from the sheleton
‘o that only one third was left at 24 hours and less than one fifth at 16
days This suggests a labile combination with bone possibly due to ex
change with labile caleium on the surface of the crystals of Lone salt

5 A large part of the dose of radiocileum and radiostrontium was
excreted by the mchitic rats withn the first 24 hours and the plasma
clearance was 10 to 15 times as great as m the normal anmals and ap
proached the glomerular filtration rate This appears to be due to a direct
effect of low phosphorus richets on excretion by the kidney

Effect of a Low Phosphorus Diet on the Excretion of
Radiocalctum and Radiostrontrum

Day and McColium®* observed marked bone resorption and negative
calcium balance 1n rats reared on a diet deficient in phosphorus  They felt
that the bone resorption was necessary to provide phosphorus for the essen
tial needs of the soft tissues So severe was the deficiency that the ammals
died after 8 to 10 weeks from collapse ot the softened nib cage and respira
tory fatlure

The marked reduction n the retention of radiocalcrum and radiostron
tium m rachitic bone has already been discussed In the following expert
ments the 1sotopes were mjected into normal young 21 day old rats or into
mature adult rats, and the ammals were then changed to a diet low n
phosphorus

A large part of the dose of Ca'® or Sr®? ® 1s deposited m the sheleton
of the normal ammals witlun 2 to 4 hours after njectton Half the ammals
m each group were then changed to a diet very low i phosphorus (0 01%)
while the remamder were retauted on the complete control diet The am
mals were placed 1n metabohsm cages and the urme and feces were col
lected separately at daly ntervals for 30 days and analyzed for Ca* or Sr*
At the end of this time the ammals were sacrificed The carcass was
analyzed for residual Cats or Sr?° »°

From these values the quantity of radiocalcium or radiostrontim re

®2Day H G and McCollom F V_ Muneral Metabol sm Growth and Symptoma

;‘gfg(yl;:‘(q)]hts on a Diet Extremely Deficient in Phosphorus J Biol Chem 130 36‘31{,
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maming 1n the sheleton at different tmes was calenkuted and plotted on
semt fog paper agamst tme  The cuirves are shown m Digures 72 to 74

Figure 72 shows the effect of fow phosphorus diet on the Ca* retained
In yonug rits By the end of the second day the exeretion of radocalonms
15 higher m the ammals fed the low phosphorus diet and contmues at 2
much gher rate for the duration of the experiment  After tno weehs the
Brological half hfe of the 1% 15 37 days m the ammals on the Jow phos
phorts diet zs compared to 236 dns m the cantrols fed the complete diet
The ctual excretion w1s 5 to 6 times s great m the amnials on the expert
mental det

Swndar curves for the adult wmnts sre gnen m Figure 73 The eere
tion during the first week was much greater thin m the young as was
ohsened earhier However the fow phosphorus diet did enhance the e
cretion of Ca®> and the biologiert half life was reduced from 164 to 62
days

The curves for S % in vou g animals are shown i Figure 74 The
curves e quite stmular to those for Ca*® and show a marked effect of the
fow phosphorny diet on the excretion of radiostrontram The exeretion ts
sereased almost wmmedsatels and the Inological haif hfe 1s reduced from
350 to 42 days

The fisst effect observed when an anml 1s restncted to a phosphorus
deficient diet 15 2 fall in the level of phosphate m serum and its disappear
ance from the urme  The prompt merense mn the exeretion of racdwcyium
and radiostrontium suggests that this is related to the £33 m serunt phos
phate and may be due o the mereased renal clearance mentwred eatber
The mereaved remaval from bone suggests that exchange at least of the
recently deposited Ca*® may be ffected by these changes m the phosphate
tevel

A sumtfir experiment was carried out i which after myectson of raitio
calosum the anwmals were changed ta & diet adequate 1 phosphate but very
low n calotnn  In these anumals the excretion of Ca'® was actualhy 1
duced as compared to the controls  Thus suggests that a low calemum et
would have httle value for creasing remavnl of such radwactie afkahine
earth metals as ealetum strontium or radium from the sheleton

of Certain Rad: Metals 1 Bone

Summary of the Dep

1 Many of the radioactive metals formed s nuclear fission are (‘Y;
postted m the skeleton  The metabolism of 1sotopes of alkale eartht n;c;
such as calosam strontum and bavtum s mashedly affected by sge and low
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phosphorus rickets, while the metabolism of other heavy metals such as
vitrium and cerium 1s largely unaffected

2 Radioautographs of the rachitic femur show that Sr* and Ca* are
deposited only 1n the presence of bone salt, while Y* and Ce* and other
heavy metals are lmd down m the uncaleified osteord matrix

3 Kinetic studies of sheletal uptahe and excretion of radrocalaum and
radiostrontium show considerable mineral exchange, even m adult rats
Skeletal uptake 1s more rapid and greater i growing antmals and the
radioactive 1sotopes remain fixed m the sheleton presumably by mcorpora
tron 1n new bone salt

4 In rachitic rats, the mal uptake by bone 1s rapid, but the Ca* or
Sr* 15 then rapudly lost from the sheleton and excreted 1 urme The
“labile” fraction amounts to some 15¢¢ of the bone calentm, and may
represent caletum on the surface of the crystals of bone salt

5 Renal clearance of Ca* and Sr* 1s 10 to 15 times as great as m the
normal ammals, and approaches the glomerular filtration rate This must
be due to a direct effect of low phosphorus richets on the hidney

6 \When normal animals are mjected with Ca* or Sr*, and are then
fed a diet low m phosphorus, the excretion of the radioactive tsotopes 1
unine 1s mcreased, and removal from the sheleton 1s accelerated

Coaference Discussion

Follis  There was vitamin D 1 the diet, wasn’t there”

Copp There was vitamun D n the diet, just as there was m the Day
and McCollum diet

Urist How much calcium was there m this diet?

Copp It was about 043 per cent Tlus was a hugh calcum low phos
phorus diet

Follis That 1s not too high caleium

Copp Tt 1s pormal 1f you supply adequate phosphate

Unist This 1s considerably lower m calaum than m some of the diets
that we have used to produce rickets

Copp 1f the ammal has a negative phosphorus balance, then you s
get a resorption of bone, so that the tissues of the body can survnve ‘;(
can produce 1n this way a very active bone resorption Dy the omission

only one dietary constituent '

st
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Tollis This diet was composed to studs unccmpheated phosphorus de
ficrency Tt was not necessanly to studs rickets

Sobel  But you had hustologicat rickets?

Copp Yes depending upon how activelh the ammal grew At this very
very Tow level the ammals showed very httle ancrement m weight While
their bones were very thin and poorly mmeralized there was Iittle osteoid
They showed the effect of starvation plus falure of bone to develop nor
mily and calafy

If you feed a httle lugher level of phosphorus the ammals will grow
quite well and will deselop quite flond richets This diet 15 sl quite low
m phosphorus  The reason we used this particular type of ammal was to
study a condition 1n which there would be tctine growth of bone protemn
but there would not be the formation of bone salt

Follis How long had those ammals been on a ractutic diet?

Copp  About four weeks

The serum morgame phosphate was somenhere between 1 and 3 mg
per cent The ammals were < rayed before use and showed the browdened
epiphyseal plate charactenstic of severe rickets

Howard During that brief peniod had they been caleified when vou hnd
the serum calaum to 157

Copp When we repeated the experiments with carner free calaum or
with carrier free strontum we obtamed the same results Even if vou
rasse the level of serum calaium to 15 1t 1s still not enough to affect the
rate of deposition m bone

Follis Tmsmuch as there 1s more carbonate m rachitic I)onc could the
calaum be combinmng with cart and not with pt

Copp Some of 1t could be but the curve mn Figure 68 represents 1 frac
ton which 15 actually m equilibrium with the serum

1 shall discuss a theory to explain these Gries in @ moment

Sobel 1s the serum calcum level of radioactine caletum at the end of
several duys the same m 1l these ammnls or lugher m the rchitic ammal?

Copp No actmally we calulated 1t at several pomts and observed a
contmuons decrease  Clearance mevsurements were mule at 12 hours after
mjection becwse there 15 sull a sigmificant amount of Ca®® 1n the serum
and you can get a fairly accurate measurement of clearance
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Vewmnan Vhere did 4} the calam go m the adult?
Capp Into the feces
Follrs Was this calomm mjected or fed?

Copp Tt nas wnjected mtrmvenoushy  The tracer amount had no effect
on the serum tevel of calesm  The eather Ca® which had about 0025 mg
of non radionctie calum rased the serum leseld to 15 to 17 mg per cent

Folls You hatve not givest that dose of calom that s without rada
active calewn to rachstic ansmals and actuslly expertmented as to whether
there 19 2 mcrease w ash lets say 2t thes period when you are gettng
your peak change?

Copp If you gue 025 mg Ca it 15 not gomng to affect the bone ash
appreciibly  The radwactnve tricer 1s a much more sensitive test of 1
<rease 1 calonun deposition

Toifis Do you thwk this nise 1s due to the merease m serum calosum in
the rachite ansmal?

Copp No becassse 1t occurs just the syme when you gve carner free
calorums or carsier free strontim wh ch do not change the serum calosm
leel

Follis Tt certunly does not male much sease to me—why you shonld
get this change  Does it to you®

Copp ¥ do not know why not

It seeros reasonable to mie 3f you assume that the serunm caletum 1,5 m
equibbriom with the surface calesum on the crystals of bope <t When
the erum calewm 15 tagged swith Ca* thus radiocatorum will rapdy find
1ts way onto the surface of the bone salt crystals By Iabelling the serum
calaum 1 this way the rate at which Cat® appears n bone may be meas
tred and the relative concentration at eqmlibrium may be degermined One
may then estimate the amount of caloum mn the bone which 15 1 rather
capid equilthsiur vith serum calowm  In a1 rachitie bose this tafale f m{;
tiot appears to be appromately 1525 of the fotal bone caloum Flgﬂf; !
shows the mtml rapsd uptake of Ca®® which reaches equlibrum 1 b
30 to 60 munutes

Hastings  Chinge w the serum caleram agawnst time?

Copp That ss shown s Tigure 66 The concenteation of Ca%an sczﬂm
falfs off rather rapsdly with tme as does the Ca® i the rachitic g

Hosfings The same way
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Copp Actually, the curves are very sumlar from the equilibrium pomt
on From that pomt, you have a parallelism between the serum Ca®s and
labule bone Ca* Both are falling rapidly because of the tremendous excre-
tion of Ca®® 1 the urine

Shorr How about carrying 1t further 10 days longer?

Copp We could not measure the serum Ca?® at that time, but we could
measure the amount 1n the urine

Shorr Yes

Copp We carried out an experiment on the chromc excretion of Ca®®
which will be reported shortly

Howard Ts the total calcium mn the urine of these rats gh?
Copp Yes
Howard That 15 different from human rickets

Copp The rachiic rat can absorb calum from the imntestmal tract
These animals, of course, always show a markedly negatve calom bal
ance The condition 1s much more severe than human richets, because you
get actwe bone resorption 1n additton to il of bone

Howard In the human the Ca®® which you have here does not come out,
and the urinary caletum 1s usually very low

Copp Tt does not come out m the normal rat
Howard Tn the rachtic?
Copp Yes

Follis Of course, the human 1s not getting vitarmn D, probably, which
would have something to do with the absorption of calcrum whereas these
ammals are

Copp  Also, the human 1s not normally a rat!

Armstrong  Sometimes!

Copp Our two princspal findmgs which we hase are the labile uptahe
of Ca®® 1n the rachitic ammal and the high renal clearance

McLean How do you feel about radicactive strontum?

Copp The differences were not quute as marked as m the case of cal
cum

McLean Butat 15 the same pattern’
Copp The same pattern
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Unst Dr Copp considenng certan heavy metals 15 the depostion n
lone 1 reactton with the organic material of hone matric or with the
morganie salt?

Copp Tt 15 a speaific property of bone matrix [ he reason for it 15 not
known These metals are also deposited to some extent in soft tissues
Cenum for example 15 found to a considerable extent mn the liver

Bloom And m the spleen
Copp And m the spleen But the ultimate retention 1s in the bone and

m the bone matrix In the case of plutonium the bone uptake 15 much
greater

drmstrong Dr Copp 1 mussed one point that I need a httle help on
The high power picture that you showed was in what circumstances?

Copp That was amerscrum 1 the cortex of 1one (Figure 65)

drmstrong In the cortex of what kind of ammal?

Copp It was from a mature adult rat and shows the distribution in the
neighborhood of the blood vessels

This characteristic spotty distribution around the blood vessels of tte
cortex 1s found with a number of heavy metals (Ce Am Cm 61) which
also mcidentally show very high uptake in the hver and spleen

Hastn gs  How long after admuustration?

Copp 1 think 1t was a week

Tolhs Have you examimed tissues which have a high mucopoly saccharide
content for mstance cornea?

Copp They do not have any The cartilage 15 absolutely free Youdo
not find any 1n the other cartilaginous tissues

Sobel Did you prodrce rickets on a low phosphorus diet with the metals

that did not come out of the bone quent to therr 1on?
Copp No
Sobet in vther words drd the t one deedlaidy ot all?
Copp Tt will decalerfy

Sobel But not remove the metal?

Copp But the metal 15 not removed

Newman Most of these metals will hydrolyze at body pH to colloxdal
hydrovides and at least i part are phagocytized Wouldn t you guess that
they go to the liver and spleen?
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Copp They do to some very small extent Dr Bloom can answer that

Bloom There 1s one pomnt I should ke to make and that 1s yttrmum
plutonsum, I remember distinctly, will stay at the spot of the subcutaneous
mjection part of 1t almost indefimtely and produce no pathology

Copp 1t does stay there The amount depends upon the form of admn
stration

Bloom You can get a good deal At least we cid

Ashng It did not go well into scar tissue in some experiments that I
know about

Blvom If you put st mn subcutaneously and intramuscularly you well
get avery nice amount for a long time

Gutmann Dr Copp are the substances you mjected m true molecular
solution?

Copp No they must be complesed because they are quite msoluble

Gutian Wouldnt that make 2 difference as to how they were picked
up, by the various cells of the reticuloendothelial system 1n those mstances
when macromolecular complexes were formed?

Copp Yes that 1s true If they are not properh complexed you wilt
get a varymg proportion going to the reticuloendothelal cells but if they
are properlv complexed, there will be very little

Follis Will osteord pick these up 1 witro?
Copp That 1s hard to tell because they wll stick on any thing

Arinstrong What are they sticking to 1n the one I asked about with
that distribution® Why 15 1t diffuse? Why does 1t go where the blood
vessel are? Do the hittle spots represent osteocytes or lacunae?

Copp The darkeming on the radioautograph indicates radioactive ma
tenal The strange thing 1s that these metals are found only around the
blood vessels m the cortex 1 would suggest that 1t has somethmg to do
with the matrix, or whatever 1t 1s—the bone protem This area would be
like 2 small endosteal surface

rmstrong s there hustologic evidence for the difference i the appear
ance of the bone or matrix sn that area?

Copp No
o

Armstrong You think 1t 15 just a surface phenomenon?
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Copp It will be found along the surface of the endosteum and peri
osteum, and also around the blood vessels

Armstrong  There are two questions I should like to ask about some
of the other materials Where you were able to mfluence calerum excretion
on the part of the kidney by putting the amimal on a low phosphate diet?
‘Was the ohservation true that a high calaium diet will cut the rate of cal
cum excretion

Copp We have not tried 1t T would suspect so

Armstrong One other question In your rachitic animals that have such
a fast pickup and loss with your radicactive calcum, what 1s your ide1
about the other half of the calcum with your presumed adsorption, using
Dr Hendncks' concept For mstance, might it be the carbonate which
would be influencing 1t by having the anmal 1 a state of alkalosis?

Copp We never were able to get any sigmificant effect from alkalosrs
aor acdosis T think 1t would be a simple exchange with caloum of the
crystal Dr Hendricks can tell you how that occurs T should’hke to have
Dr Hendnicks’ reaction to this idea

Hendricks T was pressed after speaking this mornmng, for how much
caloum 1s on the surface, and I think I gave the wrong answer to 1t I did
not know immediatety

Armstrong Dr Hendricks, we have some data which bear very strongly
on this pomnt and I think it may help this discussion 1f we could show 2
couple of shdes which will give further information as to how caleum m
the skeleton 1s available for turnover I will now ash Dr Singer 1f he will
present tlus matenal and ask you to defer your discussion until later

Hendricks 1 shall answer the question later then

Hastings 1 want to hear the end of Hendricks sentence sooner or later

Armstrong We are gomng to ask Dr Hendricks to give several para
graphs
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RETENTION AND TURNOVER OF RADICCALCIUM
BY THE SKELETON OF LARGE RATS™

LEON SINGER and W D ARMSTRONG

Trom the Department of Physiological Chemstry Uniersity of Vmnesola
Meducal School Muuncapolis \lunesota

Armstrong Dr Singer, will you present our data. please?

Swnger The study of caleium metabolism in the rat under various conds
tions through the use of radiocaleium has been conducted by several 1n
veshigators??® #2° under various conditions Armstrong and Barnum?*® have
presented evidence that some calaified tissues of difterent anatomical onigin
do not exchange calaum at equal rates Norrs and hastelesks? © have re
ported that the femur and scapula of rats admnistered radiocalcium by
intravenous injection reached their mximum content 1 approxumately 100
mmutes after admimistration and showed no sigmficant decrease m 6 to
8 davs

Methods

We have conducted an mvestigation to obtam data as to the turnover of
caleum 1n selected calcified tissues over an extended period of time and
to determme the per cent of the radiocalcrum dose retained in the ammal at
various times after the ad of the rad To
these purposes radioealeum (Ca®) was administered to a number of large
rats of the Sprague Dawley stramn of comparable age and wei hts These
amimals were given mtraperitoneal njections of a high specific actvity

‘This study was supported by a grant from the Research Grants Division of the
U 5 Public Health Service e

;“Campball W and Greenberg D M Stud es m Cale um Metabolism with Aid of
ts Induced Radioactive Isotope Proc Maf Acad Scs 26 176 180 (1940)

‘Greenberg D M Studies n Mueral Metabolsm with Asd of Artrficial Radio-
;c‘uve Isotopes  Tracer Expersments with Radioactive Caloum and Strontmm on
echanism of Vitamn D Action in Rachitic Rats J Biol Chems 157 99 104 (I345)

*Pecher € Buological Investy
gations with Radioactive Calc um and Steontum
Prac Sec Exp Buk and Med 48 36 91 (1931)

DePecler C and Pecher ] Radio-calewm and Radio stront um Metabols m 1
cegnant Mice Proc Soc Erp Duol and Vied 46 9191 (1941)
I’Amdrone W D ard Farnum C P Concurrent Use of Raduwmotopes of Cal

§¥é“135‘“2n§’“?;51§;“‘ in Study of Metabohsm of Caletfied Tissues J Bol Chem

s WP and Risiclesht W Comparative Metabol sm of Radium Strontium
(mf,a"“‘"‘ Cold Sprng Harbor Symposna on Quantitatrve Bioloay 13 164173
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radiocalaum ** solution  They were sacrificed 1n pairs at mtervals varymg
from 1 to 180 days after the admimstration of the 1sotope with the excep-
tron that at 43 days and at 170 days 5 animals were killed Twenty four
hours before sacrifice the animals were placed 1 metabolism cages and the
urme coilected On five of these occasions fecal collectrons were made at
the same time In order to elminate contamination of the excreta by spll
g of the food the anmmals 1n the metabolism cages were fed a diet devod
of calemum 222 237

The humer1 the three lower Jumbar vertebrae, and the epiphysts and
diaphysis of the femora were taken for both chemrcal and radioactve
analysis The four epiphyseal ends of the femurs of 2 single animal were
pooled as one sample and the two diaphyses were umted as another sam
ple  The humen: were combimmed as one sample as were the vertebrae
The remamnder of the ammal not present m the selected calofied samples
or the teeth constituted the carcass residue Representative aliquots of this
materral after homogemzing treatment were also taken for analysis The
total calcium content and the fraction of admimstered radiocalerum remam
mg 1 each ammal were calculated from the results obtained with the car
cass residue and the separately examined trssues The spearfic actnity of
each sample describes the results of the division of the percentage of the
mnjected dose of radiocalcum found m the sample by ats total calcum con
tent expressed m milligratns

Results 2nd Discussion

In the figures which we will present, the average result obtatned with
each of the tissues of the ammal sacnficed at each time mterval 15 repre
sented 1n graphic form In Figure 75 1t can be seen that the calaum

[
21Specific activity 80 mc/gm Ca The radio calcum was obtamed from the
Ridge National Laboratory on allocation for the U S Atomic Eniergy Commisstor-
w2Comar C L Davs G h and Singer L  The Fate of Radiactive Coppel
Admiustered to the Bovine J Brol Chem 174 905 914 (1948)

Blood
253Clagk T P and Colip § B Tiglall Method for Determination of
Calerum with a Suggested Modification J Buol Chem 63 461-464 (1925)
2% olthoff I M  and Sandell E B Teribook of Quantifaie Inorgaric Analysis
Macrillan Company New York p 347 (1943) i
2s5Armstrong W D and Schubert J Determmation of Radioactsve Carbon i Sol
Samples Anal Chem 20 270 271 (1948) .
%Govaerts ] Studies 1n Calewm Urinary Cxeretion with the Aud of Radio-calem
Am T Physiol 159 542 546 (1949) -
267Gchour T and Massler M The Teeth i The Rat m Laboratory Inzestigals
J B Lippincott Company Phitadelphia, p 105 (1949}

Serum
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peaific activities of the selected tissues were consilerably different on day 1
ut decretsed with tune to nearly sdentical values m the 52nd dvy  The
indmg that withm 52 days there was virtual equality of distribution of
he retamned radiorsotope 1n the calen of the separately exanuned bones
nd within the skeleton as a whole shows that an intrasheletal redistriby
on of the exchangeable body calaum occurs within this same penod
\fter the 52nd day the specific activities of the calafied tissues decreased
t 1 much reduced rate (Ttgure 75)

The decrease 1 specific activittes which occurred after the 52nd day was
ot due to any large extent to loss of the radioealeum Ly excretion This
oint 15 emphasized by the nearly constant values for the fraction of tle
dmnustered dose retamned by the ammals tfter the 52nd day to the 180th
lay

Although radiocaloium was found in all samples of excreta exammed
he amount found after the 52nd day was sigmficantly small The aver
ge per cent found i 24 hour urine samples on § occasions was only
}006¢5 Each of the 5 fecal collections after the 42nd day contained 002
0 003% of the admmstered dose The reduction in specific actvity of
he skeletan and the selected tissues which occurred between the 52nd and
he 180th day was due primanly to the dilution of the radwocalerum which
emamed nearly constant with the further mcrement of mert calcum
-uned through sheletat growth It ¢an be calenlated that the percentage
f decrease m measured specific actrvity of the whole skeleton (Iigure 75)
etween the 52nd day and the 180th day was almost wdentscal to the per
ent of sheletal calaum accrued durmg this period  This line of reasomng
-ads us to the conclusion that a part of the ripd reduction i sheletal
peatfic activities occurrng before the 52nd day was also due to lonc
rowth since 34 1% of the skeletal calcrum present on the 52nd day was
cquired after day 1 We have calculated from our data that -4 4% of
he Ca'® present on day 1 was excreted by diy 52 (Figure 76) and that
99¢% of the measured reduction 1n skeletal specific activity occurring be
ween days 1 and 52 was due to skeletal growth and the remander to the
xcretion of radiocaleium  These calculations emphasize the mportance of
ahing 1nto consideration 1 studies of the turnover rate of a radioisotope
he changes 1n the amount of a tissue which may occur 1 rats 1 a relative
hort penod through growth

The data which we have presented mdicate that the radiocaleum was
eposited 1n the bones of the ammals 1 forms which differed greatly
hetr relative abilities to be mobilized and to be excreted These forms of
ncorporation of radiocalerum and the parts of the sheletal caleim assoct
ted with each may be referred to as the mobile fraction and the fixed
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specific activities of the selected tissues were constderably different on day 1
but decreased with time to nearly 1dentical values m the S2ud day  The
finding that within 52 days there was vistual equality of distribution of
the retamed radioisotope 1n the calcium of the separately exanuned bones
and within the skeleton as a whole shows that an mtraskeletal redistribu
tion of the exchangeable body calcum occurs within this swme period
After the 52nd day the speaific activties of the caleified tissues decreased
at a much reduced rate (Figure 75)

The decrease mn specific activities which occurred after the 52nd day was
not due to any large extent to loss of the radiocalcium by excreton This
point 15 emphasized by the nearly constant values for the fraction of tle
admimstered dose retained by the ammals after the 52nd day to the 180th
day

Although radiocaloum was found m all samples of excreta examined
the amount found after the 52nd day was msignificantly small The aver
age per cent found in 24 hour urme samples on & occasions was only
0006% Each of the 5 fecal collections after the 42nd day contamed 002
to 003% of the admimstered dose The reduction m specific actvity of
the sheleton and the selected tissues which occurred between the 52nd and
the 180th day was due primarily to the dilution of the radiocalerum whch
remained nearly constant with the further increment of mert caloum
gamed through sheletal growth It can be calculated that the percentage
of decrease 1 measured specific activity of the whole skeleton (Tigure 75)
between the 52nd day and the 180th day was almost rdentrcal to the per
cent of skeletal calcium accrued during tlus periad  Tlus lime of reasoning
leads us to the conclusion that a part of the ripid reduction m sheletal
specific actities occurring before the 52nd day was also due to Tone
growth since 34 1% of the skeletal calerum present on the 52nd day was
acquired after day 1 We have calculated from our data that 444 of
the Ca** present on day 1 was excreted by day 52 (Figure 76) and that
299% of the measured reduction m skeletal specific activity occurning’ be
tween days 1 and 52 was due to skelet1l growth and the remander to the
excretion of radocaleism  These caleulations emphasize the importance of
taking mto consideration 1n studres of the turnover rate of 2 radiorsotope
the changes 1n the amount of a tissue which may cceur it rits i a relative
short period through growth

The data which we have presented mdrcate that the ridiocalom was
depostted 1 the bones of the anumals 1 forms which differed greatly ":
their relative abilities to be mobilized nd to be excreted These forms o!
mcorporation of radiocalerum and the parts of the shefetal calerum asrsO:ld
ated with each may be referred to as the molule fraction and the fine
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fraction The fixed radiocalcium 15 that fraction, amounting to circa 455
of the imjected dose which was muntuned with onfly a shght excretion
after the 52nd day It 15 suggested that the fixed radiocaloum was that
which eventually became incarcerated by bone growth, or by rearrangement
of the calcium atoms 1n the bone salt, 1n posttions s remote from the body
fluds as greatly to interfere with its mobihzation and excretion Stnce the
specific activity of the several bone types was muntamed at quite sumlar
values after the 52nd day (Figure 75) 1t can De concluded that equal
weights of bone calenwm had by the 52nd day, mcorporated faurlv uniform
amounts of radiocalcrum i the fixed form and that this relationship was
not appreciably disturbed by further bone growth The amount of radio
1sotope deposited per umt weight of bone calerum differed originally among
the bone types However by the 52nd day all of the eauly mohile or
exchangeable radiocalerum hae been excreted?* or converted into the fixed
form thus reducing the speafic activities of all bones to wmform values
After the 52nd day the excretion of radiacaleum occurred onfy from the
difficulth molnlizable bone calestmn  The results obtamed from the urine
exammations ndicate that this form of Lone caletum was excreted at a
constant low rate

\s shown mn Figure 76 the caloum content of rats, exclusive of the
teeth 15 close to 1¢% of the body weight in ammals weighing hetween 249
and 465 grams

Summary

The calemm specific activities of the femoral epiphyses femoral dia
physes humer: lumbar vertebrae and the remander of the sheleton of
large rats differ soon after the admunistration of radiocaleium but decrease
to a common value ajter 52 days following which the specific activities
decline at equal but much reduced rates The friction of the mjected dose
of raciocalaum retaned m the animals declnes to 42 to 45¢% on the SZnd
dav after which only smail quantities of radiocalcium are excreted  The
results indicate the existence m lrge rats of two hinds of skeletal calcum
which differ markedly m their rate of turnover and m the fength of tine
aver which they fix radiocalerum  The apparent reduction m sheletal cal
cium speafic activity occurring m large rats after the 52nd day following
the injection of radiocaletum 1s due to accretion of calomm to the sheleton

eely exchangeable hone fractions would not he

md e specific activity of
but wenld ecrrespand ta the spe AR

235The radrocalcnm conte?lt rg( ﬁ\ed ire
ted to be zero after the 52nd day

lclfepe;cily fmds There 15 evidence (z1de mifra) that the latter specxﬁckam

matntuned at feast from the 6(th day onwards ata Jow and umform raf
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Part of the dechne 1n sheletal spectfic activities which takes place i rats
before radiocalaum excretion ceases 1s also due to skeletal growth

Conference Discussion
Senger 1 would hike to ask Dr Hendricks what fraction he would con
sider to be surface calcium n this theory that he has?

Hendricks 1 should hike you to forget what T saud the first time I was
ashed the question s0 1 made a guess

A more reasanable interpretation 15 the followmg though that there 15
an amount of ealcium on the surface of the crystal irrespective of how you
calenlate the surface that must be approximately equal to the amount of
carbonate plus the amount of ctrate plus the amounts of ather things
there and since the atrate and other things and their equivalents are
rather Tow to a first approximation the suritce calaum would be of the
order of magmitude of the surface carbonate If vou will all guard me
agamst making a slip here the carbon dioxide content wall vun to the order
of 4 per cent of the dry weight of the bone salt—4 to 5 per cent Is that
correct?

McLean A httle high

Hastirgs On 1n atom st would be one of the CO: to 6 of the phosphate
Neumon  That would be 16 per cent based on the CO- -
Hastings Tt would not be on the CO-

Mewman One sixth would be 16 per cent of the total calcum

Tollis On dry {fat free bone it 1s only about 3 jer cent~—CO,

Hastings No

Headricks That 1s what T thought—the order of 3 per cent by weight

Hostings \\c are talhing about two different thmgs 1 am just talkmg
about the equnvalence of the caleium to the CO m atoms  But never nund
You go ahead

Hendricks No 1 wan to get ot nght

Meuntan Dry fat free hone 15 about 3 per cent CO but dry fat free
bone 15 only al cut one hnif norpame On ash 1t 15 5 to 6 per cent COW

Tollis That 1< night 1f you da 1t on ash

Hendrcks T stil am net certun that it will correspond to Dr Hastings
figures but on that tasis one woul} <1y that the order of § +n fi e
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caleum  using caleum the same as CO» would correspond to surface
caleium, and since the total caleum content of the system 1s of the order
of 40 per cent that would be more than 10 per cent of the total calewn of
the system which would be available on the surface I mean 1t would be
available on 2 surface that 1s covered by carbonate Of course 1n the teeth
and possibly other portions of the skeleton the carbonate 1s obscured
which means that that surface development 15 not available for exchange
with external surface and that will reduce it by a considerable factor
Possibly 1t would mean that the maximum amount of calawum that could
be exchanged would be 10 per cent and the mmimum amount would be on
down toward the amount of the bene that 1s equilibrating with the external
system

The suggestion now 1s that in Dr Copp s rachific rats for some reason
more of the surface 1s available for equilbration than 1t 1s i the non
rachitic rats and that 1s the distinction between the two The way 1n which
that could be tf e case 1s not that the bone salt has changed 1t 15 not that 1t
has recrystallized but that the very process of all that 1s going on 1n the
rachitic ammals has made the surface more available to circulatory systems

1 do not know T am not stepping out to say exactly what 1s the distinc
tion but to mdicate that n the rachitic ammal even though it showed a
higher turnover per cent calaum there was still not the maximum turnover
with respect to calcum and that for some rewson the normal ansmal had
Leen prevented from approaching the degree of turnover the degree of
avarlability of 1ts surface that the rachitic ammal had One could smagme
ways in wh ch that 15 possible

Copp I think that 1s quite a reasonable explanation Dr Hendricks in
comparing the rachiic and the adult animals where there 1s 1o increment
1n bone salt

There 15 one other factor and that 15 the diffusion of the caleum into
the bone to reach the crystal surface In the raclutic animal the surface 1s
pretty well exposed while 1 the adult anmal the bone 1s quite thick Thete
must be a defintte time lag 1n penetration into the very sohd avascular arzm
of cortex which might account for the difference in actual uptake of Ca

The pomnt I was most interested m was whether this exchangeable frac

tion was within the limts of surface caloum ;
Hendricks It apparently 15 well withm those humts by a factor of at
least 232
Armstrony It seems to me

there 1s a spectrum of orders and rates of exchangeability Some
s Dr Singer showed imcorporated 1n a sitt

that you also have to tahe mnto account that
calcium 15

extremely fabile but some 15 a:
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ation which exchanges at a very slow rate  For all we know, the calaum
which enters the skeleton may first be in the exchangeable fraction and later
enter into the non exchangeable fraction

Smger That 1s quite hikely

Hendricks That 15 thus other 85 per cent In other words 10 to 12 to
16 per cent 15 on the surface Let's take a figure, lets take 12 Twelve
per cent 1s on the surface, 83 15 not It 1s the passage from the 12 per cent
to the 88 that corresponds to this long preservation n the sheleton

Nestman The need for a spectrum of rates of mcorporation of 1sotope
to explamn results of studies 1 2120 15 a matter which deserves further
mention

As we reported last year, results obtamed with a powdered bone radio-
phosphate buffer system indicated there are indeed several processes by
which 1satope becomes incorporated into the bone mneral

If the matersal under study 1s organic free giycol ashed bone, 1sotope
from the radiophosphate buffer 1s transferred to the mineral phase by a
process which ts adequatels described as a “surface exchange ’ phenemenon
The process 1s reversible, the final distributton of 1sotope between the two
phases 1s relatively unaffected by temperature and the percent of the solid
phase taling part 1n the exchange reaction can be calculated from speaific
actwvity considerations at the “equilibrium” pomnt

Hastngs What 1s that pomt?

Newan This will vary with different fractions between 6 and 13 per
cent, depending on pretreatment of the spectmens If the samples are ashed
at very high temperatures they will not show exchange, because the crystals
aglomerate and the surface avulable for exchange 1s reduced

If, on the other hand, the material under study 1s unashed fresh pow
dered bone, surface exchange concepts do not adequately explan the re
moval of 1sotope from the solution by the powdered bone The system does
not approach an equilibrsum, rather the bone continues to remove 1sotope
from the buffer for long periods of time Furthermore the process ap-
peared to be wreversible These data were analyzed mathematicallv and
were consistent with an over-all process imolving two rates of incorpora
tion of 1satope  a fast reaction analogous ta the surface exchange chserved
with ashed spectmens and a slow reaction which was hesstanthy termed
recrystallization because this second mechamsm extubited a igh tempera
ture coefficient and appeared to 1nvolve the major part of the total phos
phate i the nuneral phase (1¢, more than yust surface groups)

Since last vear s meeting we have studied thus problem further and have
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tound that the second process the slow incorporation of 1sotope into the
center of the crystals takes place even in the dry state  Oluviously thus 1s
not recrystalization m an ordinary sense 1t would be more appropriately
termed 1omic diffusion  diffusion through a solid crystal This diffusion
process takes place at different rates with different bone specrmens The
most recently deposited matersal from metaphsseal and subpenosteal areas
ts the most actne Where stabilization can take place with the passage of
time as in old established bone the rate of tncorporation 1s considerably
less Thus we huve a whole spectrum of rates of equilibration throughout
the skeleton

drmstrony What 18 vour 1dea on the incarceration of radiocaleium such
s that which we found? I can see why radiocalcrum can get nto the
sheleton but 1f the caloium enters the sheleton why cant 1t get out?

Vewma: The rate of incorporation of 1sotope 15 always a function of
the speaific actraty (SA) difference between the two fractions Thus if
we designate three geographical positions (1) the phosphate 1n the extra
cellufar flurd (2) the [hosphate m the surface Jayer of the crystal and
{3) phosphate n the center of the crystal

the rate of movement of 1sotope from a to b (R}
R = K (SA: SAy)
also Ree = K (SA, SA.)

Shorth after the admmstration of 1sotope the rates of mcorporation of
1sotope will be rapid becruse these specific activity differences are neces
sarily large After a few weeks however equilibrium 1s approached and
put 1n terms of specific achivity  SA, = SA, = SA  This being tl e case
there will be httle net mavement of tsotope from one fraction to another
The only reason 1sotope comes out of the bone at 4ll 1s that there 152 daily
intake of non isotopic phosphate which lowers the specific actvity of ar
culating phosphate  However 1 terms of turnover of the total phosphate
1n the orgamsm the 1mount of nor sotopc matertal tahen 11 and excreted
daily 15 very small Thus the rate of removal of sheletal fived 1sotope must
necessartly be slow becatse the SA differences are small

Pferffer What you should do then 1s to put 1n a Jarge amount of nor
mal calerum which should reverse this process

Copp It actually has very very hittle effect
Pfeiffer I should think 3ou could measure 1t

Acuman 1 should lile to pomt out that m your experime
stopped the phosphorus intake jour calcium turnover the relal

nt when jou
tive dilution
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of your blond specrfic actity was gomg on at 2 much greater vate and
jou Jost the falule element at a greater rate too

Copp ¥ ow phasphorus 1s much more effective than hugh calumm
Newman Yes

Copp I wanted to ash whether this recrystathization reats n could be
due to mcorporation of new eristals i the bone salt?

Acuman That s sull another vate  Crystals that are bong formed ar
any gren tume should e 2 sgrafic tciivity equal to that of the fhod
inthmg them  In a rapdly growmg ammd this 1s not an tmmportint
factor  Im the adutt ammat I theab, surface exchan, ¢ and ome dffusen
account for the gross effccts that vow abserve  \s far ay young ammals
are converned the el bndding of crvstals may mike up a good propor
ton of the total weorporation of 1wotope W hat propartians 1 cowd net sty

Copp 1 was wondermg whether since 1n vour exjeruments voy found
so mach actvty m the metaphysrs and penostenm  the Earation of new
crystats muight account for the iwrevernible reaction

Newman The ouly defficulty with that dea 15 that there could be re
erastalbzation w the clissic sense tahing place too These partwentar ex
permments were with powdered bane and a water phase but there was a0
change m the phosph of the equild solutons There
was 1o vet deposthon of salt and therefare the uptihe hid to be dne to
an exchange or diffasion

Shorr D5 Copp ot powmted our <ome differences between the rate of
foss from bome of radiostrontmm and radioclcunt This interests me
practically fram the pomt of view of an effort that T have teen makmng
to nse noo radwactive strontium as a means of determnung (uracver m
bone in man rather than ridicactive strontinm since strontmm fer se s an
element forerzn to normal bone 1 wondered whether any inferences from
the d4tx i the human could be merely comparative one framan to another
ar whether vou thank that your results unaldate considening these data a
measure of the behavior of calorum

Copp We have used radivdiontrom for about 8 vears as the tracer for
calaum  \Whie T de not Iihe to attack the vahidity ef such use too vigor
ously there 1s no doubt that there are quantitatn e differences desprte the
great quabtatnve similanty between the two

Shorr So that one could 1n the human use that as a standard and smv,
for examjle that thus patient turns over his hime salts twice as fast as
another?
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Copp Yes The relative turnover of stromtmm 1s useful, but as a
measure of the absolute turnover 1t 1s a little dangerous

We used large amounts of carrier free caleium and strontium in an ef
fort to mcrease the excretion of radioactive strontium We found that you
could give up to 100 mg of strontium to a rat and have practically no
effect on excretion of the radioactve strontium

Stnger 1 may have missed 2 pomt here but 1t seems to me that these
experiments of yours with the very fast turnover, 1n the rachitic ammals,
of the radicactive calerum offer perhaps 2 unique oppertumty for transfer
ring Dr Hendncks from physical chemmstry to a biological system and
analyzing the shaft of such ammals at the tune that they are full of calcium
and a number of hours later when they have lost that caleum, for getting
spectfic mnformation as to the type of salt that 1s 1n the surface phase—an
opportumty which s pretty exciting n 1ts possibiltties, I think

Hastings We know that pretty well dont we, Dr Follis? Aren’t these
rachitic bones high i CO- relatively?

Folhis Yes they have a lugher CO. content

Sunger My pomt 1s  Does that follow n the character of the chamn
numher? Does the rachitic bone have this high carbonate only during this
phase?

Follis No, 1t 1s alwnays there

Copp These turnover studies do not apply to a temporary phase, but
to a steady state

Singer 1am sorry That 1s nght

Copp It would be interesting to see how much exchange there 15 at that
1 hour period You might remove the bone and examme the crystals to
find out, by exchange reactions possibly, how much of the radiocalcm
which has been taken up 1s on the surface

Stnger And match 1t with CM carbonate?

Copp Ves
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ELECTRON MICROGRAPHY OF BONE™

ROBERT A ROBINSON=¢

From the Duasion of Orthopedic Surgers Departnent of Surgery
Unmiersity of Rochester School of Medicine and Dentistry
Rochester New York

Armstrong  Gentlemen 1t 15 getting late and we have several people
who have information which will be of general interest in this field Dr
Robnson from the Unnversity of Rochester his I think some mformation
which was obtamed from an electron microscopic 1 estigation of bones

Robinson The fine structure of bone 1s of particular nterest to me since
I am an orthopedic surgeon The abilty of bone to bend, resist torston,
compression and tensile stresses and in general act as 3 framework for the
tody depends on the fine structure or submicroscoprc structure of bone
Bone s resistance to stresses 1s offered by a combmation of the mimeral and
orgame components of which1t 1s composed '\ ray diffiraction studies have
all suggested that the erystals of hydrovyapatite which form the hard part
of bone are i the form of very tiny crystals far below the resohing power
of the light microscope However st was noted that the electron micro
scope has a range of resolution from a lower hrmt of 20 Angstroms There
fore 1t seemed that 1t was theorettcally possible to observe organic crystals
of bone 1 the electron microscope The basis of the method of preparing
lane and tooth samiples for viewing n the electron microscope was de
scribed m Serence June 16 195024 The general method used was to obtam
fresh bone or autoclaved bone shave the bone put the shavings m triple
distilled water place the mixture m a Waring Blendor and by ten nunutes
blending break the bone down nto fragments small enougls to be observed
on the electron mmcroscope viewing screen  Due to the density of the
hydroxsapatite crystals it was found pecessiry to obtam very thin frag
ments

91 am indebted to Dr Wallam Bale and Me Macl ael Watson, of the Atomic Energy
Project of the Umversity of Rochester for their assitance with the electron
mcrograpl v

¢ Assitant Surgeon {Orthopedics) Strong Memorial Hospital and Instructor Ortho-
(‘\:d\c Surgery Unnersity of R chester School of Med cine and Dentistry Rochester

MRobmson R A and Bshop F W Methods of Prepaning Hone and Tooth
Samples for Viewing m the Electron Microscope Scicsce 3 657 (1950)
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Observations on Collagen Fibers

After starting this work 1t was found that one could also observe collagen
fibers of bone and later on in fresh specimens the amorphous cement sub
stance was distinguished By the use of ultrasonics a more adequate dis
persion of the hydroxyapatite crystals could be obtained

When fresh bone was viened 1 the electron microscope fiber I he struc
tures were observed covered by an amorphous cement substance n which
resided morgame hydroxyapatite crystals  Such a specimen 1s 1llustrated 1n
the first electron micrograph (see Figure 77) At the lower corner of this
first allustration one can see a collagen fiber that has been completely de
nuded of the surrounding cement substance and its morgamic crystals This
fiber having leen stripped of the other components shows the typrcal
peniodic stnahions of collagen fiber the peniodicity of the strration being
cilculated at about 640 angstroms By careful obsersation of many such
electron mucrographs of fresh bone along with parallel observations on
samples of autocalved bone as ts shown 1 Figure 78 the marganic crustals
appenr to have a tabular form and m their most mature stage as found m
adult cortical bone the outhine of the crystals 1s hexagonal TI ese crystals
also appear to be long in companson with their width and thuckness The
long dimenston of the crystals hes usuilly m the long axis of the fibers as
shown in Figure 77 and other illustrations of this fresh bone preparation

Dumensions of Inorganic Bone Crystals

In order to rid the norgamc crystals of their obscuring cement substance
and the collagen fibers bone was autoclaved at 27 1b for two and four
hours Tigure 78 15 an electron mcrograph of such {one erystals that have
been freed of thur ergamc matrx  The sample shown in Figure 78 was
alsn resonated m a water bath using ultrasonics at approimately 400 RC
In thns rllustration one also sees Bacillus alkaliger ese Tlese were placed
m the preparation to gnie an 1dea of the comparative size of the morganic
bone crystals ind a common mucroorganism  From such electron mucro
graphs of which Figure 78 1s an example the average dimension of an
wmorganic bone crystal 1 human bone was found to be 500 X 250 X 100
Angstroms  Preparations oftamed from human cat dog and cattle source
show the average size to be nearly tht stated above The cattle bone tended
to show shghtly larger average size and the cat bane shoned smaller aver
age size than did the crystals obtamned from human bone No exception
ally large crystals were ever found in bone They all fell within the general

size range noted above
Identsfication of Hydroxyapatite

The 1dentity of these crystals as those of Indroxyapatite was of tamed
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Fig. 77 Tresh Human Bone Blended

Unlargement X 33500 1 smsernn = 345 cm § mm., == 290 angete nn wmt
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Fig 78 Autoclaved Bone, Blended and Resonated

E X 34500 by from Robunson R A and
Bishop F W Methods of Preparing Bone and Tooth Samples for Viewing n the
Electron Microscope Sctenee 3 (No 2894) 657 (1950)
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Ty parallel x ray diffraction studies of the samples used for obseriation
the electron mucroscope  The ~ ray diffraction patterns obtamed of those
samples botl of fresh and autaclaved bone werc tvpical of hydroxyapatite
Furthermore when these samples were heated to 750° and 900° C the
hydroxyapatite pattern became more marked 22

Dr Hendricks has, 1n a personal communication suggested that the long
axis of the hexagonal tabular shaped crystal corresponds probably to the
A was of the hydroxvapatite umt cell Tigures 79 and 80 are presented
to show the dimenston of the umit cell the general arrangements of the
calaum phosphate and hydroxyl groups mn the two molecules that form
each umt cell and finally the arrangement of these umt cells m a stylized
bone crystal This crystal shape shown 1 Figure 80A has been found m
certain mature cortical Tone In many preparations the crystals are tabular
n shape but have no regular hexagonal cuthne Howeter in certam
samples of nnture cortical cattle bone tabular erystals with a true hex
agonal shape are seen These were used for the basis of Tigure 04 In
Tigure 80B the position of the unit cell in such a erystal 15 outlined and the
aus of that umt cell 1 relation to the crystal v suggested by Dr Hen
dricks 1s also noted

As discussed earher m these transictions by Dr Hendricks the basic
umt cell of enamel crystals and of bone crystals 1s apparently the same
1e hvdroxyapabte Howerver 1m enamel these umt cells combme wmto
much larger crystals than those appearng in bhone Tigure 81 15 an elec
tron mcrcgraph of part of an enamel rod from a tooth  \s can be seen
the enmel 1o 115 made up of a fascicle of large parallet regularly rranged
flattened ribl on tihe erystals The whole rod of wlich only a part 15 shown
m thus electron smicrograph 1s apparenth mare up of these lirge hvdroxy
patite erystals runmng with their Jong axes parallel to the long axis of
the rod  The long 1xis of these crystals 15 probably the ¢ s of the umt
cell so that each one of the mdn:dual ervstals of the enamel rod 1s 2 flat
hexagon Iiure 81 lends support to the crystal orientation of enamel
vostulited on the hsts af x ray diffraction 1nd polarized boht studies ¢+

M Branlerurger Fand Schuz H R Nature of Calostication in Man and Ammals
and Bihaviour of Inorganic Bone Substance in the Case of the Chief Human Bone
Discases fleties Med deta 12 (Suprly 169 163 ¢

3Thewhs § X ray Analysis of Teeth Brit J Radml 5 353 (1932)

*iBale W F Hodge H € and Warren S L Roentgen Ray Diffraction Studies
of F_namcl aml Dentine Am J FRoentgenol 32 367 (1934)

“‘S’c'n 3 The Elements of the Ammal Body m Polareed Light Bonn
(l') 43 Quntcd by Rutchin P C. Bevond the Microscope J Dent Res 17 27

2%Qrhan B Orol Histology ard Embr\nlag) 2nd Fdition, C V Mosby Co St

§o°uu (1%49)  [Electron Micrograph p 77 and reference relative to this meture hy

tinle & Fopthier & Davd P N Prelimimary  Observations of the
!l of Huy

Rt of Human sod Gu nea Pig Tecth Using the Electron Microscope J D
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Fig 79 Diagrammatic Representation of a Bone Crystal Showsng the
Relatsonship of the Unit Cells to the Crystal (See sgure 80)
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Fig 81 Part of an Enamel Rod from an Autoclaved Tooth
Magaification X 34560
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Tigure 82 shows an electron micrograph of cnamel brohen down mto
smaller particles Again, the crystals are seen as thin pieces of a ribbon
Iike appearance These crystal fragments are much larger than any of the
crystals seen 1 bone They would appenr to be about 600 angstroms in
width 100 to 200 angstroms m thichness and at least 5000 or 6000 ang
stroms 1n length  Some of these crystals have heen obsersed to ie 50000 to
60000 angstroms m length

In order to deternnne more exactly the thickness of the hydroxyapatite
crystals seen m the electron mcrographs of fresh and autoclaved hone
spcaimens of bone and synthetic apatite having the charactenstics and
particle size of hydroxyapatite of bone were placed on the spectmen screen
of the electron microscope After an electron mucrograph of 1 well dis
persed field of crystals had been obtamed the screen was removed from
the m croscoj e and shadow cast The shadowing was done with uranum
or chromium  The angle of the cast was 157 so that the shadow produced
would Le about 3 to 35 times as long as the thickness of the object which
casts the shadow Thigure 63 shows a sample of a synthetic hndroxvapatite
Tigure 84 shows the shadow cast of the sample of Figure 83 B the shadow
casting techmque we have confirmed the op mon gamed on viewing electron
microgray hs of fresh and antoclaved bone that the ervatals are tul ular in
shipe longer and broader than they are thick

Observations of Various Preparations of Bone

Several interesting ohservations concermng the effect of varous prepart
i methods of Lone have been made with the electron microscoje It was
fount that bone boiled for fifteen minutes showed a loss of most of the
cement substance while the collagen fibers were swollen 1 comparison with
fiters seen 1n fresh specimens In such a boted sample the morgame
crystals are scen clinging on the edges of the swollen collagen fibers

TBone from newborn 2nmals and very old humans respond differently
to the blending methiod of bone preparation  For example the morgame
crystals and their binding cement substance are easils stripped from the
eollagen fibers from both verv old and very young hone VWhen the fibers
0 stripped were staned with phosphotungstic aad the typical periodic
Pattern was observed 247

Tresh hone treated by blending and incubation with naluromdase when
viewed in the electron microscope shows swelling of the cement substince

Frey Wyschng A Snlmum:mr:r Morpiol g3 El evier Publishing Co Ine
New York P 29211 (1948)
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Iig 82 Tooth Fnumel Blended

Bafargement X 34500 The blenlng pered was knger than that uscd f ¢ the
sample of Figure 8)
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and dispersiont of the ineorporated enistals m the wirafibridlar areas where
as the crystals and the cement substance tdjacent t  the coflagen tler
ot scem to Le simtarly affected by the naturomdise

Obsersations on Isotope Exchange by Bone

1t has been noted 1 1sotope exchange studies that {resh bone exchanges
3 farger proportion of the radicactie catermy and phocphioras than does
bore from wiuch the orgame matni has been removerd Al enimel whuch
has a very smmall orgame matnx and harge cristals showed a v amll
caloum and phosphorus exchange when compared wath simhr ~tuhies
fresh and deorgamszed bone Subepiphy <eal or subperiostenl bone tr m 1
growing anmial has the most rpud exchange of calaum and phosgt tus
any of the samples tested  Bone that had been heated 1o 700 or 1K) ¢
m which the hvdroxyapatte x ray chifftaction patern was e | e t
probably the mcreased dimension of the hvdroxiapatite (rustaf gn ntan
the preparatson ?** showed a ealesum and phosphorus vuchinge ppr whiny
that of enamel The question arose 15 to whether thest exchinge phen mona
depenled upon the «ize of the erystals of Indroxs yatite m voang rowm,,
tone {resh bone bone from which the orgomic matter his heen rem ved
and, finally, ename} and heat treated bone By the ~tuds of subepiphnseal
eal bane muatuse cortscal eattle bone matuse hone from which the argrue
matrre had been completely remosed by ghcol ashin,, at less than 387 ¢
bosse that had been treated at temperatures above SO0 € and enmvel st
was possible fo conclude that the cristal size w the Aowng grovny 1
was practically the same s that o smafure kone it the orvstal s m
Lone from wehich the orgamc watriy had been remoned Uy glyeol @ by
were of the same mze as thase ¢rystals accurvmig i froslh wature bon
Therefore 1t wos concluded that the pureontage cxchonpe of rudiarts
ealcrens and phosphorus dep nded solly on the size of the crystale and
the surface arca auwlable for eschange on the erstal onlv w the cas of
bose from seluck the arganic matter has been rematd

TIn the case of the young growing bose whire the exchange was ven
rapid and  the case of fresh mature Jone 1w which the exchange Wi
maderately rapd the erystal size did aot vy appreathiy In fact the
er3stal size was the same a5 that n the gheol shed bone whesen an
OrRamc matter was present Since the exchange m the gh col ashed hone
was alout 12 ta 15 per cent this figure was trken as the exchange \alue
Fepresentimg the part of the exchange due to the surface wret of the enystals

Pl H € LeFeyre M L and Bale W F Chemcal and % ray Diffrac
o Stties of Calesum Phosphates fnd and Lng Chem 30 160 (Mar 15,
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available for caletum and phosphorus exchange. The exchange 1 the fresh
bene which was about 30 percent and in the subepiphyseal bosie which was
between 30 and 50 percent was abviously due to an additional factor con
nected with the orgamic mataix In the case of boue that had been heat
treated above 3007, the erchange varied unersely wath the wercasing size
of the crystal This was also true 1 the case of enamel where the orgami.
element 1s at a munumum and the crystal size 1s large  In other words, when
argame matrix s present the colenom ond phosphorus exclonge 5 not
entirely dependent upon the surface arca of the hydroryapatite crystal ¥
Inbone the surface arca of the crystal only accounts for about 12 per cont
of exchange Anything i excess of this 1s probably due to exchangeable
calaum and phosphorus tons 1 the matrix of the bone

The question has been rused whether by the blending method crystals
were thrown free of the collagen fibers and then returned and adhered to
the fibers Figure 85 shows a tendon collagen fiber and autoclwed bone
crystals from a cat combined and blended You can see that the erystals
do tend to stick to these fibers but not m exactlv the same way 1s they do
sn fresh hone when it 15 broken up 1 the blendor  Incdentally, autoclaved
Loue when prepared for four hours at 27 Th pressure still contains 5 to 756
protein as compared with fresh bone which contains about 30% protem
by weight

Gutman  What 15 the difference?

Robinson In the first place you do not see the tizht banding of crystals
as a close continuous mcrustation nght around the fiber Rather one
observes these crystals to adhere to the fibers 1n blocks with no particubr
paraffelism of the fiber anis and the crystal axis In fresh bone the erystils
follow night along the course of the fibers

Huastings How about those other collagen fibers 1n the fst figure? Were
they treated tn any special way?

Robmson No

Fluastings  Were they clean?

Robwsson They were taken from another source and combmed with
crystals They were taken from tendon and combined with crystals that
were obtaned from a cat

Hastings They look pretty barnacied to me

2oNewman W F  and Mulryan B J The Surface Chemustey of Bane 1 Re
crystallization J Biol Chem, 185 705 (1950)
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Fig 85 Collagen Tibers from the fendon of 1 tar Lombined with
Autocdared Bone Lrvssals Obtyned from Cat Bone Blended

Enlargement X 34 500
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Rolmson Well they are but not Darmacled m quite the orderly man
ner m which fresh one fibers are encrusted with erystals

Hastings  Lhe fact that they stuck 2t all ~fter you mixed themt 1s the
strilung thing

Copp I was wonderiog what this variation 1n density means?

Robmson The crvstals form a a very porous network 1 thuk that it
depends on this variant Less porous areas are more opaque to the electron
beam

Copp There 1s an overlapping

Rolmson Overlppmg of the crystals in some places and 2 thmning out
m other places 1 suppose n this area there must be several hundred
cry stals

Copp YWe made some electron micrographs of hone by the chipping
techmque and obtained the very same pattern

Bevelander Did you find any defimte orientation of the crystal in refec
ence to the alignment of the fiber?

Robmson T have one picture at a tugh magmificaton of a specmen
which was treated with streptococeal hyaluronidase m wiich the crystals m
the tmmediate layer next to the filer are seen to be lying on the fiber and
seemed to be concentrated at nodal points of the fiber which mensure G0
angstroms apart It 15 an unstaned specimen  The long erystal vxes and
the fiber ax1s mn thus are almost exactly parallel It appears that in the Izyer
right next to the collagen fiber there 1s marked onentation But m some of
the specimens 1 could not prove any exact orientation of the crystaf and
the fiber

In genertd i areas ke this you see onented enystals along the fiber
but here 15 one that 15 lying across the fiber Of course the blending
methiod myolves disruption of the bone So T must admut that you cannct
categorically state that everything you see in these pictutes 15 just the wat
1t existed 1 the fresh bone But I thunk the electron rucrographs gne 2
pretty good 1dea of what 1 bane collagen fiber looks like the relatiie size
of the cryvstals the fact that there 15 cement substance wn the antesfiballary
pace that the crystals are imbedded 1 the cement substanice and not 1 the
colingen fibers and fiually that m general the crystals encrusting & fiber
have their long axes (within 45° at least) of the long axis of the fier

Hastings Your crystals are pretty umform are they not?

Robinson Yes
Hastings  Are they all of the same order of magmtude?



RODINSOY =7

Robmson We hve found them as long as 1 200 angstroms, and as short
as 20 angstroms, which 1s the fower hrmt of the resolving power of the
mecroscape  Tr all this work we approach the lower fuuit of the electron
microstope  But most of the crystals are around 500 angstroms m length
m Tmman bone about half that m width and about one fifth that in thick
ness I ealoutated the surface arer mmolved 1n one gram of hydrovyapatite
with erystals of that size The theorcue speafic gravity based on the
molecular weight was vsed 1e 3099 for mdroxyapatite In this sam
ation usmg crystals the sie ¥ have described (500 by 250 &y 100 ang
stroms} we come ont with a figure of 103 square meters per gram

This 13 sery close to caleutetions of surface areas by gis adsorptin tor
a gram of glycol ashed bane 7 Suppose the envstal was ¢ cube 200 ang
stroms on a side with a wpeoific gravity of 3 von come cut wih 96 square
meters Howeter we do not see cubes 1 the electron mic rographs

Calewlating the cristals as rectanpudar sohds 500 angstroms by 20
angstroms by 100 angstroms gave 103 square meters surfie vren per gram
Ef they are 150 angstromss thick, that draps the surface ara per gram down
to about 81 square meters per gram

If you then calaiate the number of apatite umt celiy on the surface of
such a enystal (Figure 80B) and dnade by two (e there are tw
molerifes wcwch unt cell) you come out with the fact that crveeds ot
that size would have 12 th 13 percent of their hydronapatite me lecafes on
the surface  That figure happens to be very dose to the amount of ex
chumge an the surface of one gram of bone (yvdrovyapante) ervatals when
one 13 vang radwactne trcer metbods and when one has semoved the
organe substance from the bone (rystily 1 coment substance 15 present
{using fresh Lone), then the radioactine uptahe mav vary from 0 pescens
m farmng bane dow et to 20 percent in welt forured bone

1 abo fiave o stereopticon prture of 1 sample aund of veou look through
1t Yot notiwe that the tupression vou obtamed from the sureen s changed
stightly You can see what 4 por s ffare thes structure of hitle erystats
v te

Confesence Duscusston

Tollis OFf course T wonder how much matres his to do wath snterfermg ,
with the exchange Dr Copp <howed pctures of the great ease with whick
B

—— «

Bate N\ Spectfic Swrfaces of fane Qemel aned Dertme, ©

103 53} {1947) "
s /
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caleium can go through a very thick osteord border In that respect hone
matsin behaves just ke umbilical cord and cartilage n that the diffusion
bacl. and forth 1s accomplished with tremendous facility

Ashug Cartilage behaves m the same way ‘There 1s 1 central core of
caletficatron m the rib cartilage and vou can scarcely get the rib out soon
enough after griing an wntravenous dose to avoid a concentration detectalls
in the radicautograph At least five minutes 15 the earlest that we removed
the r1b from the 1mmal after njection of the tracer, and 1t was marhedly
deposited by that time

Follis That 1s a peculianity of tissue carrying mucopolysaccharide
4sling  No vasculanity
Tolhs No blood vessels of course

Bezclander  Are vou referring to the work Schmutt did several years
1go m Germany on polymerization?

Robinson 1f he used phalanges of the bat he could get beautiful pictures
of parallel onentation of both the fiber wnd the crystal according to R
Stuehler®™? who reviewed all that work 1n a lecture at Erlangen some years
ago But where you have had Haversian replacement of bone and remodel
mg 1t has been difficult to demonstrate such orrentation by . riy diffractton
or polanized light methods except n the outer Jamellar layers of the bones
f large ammals and the mner limellar lavers that are apparently laid down
as a final touch of modehing and withont Haversian replacement after the
amimal stops growing

Jolnson There 1s another aspect of that which needs clarification to
fully understand bone Another report would have it that 1n young bon=
the domunant x ray diffraction pattern 1s that of the organic component
collagen \W1th mcreasmg age the salt component becomes more and more
promiment and domimates the picture until about sixty or seventy After
this age new snner rings become apparent which are not explaed Warn
ings regarding the vanations within different portions of a gnen bone must
also be vorced with respect to variation of the same bone with age

Solel That 1s the same work I am spenhing of that of Meger at Mount
Smat who 1s a student of Tankuchen
Dr Shorr I should just like to ash a questron 1n connection with the

apparent irreverstbility of some portion of a calcrum cry stal

AStuehler R Ueber den Fembau des hnochens Fortsclritte ais ders Gebeete der
Roentgenstrol len 5T 231 264 (1937)
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Is 1t 1 fact that one can decaloifs an adult if he lies m bed for a year or
two almost completely by sunple mactination?

Shorr We studied 4 normnl sulyects who were immolnhized 1 plaster
casts for a period of 6 to 8 weehs They lost calcium at almost the same
rate as do many fracture patients \fore pronounced and progressine de
aalafication 15 seen m mmobilized polio patrents who will continue to losc
farge amounts of calelam for as long as 18 months {the period studied)
nfter the mfectious episode Very pronounced <heletn] rarefaction can occur
m these patents Timlhy 1n osteoporosis particularly of the idiopathic
tpe the loss of calaum from the sheleton may be so extreme that we can
sust distingsh the thin hine of the cortex on x rav It 1s evident then that
m these chmeal states at least there seems to be almnst no limet t the
extent to whnch a previously well formed sheleton can be decalerfied
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GENERAL CONFERENCE DISCUSSION

Armstrong  Gentlemen we have 20 minutes for free and open discus
sion during which time anyone can say anything that occurs to him

Unist T should hhe to ask Dr Robinson a question  Have you reached
a conclusion from studymg these different preparations as to whether the
crystal 15 assocrited with the amorphous or cement substance or with the
fiber?

Robinson 1 do not find them in the fiber I found them bound around
the fiber and tightly adherent to the periodic bands in the most provimal
layer to the fiber In bone from elderly males and m two day old bone
that adherence was not nearly as ight The crystals lie in the cement sub
stance

Armstrong  Just as a matter of record and for my mformation why do
you call the particles that you see along the films crystals? It seems to me
that they are particles of broken bone Have I gotten the wrong impression
about this?

Robinson 1 consider that the blendor 1s a very gross mstrument in rela
tion to crystals of the size with which we are dealing  Therefore I do not
believe that the Llade of the blendor comes around and cracks those hittle
crystals One can use the same method of dispersion on much larger crys
tals of synthetic apatite and enamel and 1t does not break them into small
umts such as are observed i blended bone Therefore I thunk that the
size observed 1s the size of bone crystals as they normally occur

Also the fact that the crystal size and surface area as caleulated cor
responds so well with the studies of radioactrie calcum and phospl orus
exchange and surfice area as determned by gas adsorption studies makes
me believe that these particles that we see are the crystals as they normally
ocettr 1 bone—in other words the ultimate crystal of hydroxyapatite of
bone

Shorr \WVhat 15 attaching them to the collagen fibers? Trialemm atrate

Robinson One thing they are not m the collagen fiber They are m the
cement substance [ don t know what nrikes them adbere to the fler  Per
haps the cement substance next to the collagen 13 bound chenucally to the
fiber

Shorr  Collagen

Hastings That 1s one of Hendrichs surface points

Johnson I should like to get Dr Hendricks to give us some sdea of the
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memwg of dommmnce of change of pattern, please accepting that as a
statement tht T hne taken from the Diterature  1f vou tave 2 constapt
surface your comstant basie erystal size should be the same regard'es, of
the age  Yet in the young bone or chuld bone your organic pattern dom

mates the pucture ne in your adult bone the morgame salt dominates the
Bone What does that mean to you in terms of mechinics of the system

Hendriehs 1 am the wrong person to ask T do not know  That was
refative to this showmg up of the < ray diffraction ning?

Johnson Reltne to the fact that the blendor brings down a cnsta)
that matches the surface area caleulations thit your studies and similzr
stures had led to Is 3t possible that thus surface adworbed mateng) on
the {1sic erystaf can go ahed to buid up a farger erystal and that woulg
be tow the more adult materal could fiave the x rav diffraction pattesn of
the crystal donunnt over that of the orgamic pattern so that yon get a
bustdup say of tinckness of the plates? You can build up your ongmal
fexagonal plates and get them thucher for metance with sandwiches of
ardsorl ed matersal 1n between

Hendricks The old hone gave defimtely farger crystals on the eleetron
THICTOROpe

Robnson 1In the case of the cattle hone the averge size of the erystal
was thout the same 1n developing bene (subperiostenl developimg Lore:
and 1 the catile bone that 1< the miture hone  In the mature hope a5
occastomat erystal was shghthy eger than any seen 1 the subepiphy szt
bone The crvstal outhne was smo gther i the mature hone  In the vour,
borie the outhne of the crystals was less exact and they laoked a e 4y
reegular arouncd the edges  In other words [ could never find g, e
hesagonat ervstubs w the vl Done it T feand m the cse of e P
storal farger ervetal s nture cattle hone ¢

Hendreks T can Al nothung to 1t !

Jolmsan Mube that fits 3 with Dr Neunnn s suggeshvw £
neomplete httice strinture nf the eristdl \a the lattue be oy
comyy fete wath aging vour cryvstd would become clearer on elas s
ofy ‘{

Copp  Dr Relmun qpropos of techmue we prefas o, ne
tmeragraphs by wtualls duppmg off wmal gseces of bose 3 7 ¢
the size of a red all wd phang them m abe dcﬂrun}ﬂ s,
Our netures were vers simitar to sours although miich ¢ Py
this <ty ports the validty of vour method and 1 <u péar Sotae
et affected by the Mlendiny ’
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Tollis Dt Hendnchs gave 100 angstronn, as the wize of the erystal dil
you not?

Hendricks Yes 1 was hoping that nught not be remanbered too ex
actly I think that the size would vary with the particular preparation s
a matter of fact, I was using 100 & for phosphate rock, and there 1t does
go down as small as sisty on thes other bisis  The francoitte specimen
contuned crystals 1s large as 250 &  The hundred angstrom figure then
was the order of magmitude

The mndrcations are that these are the ultimate particles front which the
materal 15 made that you are here seetng on the electron mucroscope They
are not mn any sense artefacts of the method

Aristrong T am still confused as to what 15 the difference between a
particle and a crystal

Hendricks A particle and a crystal?

frmstrony  1f we took a brick and put 1t 1n a Waring blendor and heat
1t up—

Heondricds You would have ne more Warmg blendor when you were
fimshed

Yes, 1t would be a system composed of particles one of which was not
like another but the particles themselves would adhere together, whereas
the erystal 1s structurally contmuous throughout Twao crystals might stick
together to form a pirticle and 1n this way 1t was attempted to reconstitute
by adding external collagen fibers, calcrum phosphates from another ammal
a cat and then stirring together Those things, agitated together as particles
composed of three or four crystals together nd then the whole bunch stuck
down on the other , wherets 1 the natural material, you could see the md
vidual eryvstals already dispersed out, stiching down on the fiber V4 hen you
tore all the material anay from the fiber, 1t clumped together and then went
hack on the fiber \pparently 1t was dispersed already down on the fiber
and had never heen tihen off and allowed to clump m particles nd then
got back on to the fiber

Johuson T think the question here 1s tied up with “crystal” as defined
by crystallography The pomt which was not apparent on the screen but
which 1s clear on the photograph 1s that hexagonal crystals are visible and
each axis can be seen  This 1s quite different from what particles will show

Heudnei's Dr Robinson did an mjustice by projectiag, because if you
look at them m the ongmal, they are extremely beautiful things and you
can oftentimes pick out crystal outhnes But, agam you do not have to
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have crystal outhines to have a single cry<tal It can be 1 rather mdefinte
outhne and still be one continuous crystal

Robinsen A crystal depends on the mternal lattice structure not on ats
external shape

Hendricks Upon the contininty of ats internal structure

Hastings  You mentioned hexagonal crystals just now Is this a hex
agonal erystal?

Johnson Yes
Robuson Tn tts maturest form
Hendricks  Show lum some of the hexagonat plates

Robinson  These things you see are enlarged about one hundred thou
sand times by the time we get them on the screen

Armstrong That 1s the pomt T do nct understind T wish vou wnutd
point out a erystal to me

Rolmson You sce the ngger a ervstal 15 the more apt at s 10 hve 2
well defined <hape

Armstrong Yes 1 see now
Robmson \nd the older the crystal ts the more apt 1t 15 to he Iryer
Hastings  With your dimension 550

Rolmson As T sy these dimensions vary (ier a wide range  \ter
mexsuring many of them I came out with 1 figure of around 500 angstroms
The width tends to be about half the length Incidentally the ratio of these
dimensions remuns about the same 10 5 for the length to the width and
the thickness to length rito tends to be 2 10 The thickness d s 10t scem
tovary 1s much 1s the length and the width

Jolmson When you draw the crystal as scen the onentatx n of crystal
anl of collagen fiber which Dr Sobel mentioned earlier now becomes
clewr Dr Hendricks pointed out to me that 1t rs the thickness of those
hexagonal tat lets which represent the C axts  And it 15 the € ax1s whneht
optical studies dicate 15 paralle] to the collhgen fiter Thus the major or
longest 1 of the hexagonal ervstal wall be perpendictihar to the enflagen
fiber

Henincks But thut 1s not what this electron muscrc ragh b wy Tt
shows that this long direction 1s pamllet to the callagen

Johuson The electron wicro.raph does net fit with the x ray diffretion
or optical palinization data®
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Hundricks Yes although I think one ought not to draw any conclusion
about that x r1y diffraction until st ts looked at pretty carefully It s the
sort of a thing upon winch a structure person will sometimes give a hop
skip and a guess rather than a final analysts

Foltis T should ithe to express for the record the feeling that I am sure
all of us have and that 1s our apprecation to Dr Armstrong for arranging
such an excellent meeting

Copp Seconded
Hiatt Amen  (Applause)

Armstiong 1 was just about to pomt cut 1t 15 now five o'clock and we
have come to the end of our road I want to thank our guests for ther
attendance at the Conference for their excellent presentations, and for their
discussion

Adjournment
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