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PREFACE

Tae Ciba Toundation, London, 15 an cdueational and
scientific charity founded by a Trust Deed made 1n 1047 Its
distingwshed Trustees, who are wholly responsible for 1ts
admumistration, are The Rt Hon Lord Adrian, OM,FRS,
The Rt Hon Lord Bevenidge, KCB, FB A, The Hon Sir
George Llovd Jacob, Kt, and Mr Raymond Needham, Q C
The financral support 1s provided by the world wide chemieal
and pharmaceutieal firm which has 1ts headquarters in Basle,
Switzerland ~1

The Ciba Foundation forms an mtemntloﬁmntre where
workers active in medical and chemiceal research are encour
aged to meet informally to exchange ideas and information
It was opened by Sir Henry Dale, O M, 'R S, in June 1949

In the first six yesrs, in addition to many part day discus
sions, there have been 87 international symposia, cach lasting
two to four days, attended by outstanding worhers from many
countries Other symposia are planned at the rate of five or
SIX a year

Acting on 2 suggestion, made a few years earher, by mem

bers of the comnuttee of the British Bone and Tooth Society,
the Director found an opportumty to melude a symposium
on Bone Structure and Metabohsm among the small m-
ternational conferences which were organmized at the Ciba
Foundation m 1955 Information provided by the former
honorary secretary of the Society, Dr T F Dixon now
Professor of Biochemistry i Baghdad, and by the present
honorary secretary, Dr H R Perhins, nas of the greatest
value to the Director n the arrangements for this meeting
He also recerved much advice on membership and the scope
of the sessions from Dr C E Dent, who later gave the
symposium the benefit of s Lnowledgeable and beneyolent
chairmanship

v
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The informalty and mtimaey of these meetings have per-
mitted discussion of current and mcomplete research and
stimulated Lively speculation and argument They have also
been the occasion for reference to much published and un
pubhshed work throughout the world The proceedings are
1ssued m full, with only the munimum of editing, 1 order to
pass on to a far wider audience the benefits of these meetings
It 1s hoped that readers will not only gain mformation and
msprration from this report, but will also feel that they share
n these frank and friendly discussions
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CHAIRMAN'S OPI NING RI MARKS
C 1 st

Dr Worstianors an s opening words has covered very
fully the procedurc to be follawed at our mectings dunng the
not fon davs Before pomngg further T want o oypress our
deep apprecintion of Jus work 1 orgaumzing this Symposim
and our gratitude too to the Gibn Youndiion by whose
generosity 1t hns bects made possible Many of us hore have
expenience of the vast amount of work required w order to
plan and bring about representatin ¢ international meetings of
this kind, and 1t 1s a real plensure, mived with foechings of
rehief, to reeall the manncr i which Dr Wolstenholme and Ius
stall hve shouldercd this burden for us

You will note, on turmng to the programme, that the
first papers concern the more fundamental approach to the
structure and metabolism of bone TFrom this we proceed
through biochemistry and then physiology, and finally come
to rest with climeal mediemne  Lhus is a most logieal and suit
able arrangement of subject matter It puts first things first
and reminds those of us who deal with the mteresting immed:
ate apphcations of knowledge, that we are always ultimately
dependent on the basic scientist, whose work we must make
scrious efforts to comprehend, even 1f 1t may appear at first
sight to be somewhat remote from ordinary affairs

Between us we cover very many aspects of our chosen sub-
ject We each know a great deal about eertain narrow aspects
and are pamnfully aware of our ignorance of almost everything
else I hope that 1n the discussions we will not allow such
ignorance to eramp our style in any way on the mistaken
assumption that we should only tall about things we fully

BOXE 1
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understand May I suggest also that in the next few days we
act not so much as members of a Symposium—this word 1s
rather too formal for my Iiking—but as simple members of a
family gathering, brought together from all parts, many of
us strangers, but all of us already closely kmit by 1 common
loyalty and 1deal



STRUCTURE OF' BONL 'ROM THE ANATOMICAL
TO THI MOLICUI AR LEVEL

Anst I'sestrOM
Depariment of Phyncal Cell Reaearch harelinsha Inshitute, Stacl halm

Trow a general physiological point of view the sheleton
was for a Jong time considered to be of minor interest Iow
ever, with the introduction of radioactive 1sotopes to the
study of the metabolism of the ealeified tissues the utterly
Inbile state of the mineral salts was clearly demonstrated and
1t was early shown that spongious bone had a gher “turn
over” than compact bone The rate of rchwlding 15 thus
higher n the spongious than 1n the compact bone, a finding
which 1s also verified by histological examination  This
eommunteation will try to mive some general aspeets on the
biologieal role of the rebwslding of bone seen from the macro
scopic through the microscopie down to the molecular level

The gross shape of the bones reflects their supporting func-
tion and the response of the compact and spongious bone to
mechanieal forees has been extensively investigated Recently
Hirsch (1955, personal communication) has applied modern
measuring techniques to this problem In autopsy specimens
the neck of human femur was dissected free and the shaft of
the bone was firmly attached 1n o spectal holder A load was
apphed to the top of the eaput (curves A, B, Cand Din Fig 1
mdicate various positions of the load) and the signals from
strain gauges placed on the lower side of the nech were
recorded The interesting observation was made that the
deformations of the nech were not very much changed if the
spongious bone inside the nech was removed  If smallincisions
were made 1n the cortical bone, howeyer, the deformation was
great This experiment therefore showed that the spongious

3
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bone did not contmbute greatly to the mechameal stabiity
n this particular ease
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Fic 1 The deformation of the neck of
the femur with (index T) and without
sponposa 'The letters A B C and Din
dicate varous positions of the load in the
two cases Remaval of the spongious bone
does not mnfluence the deformation to any

ble extent (R d by

courtesy of Dr C Hirsch)

It 1s the highly orgamzed system of organic inorganie
matenal which gives the great stability of the bone tissue and
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a study of the quantitatne distrtbution of the mineral salts
within the histologieal units composing the bone tissue gives
information of great wmterest The distnbution of mneral
salts 1n osscous tissucs has been examined by the methods of
quantitative X 1y mieroscopy developed i our laboratory
(for references see I'ngstrom, 1916, 1953, 1955) The advant-
age of whlinng M wys for mucraseopy 15 that the N ray
absorption can easily be correlated to the chemieal com
position of the speesmen  Lhe following procedure has been
adopted for the study of bone tissue  Scetions of a few
hundred mierons or less in thickness were prepared from bone
tissue by grinding These scctions were placed 1n contact
with a fine gruned photographic emulsion (Eastman Kodah
Spectroscopic Plate 649 or Kodak Maxtmum Resolution
Plate) and an mage of the ground section was recorded with
soft X rays The wavelength of the X rays has to be chosen
so that all absorption 1n the mage 15 cnused by the mineral
salts A mucroradiogram of the decalaified speeimen regis-
tered under the same condittons should give no contrast at
all The resolution of the small X ray image on the fine
gramed photographic emulsion 1s so Ingh that 1t can be
examined under high power in the optical microscope It 1s
posstble to record X ray images {microradiograms) which
have a resolution of 0 25 p and the ultimate imit of resolution
15 the resolving power of the hight microscope Differences in
the degree of mineralization will show up as differences in
photograplie density and ~ muerophotometric evaluation
of the densities will give the loeal amounts of absorbing
substances 1n thus cose the amount of worgame materal
The theoretical basis for this techmque 1s given elsewhere
(Engstrom, 1946, 1953, 1955, Engfeldt and Engstrom, 1954)
The microradiographie study of the mineral distribution 1n
bone tissue revealed that the content of mineral salts varied
from one structure to another Amprino and Engstrom (1952)
showed that there was a progressive mncrease 1n the mimneraliza
tion of the osteons (cf Fig 2) and that the number of lowly
mineralized structures was greater 1n spongious bone than m
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the compact bone (Fig 4) These findings were entirely
venfied by the application of micro interferometry to thin
sections of bone tissue (Fig 3) (Davies and Engstrom, 1954)

The relative proportion of inorgame and organie material in
the various structures of bone have been studied by miero
terferometry (Davies and Engstrom, 195¢) and by X ray
microradiography ~ After deenleification 2 microradiogram
taken with X ravs of much longer wavelengths (8-10 A) with
speaal equipment (Engstrom and Lindstrom, 1950, Combee
and Engstrom, 193 1)shows the distribution of organic material
(g 7)

It was observed by Borst and Komgsdoriler (1929) that
1n the classienl ease of porphyna (Petry) the porphyrins were
localized 1n certain Haversian systems, mdicating varving

PLATE I

F1c 2 Microradiogram of a 200 micron thick ground cross section of the
femur of a 7 year old boy The microradiogram was registered with 35 hv
X rays on a Maximum Resolution Plate showing the varying degree of miner
abzation White structures have a high content of mineral salts  The osteo
cytes appear as small black oval dots with no minerals  The organtc content
of the Haversian eanals shows no absorption of the 35 kv X rays

F1s 8 A 5 mucron thick ground section photographed in a Cook Troughton

and Simms interference microscope The shift of the mterference fringes

mdicates that the Haversian system 1n the centre has less content of muerals

than the surrounding bone tissue which 1s 1 accordance with the muneral
distribution shownin g 2

Fi16 4 Microradiogram showing the muneral distribution in the spongious

bone tissue m caput femoris from an adult human _The abundance of lowly

muneralized areas 1s well demonstraited 40 kv N rays Dastman Kodakh
Spectroscopic Plate 649

Fi 5 Radioautograph of a part of 4 rat tal The ammal had received
radicactive strontium 8 days before bemng saerificed The high uptake of
95r 13 clevrly seen
Fic 6 Radioautograph of a ground cross section of a femur from a dog
which had recerved *Sr one week before being sacnificed Note the high
uptake 1n the endosteal Jayer and 1n certain Hayersian systems  The micro
radiogram of the same section showed that the 1sotope labelled systems had
a low content of mneral salts
Fic 7 Microradiogram of 5 mucron thick section of a decalerfied humn nib
This picture was recorded with 1 8 ks \ rays on Lippmann emulsion 1n order
to show the distribution of mass It s evident that the orgame substance 1s
evenly distributed 1n the Iaversian systems and also the content of organic
material 1n the Haversian canals as well as the bone marrow 1s clearly seen

The amount of orgame sul 18 high 1n the hines
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physicochenuenl praperties of the different lustolopieal strie-
tures  One could therefore suspeet that 1sotopes of ealennm
or phosphate, when introduced into the orpgatism, would
also show n speaific patiern of Joealization and 1t was shown
by Fngfeldt, T ngstrom and Zetterstrom (1032) that radio
actise phosphate was concentrated 1 the adult bone tissue®
manly i those structurcs which had n low content of mineral
salts 1e in structures i the proecss of beng mmerabized
The uptake of 1sotope m the spongrous bone 1s thercfore igh,
as 15 demonstrated by the radioautogeaph in Tig 5 Its of
mterest 1n this connection to note that n great number of
radioactive products appeanng at fission of heavy atomic
nucler are bone seching and thus will become locahzed 1n the
lowly minernlized structures in bone where they give nse to
tnternal radiation damage lig 6 shows how 98y 15 de
posited 1n such *hot spots’ in compact bone tissue

The lowly mineralized structures in bone tissue are thus in
a state of very rapid exchange with body flunds, o property
which indicates the physiological function of these structures
In fact, the mineralized tissues 1n the body act as an effective
ton exchange column

The experimental findings reported above mndicate that
there must be a molecular organization of the mineral salts
n the bone tissue which 1s particularly well smited for 10n-
exchange mechanisms Recent X ray crystallographie studies
on bone (Finean and Engstrom, 1953, Carlstrom and Fincan,
1853, Carlstrom, 1955) have shown that the crystaihtes of
the bone salts have the dimension 220 X 65 A There scems
to be a close relationship between these crystallites and the
collagenous fibres ¢ The morganie erystallites are aligned with
their long axes parallel to the collagen fibres and three mor
ganic erystallites seem to fill up one “period’ of the collagen

There has been a lengthy discussion on the chemical nature
of the bone salts and various types of caleium phosphates
have been proposed In discussing the natu e of the bone
sait one must always remember the minute size of the crystal
hites which means that they have a large surface area One
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gram of bone salt has an area of 130 square metres Carlstrom
(1955) has discussed these problems and among the proposed
caletum phosphates 1n bone tissue the only ery stallographie
ally possible compound 1s hydroxyapatite As mentioned
above the crystallite size 1s small and therefore the large
surface area can adsorb vamous other ions The caleum
carbonate 1n bone most probably exists mn a form adsorbed on
to the surface of the apatite The small size of the carbonnte
explams why no calaite ines appear 1in the X ray dingrams
Carlstrom (1955) heated bone m an atmosphere of carbon
diowide at 800° C for a long period and the earbonate erystal
lites increased 1n size so that 1t was possible to record the X ray
reflections from caleite superimposed on the hydroxyapatite
pattern

The width of the apatite erystallites corresponds only to
about seven umt cells (the unit cellise =9 12and ¢ =6 88)
and therefore the relative number of groups 1n the surface
position will be comparatively large Fig 8 shows dingram
matically the appearance of the 100 surface whether ended m
an acid or basic medium It 1s natural that the adsorption of,
for example, caleium or phosphate on to the surface of the
small erystallites will greatly influence the net chemueal
composition of the bone salt Large crystallites of apatite, for
example prisms with 2 diameter of 83000 A, would have a
molar Ca/P ratio of 1 667, and the ndsorption on to the surface
of calcium or phosphate exclusively would influence this
value only to a very small extent In the case of the small
crystalhtes found in bone however the surfice bound 1ons
will greatly influence the Ca/P ratio depending on whether
the crystallites end up with calcium or phosphate (electro
neutrality will be accomplished for example by hydronum
or hydroxyl 1ons) If a 50 A thick crystallite has all three
possible surface positions filled with calerum the Ca/P ratio will
be close to 2 and 1if mstead two phosphate groups make the
excess on the surface the Ca/P ratio will be between 1 3 and
1 4 Ttis evndent as Carlstrom (1955) has pornted out that
chemical analyses of bone salt and synthetic apatites which
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have small erystallite sizes are of httle ralue mm the inter
pretation of therr erystallographie structure, and 1% 15 not
necessary to assume whether they are “defect” or substituted
apatites m order to explam the chenuenl and physieal pro-
perties of the “collowdal caleium phosphates™

¥

. 0—{ Extess of Ca** on
\ ’ﬁ' . surfoce
}: * o weos

'.4{' * g [orad HCO3)
P 2‘ ELS
y
.
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Y v Citrote™
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o »
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L 4 SOLUTION

. ; . *{ H30* "
2{:{}' S o

>
oA >«"<>* -
}‘s@"—{ -}.;{ }:".Sﬂ'lacu
[ goenh

Fic 8 A simplhfied drawing of the (100)

surface of hydroxyapatite seen n the direc

tion of the ¢ axis Some of the 10ns known to

be bound at the surface of the bone crvstal

Iites are indicated 10 tlu; solution (Carlstrom
55

*

The considerations presented above indicate that the bone
tissue, seen from the molecular to the histologreal level, has
the characteristics of a system which exerts the most intbimate
contact with the tissue fluds and that changes in the surface
composition of the crystallites can take place at vanious places
atavery ghrate Thisis one of the important phy si0logical
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functions of the bone tissue, and when apphed to various
pathological conditions these aspects have given new views
on 2 number of hitherto obscure conditions The biologieal
drawback of these quick exchange reactions ts that harmful
products, also, such 1s the components appearing aftcr atomic
explosions, will be adsorbed and localized in the sheleton
(Engfeldt et al , 1954) The obviously great physiological role
of the skeleton m normal and diseased conditions and the
mcereased risk for the human individual of acquiring sheletal
“infections” with radionctive fission products, necessitates
further intensive research on the minerahized tissues

REFERENCES

Amprino R and EnGstroM A (1952) Aeta anal 15,1

Borst M and Konigsporrrer H (1920) Untersuchungen uber
Porphyrie Leipnig Hirzel

Caristrov D (1955) Acta radiol Slochh Suppl 121

Cartstrom D and Finean J B (1933) Biochim bwophys acte 13,
183

Couser B and Encstrov A (1054) Biochim biophys acla 14 432

Davies H G and ENestroM A (1954) Exp Cell Res 7 243

InxererpT B Biornrrstepr R Crevensoy C J  and LNGSTROY
A (1954) Acta orthopaed scand 24 101

Encrript B and ENesTroM A (1954) Acla orthopaed scand 24
85

EncrErdr B Encstrov A and Zerrerstroy R (1952) Brochum
bophys acta 8 375

EncstroM A (1946) Acla radiol Stochh Suppl 63

ENnGgsTROM A (1953) Physiol Rev 33 190

ExgstrRoM A (1955) In Analytical Cytology ed R Mellors New
York McGraw Hill

EncstroM A and LinnstrovM B (1950) Biochim biophys acta 4,
351

Finean J B and EncstrovM A (1953) Dwchem biophys acla 11
178

DISCUSSION

Armstrong Robinson measured the length of bone particles and got
a figure rither ke your 660 A Y oumndieated that three of y our crystals
were put together to make one particle that he sees on the electron
microgram Would you expand a little more on how three crystals make
one particle?



Discusston n

Engstrom We has e not done any clectron microscopy onbone Ifyou
take a prece of fish bone and heat it slowly, you will et n meridional
diffraction pattern with spacings of 220 A, 410 Aand 660 A Ifyoutake
awny the collagen you get the same spacings, wineh could be inter
preted ns indieating some sort of interruption n the erystals, at least at
the longest spaaing 1€y ou heat bone stowly you will find that the 220 A
spaeing duminishes in intensity and only the longer spacings remain
There may be some intermeduate materini which ean fuse the cry stallites
together—it may well be earbonate—I would not be surprised 1f we are
unable to distinguish in the clectron microscope between earbonate and
hvdroxyapatite and thercfore sce Jarger aggregates with the latter
technique

Armstrong His wadth was also & httle wider than three times your 70 A

ILngstrom Robuson and Watson show plate lihe structures which are
about 50 A m one dimension and 200-300 A in the other As wegeta
straight curie relating the low angle seatter with senttening angle we
thunk that there 1s o fairly symmetrical cross section of the particles
The Jength of the particles may be of the order of 200 A A plate can
easily be bwlt up by aggregation of such particles Piates have been
deseribed 1n preparations of synthetie apatites which by X ray dif
fraction are not apatites 'l hese plates are some sort of a two dumensional

pseudoapatite’ with spacings which do not exist 1n bone apatites

Follis VWhat does tls third dimension look lthe? Is 1t round?

Engstrom  Yve think 1t 1s 8 fairly sy mmetrical cross section, that 1s all
we can say at present It may be a hexagonal prism or perhaps a httle
more wregular  Thus 1s from N\ ray diffraction evidence

Lacroix Prof Engstrom what 18 the difference at the molecular
level between the fully caleified and the less calaifled osteon?

Engstrom That 1s a difficult question to answer, because the particles

i mature bone are already so small that they give poor X ray
diffraction, and if they were smaller we would not see much of them in
this sort of X ray investigation It has been postulated that the apatite
particles are swimming 1n an organic medium  but I would say, from the
figures we gave, that we have roughly 40 per cent by volume of inergnic
%nd 60 per cent organic 1t must be 2 rather close paching m fully ealeified
one
Blaxter How does modific1tion of the crystal surface alter the com
Position of the interior of the erystal? Do you get recrystallization?
Lngstrom We think, that the nucleus of the crystallite 1s hydroxy
apatite and the changes or modifications take place on the surface
{)ﬁ» 3;:\11 try to make symt‘l‘et;\cl hyod}r{(s\y apatites and try to introduce Mg
CIRAps more correc
p“;; el y Mg(OH) the growth of the crystallites 1s
ogers Could you tell us a little more about the endosteal reglon
We (Rogers H J Werdmann S M and Jones H G (1958) Blo%hem?
J 54, 37) have found that the 2P content of this part of the femur 1s
:&rg" ‘I:églc hc;m{)pamd ‘t“lt\h the rest of the bone It 1s important to 1 now
5 Jarge v e 0!
of young osteo;gs pta! f 150tope 17 1110 13 due entirely to the presence
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Engstrom Ve think that 1t s young osteons which have a hugh uptake
of 1sctopes but Prof Lacroix will say that there scem to be a few
exceptions Ve have not done the quantitative corrclation between the
amount of 1sotope and degree of mineralizition, only by visual compart
son Quantitative data are being assembled

Bélanger In 1953 we published (Bélanger L T (1953) J dent Res
32, 168) a picture which indicated that this seems to be the case It
showed the 1sotopic exchange at the level of mineralized bone after
soaking 1n a solution of 32 Ve expected to find most of the exchange
taking place n the diaphysis which 13 the most highly mueralized
portion of the bone on the contrary we found exchange taking place
mostly in the epiphyseal areas which are the least mineralized, so this
seems to indicate that these least mineralized areas are more easily
accessible for transit and consequently for 1sotopie exchange

Lasco What amimal was this and what was the age of the animal?

Bélanger This was a growing male rat of about 80 g This was &
section of minerahized bone placed 1n a solution of phosphoric aeid for an
hour

ILasco 1 suppose you would expect a corrcspondence between this
32P and 4*Ca 1f you did 1t the same way wn vilro?

Bélanger I expected 1t but 1t does not work that way there are
complications which I may perhaps discuss at length later

Dallemagne Prof Engstrom what do you think about a bond between
the organic and the inorganic matter of bone?

Engstrom The mere fact that the components are so closely tred up is
Ithink an mdication of some sort of 2 bond between them but we do
not know the exact nature of that bond If we could get some 2n mefro
system working and block certain organic groups we mught learn more
about the relationship between the organic and inorgame phases of bone

Dent What 1s the function of these crystals? Is 1t correct to imagine
that the bone 1s being strengthened by little objects which stop the sort
of shearing movements that might oceur 1n an otherwise rather flexible
orgame matnx? Is it a sort of reinforced concrete?

Engstrom Yes Ithmk Prof Lacrorx has once mentioned prestressed
concrete  The work which Amprino and we have done together shows
that lowly minerahzed bone 15 not very stable mechanically but has a
high degree of 1onic exchange

Nordin Does yjour work on the stressing of the head and neck of the
femur mean that all that we have learned about the lines of stress and
the way the coll fibnls lay themselves along just the night lines

according to the stresses 1s all misleading and we have got to discard 1t?

Engstrom No I would not be so brave It mercly indicates that
this case the total mechanical stability the major part I would say nine
tenths 1s given by the outer zone of the femur neck

Rutishauser 1 think that these observations concern the really acute
form of stress Chronic bone stresses (30-60 days in dogs) affect the
cortex at the pont of maximum tension rather than the centre imtially

Lacrowr A tecent monograph from my lahoratory (Vincent 1955)

contams an 1illustration showing a difference mn Ca content from one
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1amellh to the other 1lus difference is not scen—at least not with the
Lind of soft \ my that has been used—in o very young osteon, nnd it
fides out when the full load of Ca is reached

Engstrom Y ou sec the same thing in the interfcrometer microscope

Nordin Y you deeateify the nech of the femur 50 that notlung is Teft
but the organic phase doesit just collapse or has it got any strengthleft?
Has the matnin got any strength in its own night?

Lngstrom T have not done that, but I imagine st may collapse

~Armstrong Is it not o fact that the tnorganic matenal of bones is
Tocated 1n relation to the 640 A spacings of the collngen fibnils?

Engstom 1think there are indications of that both from elcetron mucro
scopy and X mmy diffraction studies

Armstrong This observation does not prove the point but it does
suggest that there may be some association between the orgime fibrils
and the morganic matera!

Meyer Does the collagen fibn! in bone have homogenous distribution
of width or not? I would assume that if the width were varnble you
would get only a statistical distribution not along the long avis but
along the short axs the caxis

Ingstrom The width of the fibrils vanes quite o Jot but the spreing

seems to be fairly constant I hiave no idea about the distribution of the
widths 1n bone collagen
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It 15 remarhable that since De Jong (1926) established that
bone salts haye 12 molecular structure sinmlar to that of apahte
numerous studies dealing with the same subject have still not
achieved completely satisfactory results However, 2t first
sight the problem appears simple bone salts} m-unly contain
caleium, phosphorus, carbonic anhydride and water The
point 1s to establish therr reciprocal chemical relations and to
determine their molecular structure Thereafter, the position

of the secondary elements, magnestum sodium and potassium,
still has to be defined

Mineralization of bone salts

The study of bone salts requires the destruction of the
organme part of bone and this 1s the first senous difficulty
For 50 years Gabriel s method (1894) has been commonly
used, but what 1s the effect of such treatment on the molecular
structure of bone salts? The question has already been put
clearly by Armstrong (1950) The principal argument m
defence of this method 15 that the X ray diffraction pattern of

* The research reported 1n this paper has been supported mn part by the

v h and Devel C United States Air Force under
Contract AT 61 (514)-647 through the Luropean Office Awr Research and
Development Command and the Centre Interuniversitaire Belge des Scicnees
Nucléaires

1 In the following pages we refer to tricalerum phosphate hydrate as TCPII
to glycol ashed bone as bone salts and to the quantity of calcium which ranses
the Caj/P weight ratio of bone from 1 94 (TC1 H) to'2 26 as excess caleium
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total hone does not scem to be affected by glycerol KO
action But the breadth of the X ray diffraction limes of
gls col ashed bone and total bone hinders any prectse analysts
of the radiograms, which reduces the value of the argument
(Carlstrom, 1955) Nesertheless, 1t can be assumed that both
structures ire roughly the same It has been stressed that
different results are achiey ed when esther total or gly col ashed
bone are analy sed {Burns and Henderson, 1935), but the fact
does not scem conclusive, because glycol ashing may have
climinated mineral clements which have no connection with
bone salts proper

The other mmeralization methods, ethylene diamne,
tryptic digestion or ignition, alter the composition or structure
of bone salts more strongly Gabricl’s method 1s most cer-
tainly open to critiersm, but alone 1t does not give rise to gross
apparent modifications, we have to use 1t because 1t 15 Jess
njurious than the others

‘We must pomt out that if the orgame and mineral parts of
bone are bound together, the destruction of the first must
necessarily induce some changes i the composition of the
second

Finally, 1f gly col ashed bone does not exactly represent the
mineral part of the sheleton, study of 1ts composttion and
properties was at least a fruitful approach to the problem and
contributed to progress in the chemistry of caleim phosphates

Binding between carbonate and phosphate phases of
bone salts

Previous exper ts (Dallemagne and Brasseur, 1947)
showed that the carbonate and phosphate phases of the bone
salts are chermcally mdependent We considered that a
sertes of arguments, though open to enticism when taken
separately had some value once they were put together, we
recalled them several times (Dallemagne, 1951) Bone salts
no doubt contain an appreciable amount of CaCO; though
CaCO, lines are not seen on the X ray diagrams of bone salts
But this does not necessarily favour a single phase hypothesis
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(according to the conceptions of erther Gruner and McConnell
(1987) or Borneman Starinhevitch (1938)) Indeed, carbonate,
adsorbed as a very dispersed phase on the surface of phos
phate mucrocrystals, has no influence on X ray diagrams
In favour of the two phases hypothess, 1t must be stressed
that the carbonate content of bone salts can be extracted
specifically enough by hydrochloric acid and that bone
carbonate decomposes 1n the same way as CaCO, during
thermal treatment

The appearance of the CO, thermal extraction curve of
bone salts 1s similar to the CaCO, decomposition curve, any
small differences can be easily interpreted (Fig 1) Some bone
€O, 15 ehmmated as early as 300° C This probably corre
sponds to decomposition of MgCO, Most of the CO escapes
between 500° and 600° C, as happens with pure synthetic
CaCO; but the last traces of CO, are ehmmated only around
700°-800° C  This delay probably results from part of the CO,
being trapped

Infrared spectroscopy studies provide a new argument n
favour of the two phases hypothesis The typical lines of the
bindings Mg—CO,; and Ca—CO; appear on the patterns
(Posner and Duychaerts, 1954), but this does not seem to be
absolutely conclusive, this method gives no quantitative
results and 1s so sensitive that a very small quantity of
adsorbed CaCO,; and MgCO; can be detected, even if the
greater part of these compounds 1s bound 1n some way to the
fundamental phosphate crystals
, All these arguments show that CO, 1s not fixed to the bone
salts lattice by the same bindings as 1n mneralogieal carbon
ate apatites But the possibility of binding by chemisorption
at the surface of the phosphate microerystals 1s 1n no way
precluded

Hydroxyapatite

We think, therefore, that bone salts are not wdentical with
mneralogical carbonate apatite just as we always opposed
the opmion that they are composed of hydroxyapatite with
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1 51 SAMPLES OF SONE SALTS o—s
Phi MIXTURE OF TCPH (90981 and €aC0s
o 0%

€0y Lost by Cal0y and g0y

. S
100 200 300 400 500 600 700 60O 900°C

TEMPERATURE DURING HEATING
E1g 1 Effect of heating on bone salts (five dif
ferent samples) on a muxture of TCPH (90 per
cent) and CaCQ, (10 per cent}) on pure CaCO
and on pure MgCO, For each pomnt 500 mn
samples are used and heated dunng 24 hours
The water loss value 13 calculaled by subtmclmg
the €O, loss (ob
from the total welght losz
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additional CaCO; Neither did we ever agree with the 1dea
that TCPH and hydroayapatite are simlar We have no
intention of entering into all these arguments again, we shall
only deal with two of the most 1important points

We consider that bone salts cannot be hydroxyapatite,
since the calculation of equivalence between cations and
anions absolutely opposes this coneeption, should the funda
mental molecule of bone salts be an hydroxyapatite, then
they would not contain enough caleium to fix the CO,

Neuman himself (1953) put forward an important argument
against the hypothesis (Tromel and Moller, 1932) that TCPH
1s an hydroxyapatite which has adsorbed enough PO, 10ns to
lowerits Ca/P ratio from 2 14tol 94 This author established

_sthat tricaleium phosphate precipitates have an effective sur

face which 1s too small to fix enough PO, 10ns

Moreover, we consider 1t mmportant as well as desirable
not to define as ‘ hydroxyapatite” molecules which differ
from hydroxyapatite 1n most of their properties To avoid
confusion, Fabry (1954) imtroduced the name *“pseudoapa
tites” to describe synthetic caleum phosphates and bone
salts which are both hydrated salts

Binding between excess calcium and TCPH
Since 1952, our conceptions have somewhat changed,
owing to some disconcerting experimental results If 1t 1s
true that the excess calcrum of bone salts 1s present as CaCO,
and that this 1s adsorbed on the surface of the phosphate
microerystals, an merease 1n the size of these microcrystals
must liberite 1t  Now we know that heating at an appropriate
temperature causes these particles to increase in size With
Posner, we established that the surface of crystals of bone
salts dried at 105° C 1s 129 m” /g and after 1gmition at 600° C
15 60 m? /g
Thus, we performed the following experiments samples of
bone salts are heated for 24 hours at 100° 200°, 300°, 400°
900° C and then immersed i CO, free distilled water
Allaline elements are progressively liberated and trtrated
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with TICl and phenolphthalemn, thereafter, the dissoly ed 21(:

ments arc chemieally determined  The 600° € and 700° C
samples have the greatest alhalimty -~ At these temperatures,
the surface of the particles has shrunk to half of 1ts original
size and CaCO, has become Ca0, much more soluble in water
If the hypothesis that caleium carbonate 15 adsorbed on the
surface of the phosphate microerystals s true, o lugh enough
proportion of CaO should be dissolved 1n the water phase

But the ealcum concentration in water always remains
smaller than expeeted the lnrgest amount found m water
never exceeds 0 5 per cent of the total bone salts (1¢ little
more than 3 per cent of the exeess ealcium), but we find that
60 per cent of the magnesium and the whole of the sodium 1s
hiberated The amount of caleium mn solution 15 much smaller
than the 14 per cent supposed to be adsorbed  Ihe most con

vinemng nterpretation of these experimental results 1s the
following the cxeess caleium 1s bound to the phosphate by
other forces than those of physical adsorption, a very small
part of bone ealeium 1s adsorbed on the surface of the crystals,
one third of the magnesium replaces calerum in the phos

phate molecule the remaining two thirds are adsorbed on the
surface, sodium 15 located on the surface only and hiberated as
soon as the particles mcrease 1n size (Dallemagne, Fabry and
Posner 1954}

Another series of expenments supports the import of these
results

Fabry (1954, 1955) established (Fig 2) that pure synthetic
TCPH or any pseudoapatite with a low Ca/P ratio, dried at
room temperature, fixes calcium ions when immersed i a
lime solution, 2 mequiv Cafl (as shown by conduetivity
measurements) The Ca/P ratio of the solid phases increases
with time, up to a constant value of 2 26

The hugher the temperature, the more rapid 1s this ealerum
fixation The fixed caletum 1s not eliminated by washing with
warm water, the fixation 1s an urreversible process Larger
quantities of calerum can be fixed on the solid by using con
centrated ime solutions, so as to reach a Ca/P ratio ligher



20 MarceEL J DAILTMAGNE AND CLAUDINE FABRY

than 2 26, but ¢lution with warm water removes part of the
caleium until the Ca/P ratio 1s reduced to the value of 2 26
Thus, this Ca/P v alue seems to constitute a quite characteristic
limt It s remarkable that 2 26 1s also the most frequently
observed Ca/P value of bone salts

Therefore, the excess caleium 1s not sumply physically
adsorbed on the surface of TCPH mucroery stals, but 1s bound

B .ofoH)y m equiv/i
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1% 190
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Fic 2 Calelum fixation on svathetie caleium phosphates with varying
1nitial Cn/P wel ht ratio rangmg from 1 "2 to 2 14 m equv /1 of Ca(OH),
d b; at 25 C) fixed on 140 mg of sohd
mmmersed in one Iitre of & 2 m equiv /I lime solution

by other forces diflerent from Van der Taalss and more
probably corresponding “to a chermsorption process This
calcium c¢in be considered to bind together the PO, and CO,
groups

This conclusion necessarily gives rise to a new problem
to determine what 1s the night hind of binding between excess
caletum and TCPH and whether or not it differs in both
pseudoapatite and mmeralogical apatites There are strong
grounds for thinking that the kind of binding 1s different  here,
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in fact, hies the eru of the problem of the moleeular structure
of bone shlts

The coneept of ealentm atoms binding togcther 1CPIE and
CO, fits in quite well with the fict that the CalO; hines are nat
aisible on N rav dingrams of bone salts  Lherefore, two eal
cium atoms must be linhed to onc €Oy group  Indeed, the
caleulation of cquivalence between anions and cations gives
better results when the following earbonates are supposed to

be present i bone salts -—Cu—(@a) » MgCO, (adsorbed),
NaHCO, (ndsorbed)

Calcium 1sotope studies

Falkenheim, Underwood and ITodge (1931) established that
glycol ashed bone can exchange about 1t per cent of its
calelum atoms when immersed 1 a solution of #CaCl_ On
the other hand, Minder and Gordonoff (1953) showed that
bone salts and the correspondmg 1CPH 4 C1CO,; munture
give an exchange reaction but only to a very small extent
when these materials are ealeined, or when Norwegian natural
apatite 1s used

Using a solution of 45CaCl, contaiming 5 m equiv  Cafl,
we also found that equilibrium 1s reached after about 20
hours between the solution and glycol ashed bone (Tig 3),
at this time, 14 per cent of ealctum has been exchanged
Tollowing the agreement of our figures and Falkenheim’s,
we came to the conclusion that excess calcium represents
14 8 per cent of the total calctum of bone salts (for a Ca/P
ratio of 2 26) On the other hand, we observed only a neghg
1ble exchange when using TCPH under the same experimental
conditions We concluded that excess caleium only 15 1ny olved
n the exchange process This process 1s rather rapid and
really consists of a true exchange (Dallemagne Tabry and
Bodson, 19552) Another experiment confirmed these views

We know that small quantities of HCl can selectively
dissolve caleium bound to CO, A sample of bone salts which
has previously exchanged 14 per cent of i1ts calewm 1s
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treated with different solutions of HCl (contuning from
0 04 mequny to 1 25 m equn HCI/100 mg of bone salts)
After each treatment with HCI (upper tracing of ¥ig 4) the
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Equlibrium 1s attamned after about 20 hours The

specific actrvity of the solid phase reaches the same

value as the iquid phase when related to the excess
calelum of bone salts

spectfic activity related to the excess caleium remamns con
stant both m each hquid and 1n each residual solid phase
This means that HCI rather selectively ehmmates the excess
calerum and that the same thing happens with radioactive
ealcium  Therefore excess caleum comerdes with exchanged
caleium (Dallemagne, Tabry and Bodson, 1955b)
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True exchange and recrystailization

Neuman (1950) and Falkenheim, Underwood and Hodge
(1951) described the kinetics of the P and Ca exchange re
actions the first rapid process s the true exchange, the second
and slower process depends on reerystallization

The true exchange process 1s rev ersible, as demonstrated by
Neuman and recently confirmed by us It probably consists
of substituting by #5Ca the caleum atoms of bone salts,
which can bhe 1omzed when mmersed m water But, under
certain conditions, the rapid true exchange process 1s followed
by a slower phenomenon described by Neuman as well as by
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Minder and Gordonoff Then recrystallization 1s concerned
‘We observed that such reerystallization takes place 25 soon as
the CaCl, concentration of the radioactive solution 1s high
enough Indeed, 1t takes place very casily and appears in
many different circumstances, for example, 1n moist bone salts
put 1n the oven at 105° C for drying, boiling in water for a few
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Fic 5 Percentage exchange of bone salts plotted
against the CaCl, concentration of the liqmd phase

hours has the same effect Under these conditions particles
of bone salts increase m size, as shown by X ray diffraction
Then the radioactive caleium exchange conditions are greatly
disturbed True exchange slows down, 1omzation of the excess
calcilum decreases at the same time as 1onic concentration
ncreases 1n the hquid phases The reversibility of the process
1s reduced Fig 5 shows the influence of CaCl coneentration
of the liquid phase on the percentage exchange of bone salts

the starting pomnt (left) of this experiment 1s still higher than
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14 per cent, which 1s onlv obtned with lower CaCly content
of the ligmd phasc  Uns pereentage xchange ancrc wes
slowly when the contuct of the solid and the higud phises
becomes longer  On the other hand, reerystallization scans
to block the exchangeable ealerum atoms I reery stallization
has oceurred during the contact of bone salts with the ¢ CaCl,
solution, the results obt uncd when the solid 15 treated with
HCl are quite different Reerystallized samples of bone salts
are submitted to thirty successive HC1 fractions (0 02 m
cquiy /100 mg of solid) As shown by the Jower tricing of
Fig 4, the speeific aetinaty of the liqud phases (ealeulated
by me s of the formula __¢epm 15 no longer constant
mg cxeess La

but mnereases when TICH dissolves hoth the CaCO, fraction
of bone salts and the recrystaliized phosphate fraction It
becomes constant agam when this fraction has been removed
and beeomes similar to the speceific activity of the residual sohid
caleulated by means of the same formula

This recrystallization process, the nature of which 15 not
wellknown, 1s important as pointed out by Neuman loribara
and Mulryan (1932), since 1t has some mfluence on the
incorporation of radioactive elements i the sheleton 21 vivo
It explans why 45Ca, after penetrating the shelcton, re
mains there for a very long time, which corresponds to the
Iifetime of the mieroerystal tn which 1t 1s fived

Bone salts and synthetic phosphates

On the basis of previous results, Posner, Tabry and Dal

lemagne (1954) elaborated a plausible theory concerning
synthetic phosphates

The follow Ing pree

suitable proportions
lime

pitates can be obtamed by mixing
of phosphoric acid and solutions of

(1) Arnold’s octophosphate, contaimng 8 Ca atoms/G P
atoms with a Ca/P w eight ratio of 1 72
(2) TCPH g Ca/6 P (Ca/P 1 94)
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(8} A more basic compound 10 Ca 6P (Ca/P 2 14), these
figures are characteristic of hydroxyapatite (= prec
mtated hydroxyapatite of Wallaeys (1952))

(4) A still more basic compound 10 5 Ca/6 P (Ca/P 2 26)

/Al these substances hav e this in common, that they diffract
X rays 1n an apatite ihe manner, they have the same hexa
gonal lattice

When caleined, the first two compounds give the X ray
pattern of § tricaleium phosphate, the last two always retan
the apatite structure, but thermal treatment enormously
mcereases the erystalline particle size

When mixing hime and phosphoric acid solutions with a

higher phosphorus proportton than is required by the 8 Ca/6 P
ratio, the precipitate 1s no longer octophosphate, but brushite,
which has no place 1n our series of phosphates since its X ray
pattern 1s not of the apatite type On the contrary, with a
large excess of lime, the preciprtate 1s a baste phosphate with
a Ca/P hgher than 2 26, because, 1n addition, some lime 1s
fixed by physical adsorption

The Ca/P values of 1 72 and 2 26 are therefore the extreme
himuts of the series of the synthetic apatite like caleium phos
phates We must point out that precipitates with any Ca/P
value between 1 72 and 2 26 can be obtamed by working at
random withmn these Iimits Therefore, 1t 1s a continuous

series every term of which has the same crystalline lattice s
apatite and contains the same number of phosphorus atoms
per untt cell, but not the same quantity of caleium

However, synthetic ealerum phosphates are different from
mineralogical apatites, Fabry {1954) called them “pseudo
apatites” We explain that pseudoapatite can have a Ca/P
ratio lower than 2 14 by the postulate that calcium atoms are
statsstically mussing 1 the structure They are “‘defect”
compounds * We provisionally consider that pseudoapatite
with the Ca/P of 2 14 represents the perfect crystalline

* NOTE ADDED IN PROOF As will be published later the defect pseudoapa
tite contamns more water than the saturated compound
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structure heeause ery stallographie data show that the perfect
apatite Jattice contains n number of ealerum and phosphorus
atoms corresponding to this value  However, pseudoapatites
can have a Ca/P of 2 26 This 1s the mavimum that can be
reached  Ttis difficult, at present, to give nsatssfactory answer
to the question about the position of this extra half atom of
cdaum  However, the exchangeability of this supplementary
half atom of enlelum scems to be exactly similar to that of the
tenth enleium atom

Bone salts correspond to a saturated psendoapatite—even
supersaturated with reference to classic erystallographic data
—that ts to sav, to the upper term of the pseudoapatite series,
contaimng 10 5 ealesum atoms per 6 phosphorus atoms
~ Pseudoapatites and mineralogieal apatites differ 1n several
properties  The water present in these compounds 1s most
Important the water of constitution and the hyvdration layer
seem to be characteristic of pseudoapatites, the elimination of
the latter by thermal trentment below 600° does not essent:
ally modify the erystal structure But where pscudoapatites
with a low CafP ratio are concerned, the liberation of water
between 600° and 700° induces the formation of a B structure
fzr!ﬁseudoapames with a high Ca/P ratio the apatite lattice 1s
stable

Another fundamental difference between apatites and
pseudoapatites no doubt lies 1n the 1sotope exchange reaction

Considering the properties of caleum phosphates
relation to the theory of defect pseudonpatites, one 1s struch
by this fact defect pseudoapatites fisx calemum rons when
immersed 1 a lime solution We previously thought with
Posner that defects progressively filled up at this ttme but
this view 15 not correct These calem 1ons set on some
surface (they can exchange with 45Ca) and the defeects are still
present i the structure Saturation mn the depth of the lattice
seems to require considerable energy

Indeed, high temperature calenation does not alter the
chemical composition of the compounds, but the abihity to
exchange excess caleium 1s greatly reduced
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As shown by Fig G, the percentage exchange of bone salts
decreases progressively if they have been igmited at 300°, 100°,
500°, 600° and 700° C and reaches its lowest value at 700° C
As an explanation of this faet, we postulate that calelum
onginlly fived on the surface moves under the nfluence of
calemation to enter the defects, ousting the electropositive
element which first occupied them This electropositive

LIQ PHASE 15 mi
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Ca 107 m zqulv/l
SOLID 90mg Ca
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Fir 6 Percentage exchange of bone salts heated at different tempera
‘tures rangmg from 100 to 900

element 15 probably an H,0* group 1 mineralized bone and
some orgamic radical in total bone For temperatures higher
than 700° C (Fig 6) the results become very inconsistent
from one experiment to another

Total bone and mineralized bone
The use of radiocaleium seems to be the best method for
studymg the behaviour of bone salts mcluded 1n the organic
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matrin Here are a few facts we have collected so far Tirst,

1t takes much more time fol
1solated bone salts  In the

r 45Ca to fix on total bone than on
latter case, cquiibrium 1s reached
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Fic 7 Rate of introduction of 5Ca mto total cow
‘bone (a sample of 100 mg for each point) Tor com

panison the curve obtamed for bone salts {
) 1s shown on the graph

o

o

n about 20 hours (if no recrystallization takes place) For
total cow hone (Fig 7) 20 days are needed for the #5Ca uptahe
to slow down Such differences could be interpreted as being
due to the influence of orgamc matter which hampers dif
fusion Moreover, this exchange curve 15 absolutely regular
and does not show any rapid phase of surface exchange
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In the case of total cow bone, the percentage exchange at
equilibrium reaches higher values (> 20 per cent) than for
glycol ashed bone, even for the lowest CaCl, concentration
(5 m equiv /1y in the hiquid phase Furthermore, 1t seems to be
less sensitive to the 1onie strength (CaCl,) of the hiquid phase
Shghtly different results are obtuned for embryonic bone
For 1nstance, chichen embryo bones exchange 18 per cent
of therr calelum (100 hours of contact) when immersed
m a %5Ca solution with very dilute CaCl, (0 32 m equ /1),
but more than 50 per cent 1s exchanged when the concentra
tion m CaCl 1s 16 mequiv /l The rate of the exchange
reaction 1s much higher than for cow bone

The conception of recrystallization as the main mechamsm
of calerum exchange 1n total bone 1 viiro seems to be question
able because of the ligh reversibility of this process These
results obtamed with total bone show that 1t behaves i 1
different manner from glycol ashed bone

Whence do these differences proceed? Some bindmng
between bone salts and the organic part 1s probably mvolved
We expressed this hy pothesis in 1943, since then, 1t has been
supported by Neuman, Toribara and Mulryan (1952) Results
from Caghoti, Ascenzi and Scroceo (1955) certamly corrobo
rate these views Making use of infrared spectroscopy,
these authors observed a binding between the SO, groups of
the organic part and the PO, groups of the mineral part of
bone

In conclusion, we may sum up some experimental facts
related to bone mineral structure and our nterpretation of
them

Whatever the relative concentrations of phosphorie acid
and hme rmxed to obtam a phosphate precipitate this has
always n defect pseudoapatite structure with a Ca/P weight
ratio rangmng from 1 72 to 2 26

A Ca/P ratio higher than 1 94 characteristic of TCPH,
results from chemisorption of excess caletum This calerum
1s exchangeable 1n gly col ashed bone and synthetic phosphates
Ignition causes the pseudoapatites to transform into apatites
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with loss of water, loss of adsorption ability with regard to
water and mmeral 10ns, and loss of excess caletum exchange
ability

We think that during igmtion the chemisorbed cxceess
caleum moves mto the defeet positions of the Jattice The
mechanism of 45Ca mcorporation in gly col ashed bone depends
on the 1on1e strength of the hquid phase  The results obtained
with total bone show that it behaves in a different manner
from glycol ashed bone  The binding between the orgamie and
mneral parts of bone may be responstble for this fact
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In the case of total cow bone, the percentage exchange at
equihibrium reaches higher values (> 20 per cent) than for
glycol ashed bone, even for the lowest CaCl, concentration
(5 m equiv /1) in the hquid phase Furthermore, it seems to be
less sensitive to the 1ome strength (CaCly) of the hquid phase
Shghtly different results are obtamed for embryonic bone
For instance, chichen embryo bones exchange 13 per cent
of their calelum (100 hours of contact) when mmersed
n a %Ca solution with very dilute CaCl, (0 82 m equm /1),
but more than 50 per cent 15 exchanged when the concentra
tion 1n CaCl, 1s 16 m equiv /1 The rate of the evchange
reaction 1s much higher than for cow bone

The conception of recrystallization as the main mechamsm
of calerum exchange 1 total bone ez veiro seems to be question
able because of the high reversibility of this process These
results obtained with total bone show that it behaves i a
different manner from glycol ashed bone

Whence do these differences proceed® Some binding
between bone salts and the orgamc part 1s probably involved
We expressed this hypothesis in 1948 since then 1t has been
supported by Neuman, Toribara and Mulryan (1952) Results
from Cagliot1, Ascenz1 and Scrocco (1955) certainly corrobo
rate these views Making use of infrared spectroscopy,
these authors observed a binding between the SO, groups of
the organic part and the PO, groups of the mineral part of
bone

In conclusion we may sum up some experimental faets
related to bone mineral structure and our interpretation of
them

Whatever the relative concentrations of phosphonie acid
and lime mixed to obtamn a phosphate preeipitate this has
always  defect pseudoapatite structure with a Ca/P weight
ratio ranging from 1 72 to 2 26

A Ca/P ratio ligher than 1 94 charactenstic of TCPH,
results from chemisorption of excess caleum  This calelum
1s exchangeable in glycol ashed bone and sy nthetic phosphates
Igmtwn causes the pseudoapatltes to transform into apatites



Discussion a1

Bélanger 1t thete is some Ca which §s not actually bound with the
erystals 1 it passible to envisage it ns baund to some other partion of
the bone, may be Lo the organic fraction of bone and still exchan,cable?

Dall Yes it fs powible That Is a sery difficult question
At prcscntf 1 mmagimne that In bone the defeet position of the Inttiee can
be completed Yy some radieals of the organic matrix for instance NJ,
or SH groups  P’robobly thus bond between the orgnme and the minerat
fraction maimtains the defect structure

Armstrong The concept of recey stallzzatian of the bone mineral g
always been o very interesting one but you now fndicate that this
process may not be so important 63 we had presiously supposed it to be,
porinularly with Tegard to glyeol ash and to minemlogieal hydroxy
apatite  Tshould think that oneimportant fictor s the size af the cey stal
which very largely deterrnes the surface area expased to the solution
Certanly, one of the limting factors would be the boundary between the
discontuitious and eantuous phases It fs quite possible that the gly col
ash erystals are hizge i companson to the crystals of the igmited bone
and therefore have a hmuted surface aren as compared {0 those of un
treated bone

Dallemagne When bone has been Ignited at 500° C the cutve of
equiibrium 15 parallel to the carve of equlibrum at 100° C You have
the same rate of exchange but not the same extent

Engstrom Tollowing on Prof Armstrong s resmark, I think the sgmited
‘bone and the mmeral hydroxy apatite hatve about the same partiele size
Judging from the diffraction patterns that Is a particle size of about a
couple of thousand A What 13 your crystaliographie ¢’ idence for thws
defect? There must be tremendous defects

Dallemagne We have no erystallograplue esidence for that

Engstrom One usually talks nhout defect ery stals (v ery small defects)
but your results indicate a defect of the arder of 10 per cent

Dall I8 1mp le to abtam erystallograpt tion
shout that because the X ray diffraction lines are too broad It 1s

ble to make an te comparnison betwseen the ™\ ray dillrac
ton Iine of Amnold s compound (CafP ratio = 1 72) and the tricaleium
phosphate Iine

Engstrom Yes but consder the profiles of the lines

Dallemagne We find sbme proof of the defect structure in the chermioal
Properties of the ymneral cormpound
Engstrom Do they differ mgmficantly enough in ref: e mndex?
Dallemagne 1 theak the mformation given by refractive ndex 1s not
very interestuig because 1t depends largely on the wates content
Xngstrom This 13 certamly a defect one has seldowm met, hefare 10
crystals of this type 1t 1s very large
Dallemagne Yes the defects can mvolve at least two Ca atoms{6 P
};;D(l)nf These defects are probahly filled by something H+ wons ot
£
Engstrom_ I thiak the whole secret of tus les t
particles  Most calaum phosphates give hydw\—y,;rplatﬁz ‘:;b;nsm;‘ll}
store them 1 water or houl them 1 water ey erything you huy cai\e.d
BINE

3
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DISCUSSION

de Bernard Prof Dallemagne what do you mean by * eschange
site  of the morganie particle?

Dallemagne Ve do not exactly hnow what 1s the situation of the
exchangeable Ca atoms of bone mmeral If only surface Ca atoms were
mvolved m this exchange would be nearly instantaneous According to
our experiments and those of Falkenheim and co workers this exchange
15 not rapid enough to be dependent only on surface phenomena Two
explanations can be presented to explamn this delay first a dlﬂ'usmn
process may precede the e reaction dly aphy
factor such as the 1ome concentration of the llqmd phasecontaming
45Ca may slow down the exchan e renction

de Bernard Do you think that the content of water in the bone 15
concerned with the possibility of exchange of C1?

Dallemagne Probably Neuman published some evidence in support
of this fact  tHe hydration layer seems to be very important in the mech
amsm of the exchange reaction A to this author when the
hydration layer 1s lost by heating exchangeability 15 reduced

Lacrowz Is 1t absurd to imagme that the excess Ca 1s located 1n the
newly deposited layers and not mn the fully caleified Iayers? It mght
be possible to checl the :dea since newly deposited Iayers are more
numerous 1n the metaphy 1s than in the epiphysais

Dallemagne It would be very diffieult to support such an explination
Indeed 1if the totalty of the excess Ca were located only in the newly
formed layers 1its concentration would exceed the surface fixation posst
bilities of the erystals It would be interesting to know 1f 1n the newest
and the oldest crystals the situation of the excess Ca atoms 1s the same
one could mmagme for mstance that in the new crystals the excess Ca s
located on the surface On the other hand in the oldest crystals 1t could
be located m deeper positions 1n the lattice Ve observed in ritro that
such a migration of Ca atoms 15 possible and we think that this represents

\the first phase of recry stallization Vv hen ¢ 1leium phosphate precipitates
very quickly we obtain a defect structure with Ca atoms (the excess Ca
Jocated on the surfice) But when preciprtation occurs slowly the
structure 1s more complete and the defects are filled by the excess Ca
This must only be considered as a working, hypothesis and we are now
engaged 1n cheching 1its reality
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do vou believe 1s retmined 1n the bones or in the body i a dey form nnd
do you also hnow that chloride may be retained in the body in a dry
form?

Dallemtagne Bone contuns n very small quantity of chlonde, but the
quantity of Na ts rather lugh I tlunkh 0 7 mg per cent

Blarter It s extremely difficult to determine the Na tn bone by
ordinary ct 1 methods b of int: by the lrge quantsty
of C1and P present, but 1n collaboration with the Sheflield workers we
have determuned the N2 1n bone by 1sotope ditution and 1t comes out at
about 400-500 mg /100 g We have found in analysis of the soft tissues
of eattle for Na and K that we can predict their water content from ther
Ma and K content with bone the N1 13 1n excess relative to water
content

Dallemagne 1 think that bones contain more than half the \a content
of the body

Nordin There 15 some published work on tlus 1t came out at just
under half the total body Na
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tncalaim phosphate s hydroxvapatite I thinl 1t 1s the only naturally
stable caletum phosphate

Blaxter When one comes to surface exchange one has Ca exchanging
not only with other Ca 1ons but presumably for Mg possibly for K and
for other 1wons  Well those rons differ markedly i 1ome radu and 1f
recrystallization tahes place as it presumably does how do they enter
mto the crystal without causing distortion?

Dallemagne Ve have some nformation about the My, position the
grea:elr part of bone Mg scems to be adsorbed on the surface of phosphate
crystals

Blaxter There 1s a very large difference

Dallemagne It would be interesting to try to fill the defects for
mstance with Ba i1ons or Mg 1ons

Blaxter Na will exchange Na has got an jonie zadius which 1s about
the same as that of Ca

Dallemagne But when bone mineral 1s ignited and 15 mmmersed 1n
water the totility of the Na goes into solution  Probably 1t 1s completely
absorbed

Engstrom 'The 10me radu of 8r and Ca however are about the same
so I would think that one could replace Ca by Sr You can build up
mtermediites mn the dry way 1e by melting compounds together If
you try to precipitate them together you do not get intermediates
erther strontium apatite or caletum apatite 13 formed

Dallemagne Next year we will try to introduce sorue other 1ons such
as Mg or Sr 1nto the phosphate lattice

Engstrom If you have Mg or certain other 1ons present when you do
the precipitate this seems to stop the development of the crystallites

Armstrong There 1s not very much Mg in bone and patients recerving
Mg show positive Mg balances without change 1 the Ca balance The
supposition 18 that Mg 1s not simply replacing Ca mn bone

Meyer In non mmneralized connective tissue there 1s quite a consider
able amount of Na and other minerals Is 1t not possible that the site of
these extra minerals what you call the deficit or the excess depending
on which side you look 1s not located at all at the same site where you
have pseudohydroxyapatite? It 1s Jocated m the imorphous orgame
part of the ground substance 1n the bone and therefore this really has
nothing to do with the very regularly arranged crvstal structure In
other words this consists of mnorgame non crystalline salts I think it

would be quite mteresting to do the same type of analysis m tendon and
see how this would behave mn all your systems

Engstrom In domyg thesc 1sotope labelling experiments we have not
yet been able to get any 1sotope which does not localize to these lowly
minerahred structures both in vito and wn vitro whether Ca Sr PO,
80, or Na

Fancoms Ve demonstrated 10 years ago 1n nephrosis that we must
have some of the Na and also some of the chloride retained m the body
n a dry form Now we hear that Na 1s retamed to a great extent in the
‘bones 1n a dry form Ve were of the opmion that the colla,en fibrils are
the site of chlonde 1n o dry form and I ash asa chmician how much Na
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of caletum It 1s obvious that the combined illustration
expresses the sequence of cvents

Histologieal observations have been made on ground sec
tions deealeified 1n a solution of sequestrenc at pH 7

The inner zone, which we shall eall the preosscous laver, 1s
orthochromatic with tolurdine blue, 1t 1s PAS and Baucr
positive, 1t takes sclectively Aleian blue and ruthemum red
and 1t 1s made metachromatic by the action of sulphurie and
chromie acids, methylene blue extinetion occurs at pIl 4
The peripheral zone 1s metachromatic and methylene blue
extinction occurs at pH 5 6 Most of these features are those
of mucopolysaccharides

In the fully deposited osteon, metachromasia 1s insersely
proportional to the content of ealeium

This histological study (Vincent, 1954) 15 a development of
previous remarhs made from a companson between the
mcroradiographic and the histologieal pattern of undecales
fied ground sections (Cohen and Lacroty, 1953)

In a short note on bone growth in rabits and rats, Arnold
and Jee (1954a) have reported some observations which are
m good agreement with the preceding description

#The main point seems to be that & new layer of bone changes
1ts orthochromasia into metachromasia when 1t begins to
mamfest a strong affinity for caletum Related obsersations
have been made by Levine and co workers (1949)

Let us go one step further and compare microradiographs
with autoradiographs With the relevant histological ob
servations i mind, we are in a better position, and the miero
radiographic reference will, from now on, mean much more to
us than a mere map of calerum deposits

The first 150tope that we used was 4Ca (Lacrorx, 1952,1953,
1954) Seven days after admimistration to an adult dog, the
areas of radioactivity (Fig 2a) when supenmposed on the
microradiograph (Fig 28), are found 1 the layers which
begin to calaify  With adequate methods a very fant radio
actinity may be detected mn the osteons which are completely
built but not yet fully calaified The distribution 1 vive of



THE HISTOLOGICAL REMODELLING OF ADULT
BONE

AN AUTORADIOGRAPHIC STUDY

P Lacrorx
Instrtute of Anatomy Unitersily of Lowain

THE mam purpose of this study has been to take advantage
of 1sotope techniques to obtain a better knowledge of the
histological remodeliing of the adult bone Furthermore, 1t
was hoped that the resecarch would provide some information
on bone matrix

Compact bone 1n the dog

Microradiography has certainly been one of the most useful
tools 1 recent studies on compact bone (Engstrom, 1949,
Ampnno, 1952, Amprino and Engstrom, 1952) The pictures
provided by this method are now famihar to all of us They
prove that caleification of compact bone oceurs 1 two stages
At first, about three quarters of what will be the final Ioad of
calerum 15 stored by the osteon (Haversian system) while 1615
built up Then, after osteogenesis has ceased, caleification of
the osteon 15 slowly completed

The microradiograph does not tell the whole story of the
formation of an osteon In fact, caleification begis 1n a layer
which already existed some time before The information 1s
obtamed by comparing the microradiograph with the histo
logical picture (Fig 1) Two concentric zones may be ob
served 1n an osteon which 1s being laid down The inner zone
15 seen only with the microscope {long arrow of Fig 18)
Smce 1t does not appear on the microradiograph (Fig 1a)
1ts caleum content 1s ml or very low The pertpheral zone
(short arrow of Fig 1B) corresponds to & rather heavy fixation

¢



Fic 1 An example of correlation hetnween micromdiography (A) and Insto-
logy (B) m the study of compact bone During the process of depostion sn
osteon 13 made up of an inner zone (long arrow} the preosseous layer which
does not appear on the microradiograph because 1t 1s uncalaified and of a
penipheral zone (short arrow) winch caleifies  The inner zone 1s orthochromatie
and the heral zone 13 e (x 167)

N e

Fic 2 Distribution of %

35 Sherwn oy o l“n of ¥Ca n compacttl;‘ocne seven davys aft

sponding rcroradiograph (B) The radioactivity belongs t
begm to caleify (x 85)

er administration
{A) and the corre
o the layers which

Ufacing page 38
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45Ca, therefore, entirely confirms what the microradiograph
mdicates about the dynamies of caleification  very fast at
first, very slow afterwards

Analogous ~utoradiographs have been recorded with * P
(Engfeldt, Engstrom and Zetterstrom, 1952) and with %Sr
(Jowsey, Owen and Vaughan, 1953, Engfleldt ef al , 1954)

Autoradiographs obtamed seven days after adminstration
of 33§ are simmlar at first sight to those produced by *Ca, but
they are not absolutely 1dentical Here, the areas of radio
activity (Fig 8a) are surrounded by the Iy ers which begin to
calafy (Fig 8B), mstead of corresponding exactly to them, m
other words, they belong to the preosscous lavers, the exist
ence of which 1s proved by the observations exemplified by
Fg1

The life of ndult bone implies therefore 2 metabohsm of
sulphur which precedes that of caletum  Whether the former
directs the latter 1s open to speculation (¢f on this particular
pomt the suggestions of Neuman, Boyd and Feldman, 1952)

From the foregomng, some conclusions have been drawn
pertamning to the value of radicactivity measurements

If we compare the specific activities of samples of bones,
free of all traces of marrow, seven days ~fter 35S admmistra
tion, the figures will give directly a relative estimation of the
osteogenesis gomg on 1n the samples

Simmlar measurements with %Ca amount to comparing the
caleification which occurs mn the samples  Caleification follow
g 1 the wake of ostc ogenesis, we may deem that the measure
ments will also mean indirectly a relative evaluation of
osteogenesis

The short term localization of S 1n the preosseous layer,
which 1s orthochromatic 1s at varance with the histological
localization found in other tissues All the obseryations
recorded up to now (¢f Bostrom, 1953)indicate a close relation
ship between %S 1ncorporation and metachromasia We
shall see presently that, 1n a way the relationship holds true
for bone also because the radioactive layer will acquire
metachromatic properties some days later



Tic 5 Autoradiograph (A) of compact bone e1, ht weeks after #S admims

tration with corresponding mucroradio, raph (B} Some osteons {e g those

indicated by arrows) miy have practiealhy the sime calelum content although
they are not contemporary (X 93)
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Fic r Autoradiograph (A) of com)
g pact bone eighteen weeks after 356 ad
mumstration Fven at this later stage some radioactive osteons are not z;et
fully ealeified (x 11.)



Tic 3 Iistnbution of 3S 1n compact hone seven davs after admim tration

The pattern of radioictivity (A) 15 not identical with that of Fig 2A The

radioactivity belongs now to a structure wluch 1s not shown by the micro

radiograph (B) mo t likely to the preosseous laver the esntence of which 1s
proved by Fig 1 (x 80)
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Tic 4 Autoradiograph (i) of compact bone six weeks aflter S adnums

tration The radioactive layers 7 ¢ the layers Inbelled at the time of mgection

are now at the periphery of osteons which according to their calcium content
(B) have just been deposited (> 100)
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Sin weeks after 25 adnunstration (Iig #) the corrdation
1s easy to read, if we adnut that the imtinl distribution of the
1sotope hias not been subst intially altered, that, 1 other words,
the rdionctin ¢ Invers are still those which were Inbelled at the
time of injection Tag ¢ shows that the radionctivaty 1s now
at the penphery of osteons, which, according to therr Jow
caleium content, have just been blt  The ease seems faurly
typical and we may say that the deposition of nn osteon takes
about six_necks in the ndult dog This 1s only a rough esti
mation beeause the process of remodcdimg may sometimes
stop completely for a while

Working with ¢ Ca, Arnold and Jee (1953, 1954b) and Jee
and Arnold (1951) indicate that the deposition of an osteon 1s
generally a matter of more than three wechs in the growing
rabint

Eight wecks after injection of theisotope (Dig 5), we begin
to realize that some osteons (e g those indicated by arrows)
may have reached practieally the same level of ealeifieation
although, according to the autoradiograph, they are not
contemporary ‘This means that the completion of caleifier-
tion 1s so slow that we cannot rely on the microradiograph to
ascertain the relative age of two fully deposited osteons

At the eighteen week stage, some of the rndioactive osteons
are almost fully caleified, but some others (g 6) do not show
much progress from the preceding stages

Since Tigs 1-6 prove (by comparison with Fig 1) that
the radioactivity belongs now to metachromatic layers, 1t
appears that a relationship between 28 mcorporation and
metachromasia exists indeed 1n adult bone but 1s more
dynamic than static This 15 an additional ndication 1n
favour of a basic function of mucopolysaecharides m bone
metabolism

One may surmse that an adult dog given 358 at regular and
short intervals during six weeks and lilled three weels
afterwards, would have most of the bone radicactiity
metachromatic regions The biochemist who could extract
from the bones of such a dog a radioactive 1dentifiable



Fic 7 Autoradiograph (A) of metaphyseal tribeculae seven dayvs after

43Ca admmstration to an adult dog The corresponding mrcroradiograph (B)

shows that the radioactivity belongs to the layers which begin to caleify
(x 114)

—_— [P

Fic 8 Autoradiograph of a longitudmal section of the upper tibial extremity

seven davs after Ca admmstration to an adult dog The radioactive layers
are located almost exclustvely in the metaphvsts (X 4 7)
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Knowwg now the sigmificance of 3§ and #Ca distnbution
1n bone, we may safely state that the histologieal remodetling
1s more actn e n the metaphysis than an the epiphysts

The higher specific activity exlubited by whole extremities,
as compared with the diphysis, 1s therefore an average
which does not take into account the difference which we have
just powted out

But the ratio between epiphysis and metaphysis put to
gether, on the one hand, and dinphysts, on the other hand,
rough as 1t 1s, remans nevertheless useful  Sinee, on the
whole, the remodelling 1s more active n the extremitics than
i the diaphysis, 1t follows that, in the long run, the specific
activity of the extremtics should fall at a faster rate than that
of the diaphysis

Data are stil meagre on this question  Lontie (1958) has
ohserved that mn the adult rablit injected with 4Ca, the
proportional distribution of speefic activities m the long
bones does not change sigmficantly 1in a period of about
two hundred days It seems therefore that the histological
remodelling, z ¢ the complete destruction of old bone and 1ts
replacement by new bone, 1s very slow indeed

The subject deserves further study in relation to current
theories on the réle of the skeleton 1n caleium homeostasis
It 15 now technically possible to figure out the amount of bone
which 3s morphologically renewed m a given time A comparn
son with the turnover of 4Ca would be of much significance
and might throw some light on the way n which caletum 15
removed from the sheleton

It may be fitting to recall here that the bone marrow shows
some histological individuality 1n the epiphysts and in the
metaphysis and that both regions derive their main blood
supply from distinet sources (Trueta and Harrison, 1053 A
Judet et al 1954)

These considerations are admittedly hampered by the fact
that all avarlable information comes from animals of different
species and sizes  They apply of course to the adult only and
not to the growing skeleton where the situation 1s quite

~
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compound would provide us with valuable new data on bone
matriy

It 15 encouraging to note that along the same Iine of work
1t has been found possible to extract from the young epiphysis
(Dziewiathowshy, 1951), from the costal cartilage (Bostrom,
1952) and from the shin (Bostrom and Gardell, 1958), a
radicactive mucopolysacchande, 1n these cases chondrortin
sulphune acid

Engfeldt and Hjertqust (1954) have already shown that
3§ 1s incorporated 1n the orgame portion of bone and also in
the morgamie portion Belanger (1954) has suggested a similar
distribution  Furthermore the presence of mucopolysacchar
1des 1n bone has been recogmzed for many years (¢f Glegg
and Eidinger, 1955)

Cancellous bone 1n the dog

In research on cancellous bone, the mam problem was to
prepare sections which would be even and thin enough to be
microradiographed The difficulty has been solved by em
bedding the specimens in methylmethacrylate and then by
sawing shees which were ground like compact bone

The microradiograph shows that the trabeculae of cancell
ous bone are made up of layers with varying calcium content
The general design may be likened to that of compact bone

The distmbution of 4Ca (Fig 7) and of 38 seems to obey
the same laws in both ty pes of bone tissue

It seems also that the deposition of new cancellous bone
mmplies two stages the formation of a preosseous, uncaleified
orthochromatie layer, and the sudden appearance In this
layer of metachromatic properties hnked with a strong
affinity for caleium

As a matter of fact, all these features are much more easily
observed 1n the metaphysis than in the epiphysis The
difference 15 such that sometimes the radioactivity 1s found
almost exclusively in the metaphysts, as 1s shown by Fig 8,
a 4 Ca autoradiograph of the upper extremity of the tibia
Comparable aspects have been observed with 38
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first stage of which 15 & radiographie translucencs of the
metaphy sis
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different (¢f , on this latter point, Lacroix, 1951, Bauer, Carls
son and Lindquist, 1955)

Human bone

In adult human bone, the formation of a preosseous layer
15 less eastlv observed than in the dog On the other hand, the
relationship between the metachromatic properties of an
osteon at the successive stages of its formation and its affinity
for calcium 1s more obvious

Incidentally, we may confirm the statement of Engstrom
and Engfeldt (1958) that, 1n the’osteon itself, the calcium
content 15 alternatively low and high from one Jamella to the
other The differences fade out when the osteon 1s fully
calufied The observation seems to meet those made with the
electron microscope by Rouller and co workers (1952), but 1t
must be admitted that the bridge between hoth sets of facts
15 still Iaching

Generally speaking, comparson between man and dog
indicates that the dog 1s a good experimental ammal for
research aiming at results which may be vald also for man

Remarks

We hope that our survey will have shown that compact
bone has several advantages of 1ts own i the study of prob
Jems of hone physiology and pathology The material lends
1tself easily to correlated microradiographic, autoradiographic
and histological examinations It shows in the same field the
expression of stages where the metabolism of various elements
may be visualized at the microscopic level The succession of
events bemng slow, 1t presents opportumties to dissociate from
each other processes which possibly overlap elsewhere

The interest of cancellous bone 1s different and lies 1n the
fact that the adult keeps something of the structural differ
ences prevaihng during growth between epiphysis and
metaphysis The observation might lead to an understanding
of the acute post traumatic osteoporosis of the adult, the
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VMeyer tlow do you distinguish between inorganic and orgame sul
hate
¥ Fngstrom ‘Ihe first fraction came out with simple water extraction
after which there was still some radionctissty left in the bone

Meyer S0 one can only talk about insoluble sulphate, whether this i
orpame or 1norganic y ou cannot say \ "

Engstrom No of course  We tried to extract this “organic” fraction
but the amounts wwere too small to permut estimation of the speciite
activities

Amprino 1 would Like to point out to Prof T ngstrum that it 1s not
certain whether the radioactive brond band underlying the epiphvseal
plate 15 only due to the sulphate fised to the hone tissue because there 1s
at that very level a Jot of ealeified cartilage which s the remnant of the
lower part of the epiphyseal plate which has been partinlly resorbed
50 we have there both bone and cartilage and we know that cartilige
tives o large amount of radioactive S5 We should thercfore, be quite
cautious when interpreting the autorndiographic aspect of the epiphy seal
plate region

Rodice! Prof Lacroix your Fig 1 showed the sequence which leads
up to ealesfication 8 very similar picture 15 obtained 1n bealing, wounds
skin or tendon wounds where you also have this sequence of cotirse
without Ca deposition I would suggest that the true causes of calerfien
tion or of eventual depositon of Ca, are not the structures which are
revealed by sulphate uptake or metach or PAS 1
otherwisc why should the skin or tendon not caleify as well ?

Lacrotr Some data 1n the hterature strongly suggest that muco
polysaccharides play a role in calcification

Armstrong Y ou have shown us what I think 13 very good evidence for
the time required for the formation of caleification of an osteon Is st
possible to indicate how long an osteon endures?

Lacrowr The question 1s now betng studied It 1s o problem of great
importance, because what we need most at the present time 1s a compart
son between the rate of the histological renewing and the Wological half
hfe of ¥*Ca Up to now the biological half Iife of 5Ca has been studied
m the so called adult rat which does not stop growing or mn the

elmost fully grown animal as far as I know 1t has not been sabs
factorily recorded 1n really adult bone

Armstrong One would assume that the number of osteons in an adnlt
ought to be constant or nearly constant ‘This would then require that
the number formed should equal the number remosed

Lacrowr Yes roughly It would perhaps be more accurate to state
that considering a long period of tune 1n a young adult m perfect
health the total amount of newly formed lamellae equals that of re
moved Jamellae

Armstrong  Can you see anywhere except mn the endosteum or perios

teum any evidence of the resorption of a radioactive osteon

N craiz No It would take, I think several months before we would
ave a chance of seeng a radroactive osteon bemg eaten up We may

perhaps infer from what happens n radiim posonung in man  Ihere are
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DISCUSSION

Fancom: 1 have X rays of bones from chldren with lead poisoming
These X rays present a lot of lead just 1n the metaphysis as you said
that 1s the most active part of the bone and not the epiphysis or the
diaphy sis

Lacrowx  Your remarh proves that lead deposition is hinked with
osteogenesis This suggests the techmical possibility of using lead
mstead of radicactive 1sotopes as a tool in the study of the histological
remodelling of adult bone

Folhis We have studied the histologieal appearance of lead 1 the
bones of chuldren At the Johns Hopluns Hospital we had a sertes of 1bout
60 cases The dense shadow as Dr Park showed many years ago in lead
powsoning mn children 1s due 1n large part to the persistence of excessive

of cal d cartil. matnx d 1n Jarge o
bone The defect there apparently 1s a  powsoning  of the destructne
mechanisms  so that the caleified and probably plumbified matnx

the bone 1t and both give mse to the bright
Line one sees 1n the X ray

Engstrom We did some expermments with radosulphate 1n dogs and

graphs from 1 I sections of the long bones showed
as was known before a heavy deposition in cartilage but also in the bone
tissue 1tself If vou take spongious bone and powder 1t and compare 1ts
radiosulphate activity with powder from compact bone the total
radoactivity 15 about twice as high in the spongious bone Then we
tried to separate two fr: g 1pt and we found
that about one half of the radioactivity goes to the morganie portion and
about half of 1t to the organic You can take a bone section non
radioactive and incubate 1t in mtro and you obtain uptake in the
1norganic fraction of bone and nothing, in the orgame  This means thata
fraction of the 3°SO, goes to the inorganic portion and is probably

surface bound by exchange
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Introduction

Ix an effort to obtain a better understanding of the basie
structure and early development of bone an mvestigation has
been made of the various components of osteogeme cells and
an attempt has been made to relate the function of these cells
to the morphogenesis of the orgamc mtercellular material of
bone in the fowl embryo This work falls ito three sections
firstly an optical study of ivingbone forming tassue, secondly,
a cytochemucal mvestigation of the components of osteoblasts
correlated with histochemical data, and thirdly, eleetron
mucroscope observations on cell structure and the formation
of bone matrix with some prelmmary analysis by means of
electron diffraction

Experimental Observations

1 Optical Study of Living Bone-forming Tissue
Laving tissue cultures of long bone and frontal bone of the
fowl embryo have been grown m a fibrin free lquid mediem
and viewed either by phase contrast or interference mcro-
scopy ‘The general growth seen to take place 1n the cultures
47
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two papers on the question one (Hoecker F I' and Roofe P G (19.1)
Radwlogy 56 89) showing that 7 vears after radium poisoning the
pictures of radioactive osteons are still complete rings and the other
{Looney W B, and Woodruft L A (1853) Arch Path (Lab Med) 56,
1) 1n which there are instances of radioactiy e osteons partinlly destroyed
22 years vfter radium incorporation However the meamng of these
facts uncertain b the | d bone tissue 1s certanly
abnormal

Lwsco I noticed from your pictures that the amount of ridoactivity
that you have used m order to demonstrate the activity by radicauto
graphs was farly considerable and the question arises as to whether
or not such an amount of radioactivity could have interfered with the
formation of such an osteon?

Jacrowr The fact that radioactivity mny by atself impair the depost
tion of the osteon remains open to question and it 15 one of the numerous
objections which may be raised aganst that tvpe of work That 1s why
I wish that s hing other than radioactivity could be used for instance
lead or vital stammng

Lasco In other words we mav have to revise this figure of six weeks
for the formation of the osteon & few years hence Furthermore I
wonder whether you have grven consideration to the possibility that
marked species dafferences rght exist for the time that 1s requured for
the growth of an osteon to be complete

Lacrowr 1 completely agree I was careful to pomt out that 1t was a
rough estimation

Lisco 1 noticed that

Follis If you were to study the difference which y ou showed between
the metaphyseal and epiphyseal trabeculae at various stages while the
cartilage was still there would you agamn find this difference?

Lacrowr Yes we may sum up by saying that the adult at least the
young adult heeps something of the differences which prevail durnng
growth
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has been recorded by time lapse cine microphotography, 1t 1s
possible by obervations of this hind to follow the behaviour of
the cells and the development of the intercellular maternal

After mcubation of the cultures for twenty four hours a
thin halo of migrating osteoblasts 1s seen to surround the
sharply cut edge of the explanted tissue, by thirty six hours a4
peripheral zone of outwandering osteoblasts has developed
and forms a typieal network with cell processes The immedt
ately strihing feature of the mgrating osteoblasts 1s their
cytoplasmic content of a lnrge number of ovoid bodies of low
optical density similar in appearance to small vacuoles As
the cultures age these bodies merease 1n density and take the
form of granules of 0 7 i to 2 1 diameter (Fig 1) They are
generally clustered around the nucleus, but also spread into
the cell processes where they show considerable mobility The
granules may easily be distinguished from the filamentous
mitochondria typical of such cells in culture They are com
posed of 1 less refractile material than the smaller hip:d globules
that are also present Intact granules have not been seen to be
extruded from the cells

‘With the interferometer microscope the varations in mass
per unit area 1n the cell show up as vanations n the photo
graphie density of the image when recorded 1n monochromatic
hght (Davies et al , 1954) 1f white hight and colour film are
used these variations are seen as changes of colour When
living cultures are observed by this latter method colour

PLATE I
¥ic 1 Phase contrast photomicrograph of part of an osteoblast growing
from a living culture of frontal bone Cy granules are d
above the nucleus filamentous mitochondna are also visible 1n the cytoplasm
{ 1 500)
Fic 2 Photormerograph by phase contrast of the peripheral growth mn a
living culture of frontal bone from an 11 day fowl embryo after 48 hours
culture The cytoplasmee regions are packed with granules some of which may
be seen In the cell processes { x 270)

¥ic 3 The same field (shghtly rotated) after 65 hours growth There 1s now
an of b, (x 270)

Tic 4 The same field after 90 hours growth Osteocytes are now enclosed by
extracellular matenial which has begun to ossify {x 270)



Fics 1-4

[facing page 48






StrucTUR: AnD Lanty Drvrrorurst ot Bosr 40

changes are particularly noticeable at the ends of fine cyto
plasmic processes, the projected arcas of which are found, by
measurement, to remnin constant  Ilence the mass of the
process must increase and dimmmish in alternating sequence
It scems mmprobable, howeser, that such varations i mass
are due to changes 1n the thickness of the ¢y toplasm for this
1s unlikely to occur without some alterations mn the projected
area Rather, the changes would seem to be due to vaniations
i the concentration of materal in the processes A quants-
tatrve estimation of the magnitude of these changes would
require the use of monochromatie hght and densitometry
The general development of the intercellulir material may
be studied when the same field of a tissue culture 1s kept under
continual observation  After migratton of the peripheral zone
of osteoblasts, the muner region of outgrowth shows syms of a
condensation of cells and the ¢y toplasmmic granules are well in
esidence (Fig 2), after about sixty five hours’ growth the cells
become orientated particularly near the ccll boundaries and
granules are vistble (Fig 3) Trregular regions develop between
the cclls, and the use of polamzed light demonstrates the
presence of form birefringent material mn these areas This
suggests that osteogenic fibres are being deposited It then
becomes imnpossible to distinguish clearly between the cell
surfaces and tercellular matenal for an opaque substance
begmns to cover the condensed mass of cells until 1t tends to
mask the whole area  Gradually, however, the ntercellular
regions enlarge until the individual cells become enclosed and
immobilized by bone matnx (Fig 4) Some movement of
granules can still be detected n the cells at this stage Caler
ficatton m such regions of the cultures can be demonstrated
by silver staimng  When the metabolism of the cultures 1
mhibited by a lowering of the temperature to 27° C the
granules are seen to decline m number and ntercellular
material ddoe; not tde;"elﬂp Most of the cells however during
1 €10 0 not show any of
:\l :hIZlegeneratlon y of the signs usually associated

These observations of the lxvmg osteogenic tissue wn mitre
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T new type of bulk tissue eulture has been devised for use
with biochemieal expernments  Suspensions of ostcoblasts
obtained directly from the frontal bones of fowl embryos are
grown m a flud fibnn free medum  Lhe method of prepara
tion of the ccll suspenston for culture 15 & modifieation of the
techmque of Moscona (1952) Ihe cells are obtaned from the
newly formed bone rudiments by means of careful dissection
from the embryos followed by ncubation at 88 5° Cn 0 01
per cent crystalline trypsin mn caleum and magnesium free
Tyrode solution The cells are then washed free of trypsm
and separated from debms by centnfugation with normal
Tyrode and filtration through 200 mesh platinum wire Such
cell preparations have been found to be essentially free of
charactenstic collagen fibnls when inspected m the electron
mucroscope  The cells are suspended n the prepared culture
medium and subsequently spread thinlv over the flat upper
surface of the culture chambers, each chamber 1s then sealed
by means of an inverted watch glass and paraffin wax The
cultures are mncubated at 38 5° C, the viable cells quickly
settle on the glass and increase in number by mitosis, if the
cultures are harvested after a period of forty five hours 1t 15
found that there 1s about a six fold ncrease of matennl (by
weight) By the use of the electron microscope 1t has been
shown, however, that there 1s a neglgible development of
characteristic collagen fibrls at this stage The cytochemical
properties of these cells after forty five hours’ growth are
essentially similar to those recorded i osteoblasts growing
from explanted bone tissue Thus, this method of culture
provides a sufficient number of osteogenic cells switable and
free of contamination with extracellular matenal for biwo
chemical experiments If the cultures are grown for longer
periods  however, mtercellular substances develop n con
siderable quantity

Cultures of osteoblasts grown mn this way for periods up to
forty five hours were incubated with 380, (given as morgante
sulphate) for three hours prior to harvesting  After washing
and drymg, the cells were found to have taken up a significant
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mdicate strongly that the presence of the cy toplasmic granules
may be correlated with the formation and development of the
tercellular materal

2a Cytochemical Properties of Osteoblasts in vitro

The cytochemical properties of osteoblasts 1n tissue culture
have been studied extensively (Fitton Jackson, 1955), some
observations by other worhers have been confirmed ind new
data have been obtaned

When neutral red 1s introduced nto the cultures as a
supravital stain the granules become pale orange, indicating
that they must have a pH of about 7-7 5 When either
tohndine blue or thionine 1s added separatelv to the hving
cultures the granules are seen to take up a red purple coloura
tion which shows that they have metachromatic properties n
the hving state

After fixation of the cultures 1n, for mnstance, cold absolute
methanol the granules may be stamed by the use of the
pertodic acid Schiff (PAS) techmques of McManus (1946) or
Hotchluss (1948) This reaction can still be obtamned after
extraction of either lipid from the cells with a methanol
chloroform mixture at 50° C for twelve hours, or after exposure
to amylase for the removal of glycogen The presence of a
free aldehvde group 1n the granules can be excluded smce the
Schuff reagent stains only after prior treatment with periodic
neid Itis generally accepted that Cy,and Cy, gly col groups are
statned by applicition of the PAS technique and prevention
of this reaction has been obtained after acetvlation according
to the method of McManus and Casson (1950) The granules
are stained blue by the use of the iron absorption techmque
devised by Hale {1946) this colour 1s considered tvpieal for
acid polysaccharide

The cytochemical observations of positive reactions with
the PAS and Hale techniques the presence of metachromasia
and the property of 1 pH of about 7 taken together indicate
that the granules contain at least in part, an ammo poly
saccharide
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methyl green pyronin methods stain part of the evtoplasm of
the ostcoblasts an intensive blue or pink red respeetively
(Jucobson and Webb, 1952) and such basophilia i the cells
was shown by them to demonstrate the presence of ribonucleo
protein (RNP) The stamed matenal consists of a mass of
fine particles separated by clear areas However, the cyto
plasmic granules do not take up either stan, nor are they
destroyed by digestion with either mbonuclease or desoxy
ribonuclease for periods sufficient to remove the known con
tent of RNP or DNP from the cells The absorption curve
obtamed from ultraviolet microscopy of the tissue culture
shows there 1s a speaific absorption maximum occurring at
about 280 my, for the plateau effect obtained between 265 my.
and 280 mp would not be expected 1f this absorption spectrum
was due entirely to hight scatter Furthermore, the perinuclear
region 15 found to give a strong positive reaction and parts
of the rest of the cytoplasm a weaker reaction by the use of
the Mazia techmque (Mazia, Brewer and Alfert, 1958) for
the demonstration of protein These facts indicate that, in
addition to the nucleoprotemn and protein of the cytoplasm,
the granules contain some protemn

In the cells growing 1n regions where tnterceltular material
15 developing the granules give an alkaline phosphatase
reaction by the use of the Gomor: Takamatsu technique as
modified by Danielh (1958) and this may be correlated with
the known phosphatase activity of fibrogenic tissue (Fell and
Daneelll, 1948, Gold and Gould, 1951) Appheation of the
G Nad: reaction (Moog, 1948) with the necessary mnhibitory
controls indicates that cytochrome oxidase 15 associated with
the granular region of the cell 1t has been found that this
reaction decreases n mtensity when the culture 1s 1n a low
metabolie state produced by a decrease of temperature

2b Histochemistry of Developing Bone in viwo

The same basic results reported above have been demon
strated clearly i osteoblasts taken carefully from the embryo
and prepared as freshly teased out preparations  The only
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amount of 1sotopie sulphate The dried cells were then
extracted for amino polysaccharides with « 10 per cent
caletum chloride solution for three days at 8° C, the extracts
were then partially punfied and they showed a neglhgible
radioactivity count The infrared absorption spectra of these
extracts were obtamed after preparing thin films of the spec
mens on siver chloride plates A double beam reflecting
microscope (N A 0 8) was used in conjunction with a Grubb
Parsons IR spectrometer with a sodrum chloride prism The
absorption spectrum of the cell extracts was almost exactly
the same as that of a non sulphated hyalurome acid, but
differed very marhedly from the control samples of chon
droitin sulphate and heparin  When osteoblast cultures were
grown for up to five days (1 ¢ when considerable intercellular
material had developed) and then treated as above, the
absorption spectrum of the extracts shows evidence of sul
phate, the spectra, however, were not identical with either
of the spectra of the control samples of chondroitin sulphate
or heparin  Although the whole cultures have been found to
take up radioactive sulphate, 1t has not been incorporated
i the matenal extracted fiom the osteoblasts by means of
calelum chloride

If cultures of osteoblasts grown from explants are digested
by 0 1 per cent hyaluromdase, essentially according to the
method of Lillie (1947) for more than eighteen hours at
38 5° C the granules can no longer be stained clearly by the
PAS or the Hale techmques As Meyer and Rapport (1952)
have defined hyaluromdase as an enzyme which depolymerizes
or hydrolyses hyaluronic acid, the alteration mn the staming
capacity of the granules after digestion by the enzyme indi
cates the presence of hyaluronic acid

Thus from the cytochemucal results the mfrared data on
cell extracts, and the effects of hyiluromdase digestion, 1t
may be concluded that the intracytoplasmuc granules of
osteoblasts contamn an amno polysaccharide possibly of a

hyaluronic acid type
Tt has been confirmed that the May Grunwald ( 1lemsa and



Fic 5 Section of frontal bone of & 13 day fowl embryo showing orgamzation

of the eytoplasm 1n Tvpieal 1a (M) parred lamellae (L)

and particulate structures (P S ) are visible The central area of the micro

Sraph may represent the Golgi apparatus Part of the cell surface (CS)and
mtercellular spaces (1 S ) are also well defined (x 32 000)
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detectable difference lies 1n the size of the granules, 1n such
preparations they are not greater than 0 3 p in siwe The
ammo polysacehande contammmng granules ean also be demon
strated 1n frozen dried preparations of the embryonic tissues
sectioned 1t 10 ¢ These granules are probably homologous
with the Schuff positive cytoplasmuc granules deseribed by
Heller Stemberg (1951) as occurring m osteoblasts of young
rat bone

The histochemical properties of developing bone 1 vue
have been i estigated by numerous people (e g Bevelander
and Johnson, 1050, Pritchard, 1952), these workers showed
that alkaline phosphatase, metachromasia and Schiff positive
matenal were present 1n the formmg matrx of mammalian
bone We hate obtained identieat results for avinn long bone
and 1vian membrane bone

3 Llectron Microscope Observations en Thin Sections
of the Fow}l Embryo

The tsssues used were fixedn 1 0 per cent osmnim tetroxide
m Tyrode solution held at pH 8 2 by additienal sodium
bicarbonate (Fitton Jachson, 1856) and they were subse
quently embedded in methacrylate (Newman Borysho and
Swerdlow 1049) The plastic was not removed from the
prepared sections

(a) The development of membrane bone Membranous ossift
cation oceurs directly by condensation and differentiation of
mesenchymal tissue and independently of eartilage forma
tion By electron mueroseopy n thin sections of the frontal
bone, the angulare and supra angulare of the mandible the
osteoblasts are seen to be oval i shape with spherical nucler
Lying to one side of the relatively large oy toplasnuc regions
Parts of the cell surfaces (represented by a dense line about
70 A wide) of adjacent cells are intimately assocmated with
each other, but irregular spaces also oceur between the
ostecblasts and may contamn blood corpuscles and des eloping
blood vessels

The eytoplasm of the osteoblasts contams a system of
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apparently curyed, pured lamellac each about 70 A 1n width
and with a varying distance between each member of o pur
(Ing 5) The nternal surfaces of the lamellae pairs as seen
tn section are smooth, but the external surfaces are assoctated
with fine particles about 100 A wide, the space between cach
member of a paur 1s made up of very fine amorphous material
of quite low electron density, but which is usually higher than
that of the surrounding cytoplasmic matrix  Some very fine
dense particles of less than 40 A are also seen to form separate
particulate structures rather ssmiar i outhine to the image of
the lamellae parrs  This suggests that they may be a develop
g form of such components  Other fine particles of about the
same size and density are also scattered at random 1n the
cytoplasmie matrix

Larger particles haye been obseryed and are composed of an
outer membrane confining a substance of medium density
They are often found i association with large bodies which
are posstbly of a vacuolar nature, these are seen as irregular
shapes of low density and each 1s dehmited by a double
membranous structure depicted by two hines about 40 A 1n
width and separated from each other by a distance of about
100 A It1s possible that the particles and vacuolar like bodies
when taken together may represent the Golg: apparatus in the
cell, for this region 15 closely similar 1n strueture to the Golm
apparatus as described by Sjostrand and Hanzon (1954a) m
the exocrine cells of the pancreas

Numerous ovoids with cnistae or internal membranes are
also present 1n the eytoplasm, generally such structures are
taken to represent transverse sections of mitochondria as
seen by electron microscopy (cf Palade 1952, Sjostrandand
Hanzon, 19546) However, 1n view of the evidence presented

PLATE 1I
f‘m 6‘ \I)n the top of the micrograph part of the cytoplasm of an osteoblast 1n
rgnt;: A one may be seen and Just below there 18 an opaque gratular mass
‘whie! mas formed in the intercellular region  Collagen fibres are also visible
@ small dense particles may represent salt deposits { X 15 000)

Fre 7 A
ot s :eac:onA of t}m shaft of the nl;:tstarsus of 3 16 day fowl embryo shows

s Yy material {x 15 000)
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Fi16 8 Sectipns of parts of two osteoblasts from the pertosteum of a 16 day
fowl embryo howing collagen fibres Wing i close assoctation with the cell
surfaces [ enodic Stricture of the fibnls can be clearly distinyished while m

one part an opaque granufar mass indieates a caleification re #ion (X 17 500)

[facing page 56
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above (1e cytochemieal) it 1s suggested that some at least of
these ovoids are 1dentical with the eytoplasmic granules

As stated above, at the beginning of differentiation of bone
the cells are usually seen to be in contact with each other, but
as the bone develops closely packed intercellular spaces occur
which become partially composed of disorientated fibrls of
varymg diameter Some of these show the charactenstic
perodicity of about 640 A of collagen fibrls 1n bone, while
others, of diameter of not greater than 200 A show no periodi
aty The cytoplasm of some of the osteoblasts 1s intimately
related to the fibrls, for m places no cell surface can be
distingwished, this suggests that the organic mnterial 1s
being formed 1n assocration with the eytoplasm

A substance of low electron density 1s also present n the
mtercellular material, where collagen fibrils have been cut
transversely this substance 1s seen to mvest each individual
fibril The intercellular regions gradually enlarge and become
filled with fibrils which form small bundles Electron dense
particles are scattered at random throughout the arer and
may represent bone salts Granular material then gradually
masks the collagen fibrils and enlarges to form opaque regions
which may be 1dentified with the first stage of calaification of
the bone matnix (Fig 6)

(b) Development of the orgame matriz of periosteal bone and
the first stage of calesfication  When thin sections of the tarso
metatarsus of five day embryos are viewed in the electron
microscope the cells of the layer surrounding the cartilage are
seen to have elongated nuclei, enclosed by a thin layer of
cytoplasm These cells then differentiate into the outer fibro
blastic and the mner osteoblastic layers of the periosteum
The structure of the osteoblasts 1s essentially similar to that
already described The mnermost layer of the osteoblasts
becomes separated from the adjacent cartilage by a narrow
strip of material differing 1n composition from that of the
cartilage matnx  In the eaurly stages it 1s made up of dis
omentated fine fibrils less than 200 A in diameter, and of
collagen fibrils with a periodieity of about 640 A with varyng
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generally considered that the mineral content of hone and
tecth belong to this class of npatite (e g Trautz, 1953)] It
would thus appear that apatite mmeral 1s formed extremely
early m the devclopmental process, whether such formation
takes place mn stages, or directly from the ions present in
solution eannot be deduced from the present experiments

Discussion

Osteoblasts have been shown to contun cytoplasmic
granules which are present mainly when intercellular material
15 1bout to be, or 15 being, deposited, 1t 1s therefore a reason
able assumption that they are concerned with its production
As no extrusion of the intact granules has been observed,
however, 1t 1s probable that a different mechamsm for the
transfer of their products from the cells must exist The
indication that there may be variations in cencentration of
material in cytoplasmic processes suggests that cell products
could diffuse from such parts of the cclls, these changes may
thus be a record of secretory activity 1n progress

In view of, firstly, the large body of evidence accumulated
by other workers in favour of a correlation between cvto
plasmic structures stmilar to Inmellae and the associated fine
particulate material and the basophilic properties of cells
(eg Bernard ef al, 1952 Weiss, 1953, Porter, 1954) and
secondly as Jacobson and Webb (1952) have demonstrated
that basophiha in osteoblasts 1s due to ribonucleoprotern, the
lamellar regions n these cells may be those in which active
synthesis of the specific material, of, for instance, the collagen
protein fibrils 1s elaborated

A function of the ammo polysaccharide component of the
granules may be 1 connection with the formation of inter
cellular material It has been shown that a non sulphated,
hyaluronic acid Like substance 1s present in the cultured
osteoblasts durmg early des elopment but that at a later
stage when intercellular material has formed some sulphation
has occurred This suggests that the non sulphated amino
polysacchande associated with protemn as 1t 1s formed 1n the
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closely associated with these collagen fibrils This stage in the
morphogenesis of the bone must represent the begmning of
caleification, 1t 15 probable that the electron opaque substance
deseribed 15 1dentical with that reported by Robmson and
Watson (1955) i the nib cortex of infant bone and designated
by them as a “caleification front”

Where the opaque substance has not mashed clear defim
tion, small erystals about 100 A across are found to be local
1zed almost exclusively between the d and ab bands (Schrmtt
and Gross notation, 1948) of the collagen fibrls (Fig 10)
The number of crystals deposited 1n each mnterband, in the
section of the fibril that 1s 1n view, varies from 1 to about 4
so far as can be observed, however, there 1s no preferred
orientation of the crystallites relative to the fibril axis  Where
a greater degree of ossification has occurred the collagen
fibres have become embedded 1n an opaque material which
contains some crystals of similar size, and some periodic
structure can also be distinguished (Fig 8) This mtercellular
matertal becomes quite compact and a remarhably sharp
boundary 15 apparent between the ossified bone and the ad)a
cent cartilage matrix (Fig 11)

(c) Electron diffraction by the periosteal bone of the fowl
embryo Prelminary experiments indicate that the techmque
of electron diffraction may be a help 1n followmg the process
of development of mineralization i bone Stripping of the
bony sheath from embryonic long bones and the direct mount
ing of fragments of this material on electron microscope grids
with or without a supporting film, have girven interesting
results

Powder diffraction patterns were obtained from 6312 day
old embryos (Figs 12 and 18), measurements made on the
spacings of these diffraction rings mdrcate that the diffracting
matenal 1s an apatite Although the measurements are con
sistent with patterns obtamed from a British Museum spect
men of hydroxyapatite from Cherokee, Georgia they are not
sufficiently accurate to define the diffracting material from the
fowl embryos unequivocally as hydroxyapatite [it 15 now
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formed collagen fibrils in dircet association with the cells, how
ever, where new matenal 1s being Imd down, such a possibility
isunbhely  These newly formed collagen fibrils may be iden
tical, however, with the *matrix precursor” which Leblond
and co worhers (1955) have postulated (from autoradiographs)
as eusting between osteablasts and dey eloping bone matrix

Fibrogenesis has been found to occur in intimate associa
tion with the cells and in periosteal bone the ntercellular
matenial 1s built up by apposition of successive layers of fully
formed collagen fibres Considerable amounts of the osscous
orgamc matrix are formed before the process of mineralization
actually occurs

Young osteoid matenal taken directly from the embryo
has been shown, by electron diffraction, to contain apatite
This may be correlated with the particle formations found
to be associated with the collagen fibres as scen in thin see
tioned tissue At this embryonic stage, however, there 1s
no evidence of any preferred orientation with respect to the
fibre axis as was found in adult matenal by Tinean and
Engstrom (1953) by the use of low angle X ray scattering
techmiques The precise loealization of the particles evident in
the interbands, between the d and ab bands, of the collagen
fibnls does not support the findings of Robinson and Watson
(1955) who have associated bone crystals with the bands of
collagen fibres 1n both infant and adult material

It 15 reasonable to assume that the opaque substance
demonstrated i the thin sectioned material contatns apatite,
for this substance 1s found n regions where ossification 1s
known to be occurning  Clear definition of erystal formation
in these regions has not been obtained, however, this suggests

that the apatite may be 1n an amorphous state and crystallizes
at a later date
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cell 1s sulphated when 1t leaves the cell Such a mechamsm
may play a part in the transformation of precursors into the
characteristic mtercellular matertal It has been shown for
mstance, that normal bone matrix 1s usually composed of a
sulphated polysaccharide (Belanger, 1954)

As the precse cytochemical localization of alkaline
phosphatase coineides with that of the amino polystcchande
containing granules 1t must also be taken into account that
the ammo polysaccharide mny be partially associated with
the activity of this enzyme, for alkaline phosphatases are
always found to contain polysaccharide (Schmudt and
Thannhauser, 1948) The presence of alkaline phosphatase 1n
the cytoplasmic granules and an oxidizing enzyme in associa
ation with them suggests strongly that the granules are centres
of metabolic activity and that they are not just storage
organelles

It has been shown by electron microscopy that during
elaboration the intercellular material contamns characteristic
collagen fibrils which vary in diameter when seen 1n transy erse
section This indicates that the individual collagen fibrls of
growing bones crease 1n size, which agrees with the general
view that the fibnls increase in diameter once they have been
formed (e g Porter, 1951, Randall et al, 1952) It has also
been shown that each fibril 1s mvested by mnterfibnillar
material, in order to account for the enlargement of the fibrils
this substance must therefore contain etther collagen or the
necessary precursors (Fitton Jackson 1956) Whether this
terfibrllar material may be considered to be identical with
the ground substance of bone 1s open to question, however,
for the term “ground substance” 1s usually appled to the
material occupying the spaces between the collagen bundles as
seen by the hight microscope

The fine structureless fibrils obsers ed to lie at random 1n the
developing bone matrix may be a component of typical ground
substance The existence of such fibrils 1n cartilage matrx
was deseribed by Martin (1953) Alternatively, they may be
immature collagen fibrls, 1n view of the appearance of fully
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formed collagen fibrils in direct association w ith the cells, how
ever, where new material 1s being laid down, such a posstbility
1s unhkely These newly formed collngen fibrils may be iden
tical, however, with the “matrix precursor” which Leblond
and co workers (1955) hayc postulated (from autoradiographs)
as eusting between osteoblasts and developing bone matrix

Fibrogenesis has been found to occur 1n antimate associa
tion with the ecells and 1t penosteal bone the ntercellular
matenal 1s built up by apposition of successiv ¢ Inyers of fully
formed collagen fibres Considerable amounts of the osseous
orgamic matrix are formed before the process of mineralization
actually occurs

Young osteoid material tihen directly from the embryo
has been shown, by electron diffraction, to contain apatite
This may be cotrelated with the partiele formations found
to be associated with the collngen fibres as scen i thin sec
tioned tissue At this embryonic stage, however, there 1s
no evidence of any preferred onentation with respect to the
fibre axis as was found in adult materal by I'inean and
Engstrom (1953) by the use of low angle X-rqy scattering
techmques The precise localization of the particles evident in
the interbands between the d and ab bands, of the collagen
fibrils does not support the findings of Robinson and Watson
(1955) who have associated bone crystals with the bands of
collagen fibres m both infant and adult materal

It 15 reasonable to assume that the opaque substance
demonstrated i the thin sectioned materal contains apatite,
for this substance 1s found i regions where ossification 1s
known to be occurring  Clear defimtion of erystal formation
1 these regions has not been obtained, however, this suggests

that the apatite may be in an amorphous state and crystallizes
at a later date
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DISCUSSION

Meyer Tn our laboratory the people with whom I collaborate have
grown fibroblsts from a great variety of sources and ns far 18 we can
tell the pattern of mucopolssacchandes 35 cxtremely similar they
produce hy acid and chondroitin sulg ¢ the most prominent
one beng hyalurome acid but they all produce a sulphated poly
sacchanide—tins was long bone and panetal bone from human embryos
and was compared to tendon to subeutancum toa great vanety of other
tissues 1 mass culture I wonder whether you have any 1dea of what
might be the )dentification of your periodic acad granules stain

Randall As we have shown the osteoblasts contan periodic acid
Schuff positive granules in the cytoplasm  V\ hen stmiiar cells are grown
n bulk culture and when these cells are harvested prior to the develop
ment of extracellular matenal CaCly extracts from these cultures demon
strate the presence of a non sulphated hyaluromie acid hike substance
It 15 reasonable to relate this finding with the properties of the Schuff
positive granules 1n the osteoblasts

Follis Would you contrast these findings with what y ou might expeet
to find 1n cultures of fibroblasts?

Randall The cytochemreal properties of fibroblasts are 1dentical with
those of osteoblasts as far as we have been able to tell with the exception
that the,alkalime phosphatase activaty 15 greater 1n osteoblasts than in
fibroblasts

Follis Areyoujustified in ealling these osteoblsts? You sy that they
come from explanted bone may they not haye included fibroblasts?

Randall Orgamized growth may take place 1n the more centrni portion
ofa hanging drop culture In the cultures used in this work the cells
differentiate 1nto a tissue sinular to that from which they were derived
1e the osteogenie mesoderm of early fowl embryos which 12 vito forms
membrane bone behaves sumlarly when grown in culture

Lasco T wasmpressed by the colour of these pictures and 1t oceurred
to me that this material might be osteoid rather than caleified 1t was not
strictly comparable to bone or let us say to calaified tissue

Follis It has more the appearance of callus to me

lhllfamiall Where can we draw the line? I am very interested to hear

Follis The defimti
of caleifying otherwise 1t 1 collagen

;‘;sm Did you by any chance apply a silver stam to these cultures?
andall Yes when differcntiation has occurred in the cultures a
PO;;?IW result, 13 obimned with the sitver staming techmque
want ‘::g:;dmltmese names may be interpreted differently but 1if we
thing! T 4 el’: and one another we must try to use them for the same
cultures cgnng think that the cells which we have been seeing 1n these
such may conty fue‘l osteoblasts They are possibly fibroblasts and as
and the ostec»l:u{l ute to the formation of the fibuls The preosteoblast
ast contribute to the formation of the ground substance

on of osteoid tissue 1s whether it has the potentiality
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at a later date and then the osteocyte proceeds to a modification or
mamtenance of that substance

Work of this type ean contribute greatly to the understanding of the
processes that lead up to the formation of bone tissue but not to the
mechamsm of bone formation and mineralization

Lisco It seems to me that e are dealing with a difficult problem of

mterpretation of certain facts and observations which up to a point are
quite clear  Prof Randall you have been showing pictures of cultures of
cells that y ou call osteoblasts and that are derived from cells that have a
potentiahity of forming bone, but you have carried these cells only to
o pomnt where they are prod g an Tl b of some sort
begimng with mtracellular globules and this you can stain with PAS
I think from then on we disagree You say this 1s muneralized and I say
it 18 not

Randall There 13 no doubt that the cultures grown from explanted
membrane bone form bone It 15 also clear that we are not presentmg
any facts that demonstrate how the process of mineralization occurs
In this work we are concerned with the earlier stage namely the forma
tion of the A llular orgame 1 of bone the cytochemical
properties of the cells have led us to a little better understanding of this
process but we still have much to find out before attempting to relate
the cytochemcal properties of the cells as we know them now with
mineralization

Amprino I thimk 1t 1s quite a debatable pomnt whether in tissue cul
tures one can get true ossification or not for instance 1t 15 doubtful
whether ossification takes place mn explants made according to the
hanging drop technique because in this case the cells commonly called
osteoblasts mmigrate from the explant and thewr outer morphology
changes completely furthermore 1t 1s not certain whether they can
always lay down & matrix which 1s able to ealeify Also, 1n normal bone
1n the hiving ammal one can find osteoblasts which bear the character
1stic microscopic features but there again spmdle ike cells seem at
times to be associated with deposttion of bone matrx thatis new forma
tion of bone mav take place where the presumably osteogenic cells look
Iike fibrobasts In conclusion in vifro as well as 1n the ammal we have
not always a clear picture of the so called osteoblasts in bone forming
regions

%\ euberger When you get these granules how do you know from which
type of cell they come?

Randall ‘The cytoplasmic granules are a general feature of fibrogeme
cells concerned wWith the production of collagenous matenal It s for
this reason that we have suggested that they may have fibrogenic
properties The granules are of course present in fibrogenic cells 1n 1110
but we have found that therr behaviour 1n the cell can be mvestigated
more accurately when simlar tissues are grown in culture




THE MUCOPOLYSACCHARIDES OF BONE

KarL MEYER
Depariment of Mediane Columbia Unicersity, Aew Yorl

Qur group has been studying the types and quantities of
acid mucopolysaccharides which ean be 1solated from various
sources of conncetive tissue It 1s generally assumed that
these acid mucopolysaccharides as protein complexes are
components of the so calted ground substances While this
appears to be true for the non sulphated polysaccharides, the
sulphated polysaccharides might be considered more appro
priately as components of structural elements As far as I
know, there 1s not very much information on the chemistry
of the mucopolysaccharides of bone I shall not discuss the
histochemrcal data on bone, because I belhieve that no state
ment can be made on the nature of the polysaccharides on the
basis of available histochemical methods Rogers (1951)
reported the presence mn ox shaft bone of 0 30 4 per cent of
a sulphated polysaccharide, composed of about equimolar
concentrations of hexosamine, uromic acid and sulphate,
presumably a chondroitin sulphate However, only about
10 per cent of this amount was 1solated Eastoe and Eastoe
(1954) reported the 1solation of a mucopolysaccharide protein
complex obtained by lune water extraction of air dried bone
powder (0 24 per cent by weight) On hydrolysis, they demon-
strated both chondrosamine, 7 67 per cent, and glucosamne,
1 23 per cent, 1n this complex, and 1 63 per cent sulphate S
On paper chromatography, they reported the presence of
galactose, mannose and xylose
‘VS:raO\vn work on bone 1s unfortunately still unfinished

nted to answer the following questions
(1) What 15 the nature and the quantity of mucopolysac

m“:Ehfll’ldt:s n adult and growing bone and how does the
65 A
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pattern differ from cartilage and other connective
tissue?

(2) Is there any indication of a phosphorylated polysae
charide as suggested by DiStefano, Neuman and Rouser
(1953) 1n growing bone?

(8) YWhat mucopolysaccharides are synthesized by fibro
blasts of bone 1n tissue culture?

The answer to the second question 1s the sumplest We have
searched 1n vain for a phosphorylated polysaccharnide in
growing calf bone

g

T1c 1 Structure of Hyalurome Acid

The first two polysaccharides of Table I, hyaluronte
acid and chondroitin, are sulphate free The two are 1somers
and therr structures have now been established They
contamn repeating disaccharides, in the one case hyalobm
rome acid, mn the other chondrosin of the structure of a
8 glucuromdo 1 3 hexosamme They are polymenzed without
any demonstrable branching via 8 1 4 Iinkages (Fig 1)

Next we come to the three chondroitin sulphates which
we distinguish on the basis of their solubilities their optical
rotation, ther digestion by hyaluromdase and therr colour
reactions with earbazole and orcinole In our problem of bone
and cartilage, chondroitin sulphate A and C are of interest
B does not oceur n cartilage or bone The structure of the
repeating units of A and C are identical and known The
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sulphate group 1s presumably attached to carbon 6 of the
chondrosamine and they are presumably polymerized through
81 4 hnkages (Fig 2) We do not know the cause of the
difference between A and C

The next sulphated polysaccharide was named by us
keratosulphate It 1s a polymer of 1 galactose, N acetyl
glucosamine and sulphate Its structure 1s unknown We
1solated 1t from cornenr where 1t represents one half of the
total mucopolysaccharides We now have 1solated 1t or a
fraction stmilar to keratosulphate from calf bone

CH,050H ()

Fic 2 Repeating Umt of Cartilage Chondroitin Sulphate

The next fractions are highly interesting, though not in
relation to bone These have been found by us in aorta
They have i common a positive optical rotation, they
contam glucosamne and a urome acid which gives colour
reactions different from the others and they are resistant to
testicular hyaluronidase In all probability, they are related
to heparin and they may originate from mast cells

Table 11 gives a summary of the distribution of the muco
polysaccharides from different sources

Our data on bone are summarized 1in Tables III and IV
As I have already mentsoned, we hoped to find out whether
growing bone contains polysaccharides which are absent m
other connective tissues and absent i adult bone Let us
take adult bone first From decaleified ox shaft bone powder
(Table ILI) we 1solated, as the only component, a polysac
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Table II
DISTRIBUTION OF NUCOPOLY SACCHARIDES
Group T Hjyaluronic nad

Vitreous humour synosial fluid tumours such ns mesothe
homa hposarcoma  fowl leucosis Tous sarcoma Tuylnami

tumour
Group IT Chondroitin sulphate A andfor C

yaline cartilage (trachea) chondrosarcoma, chordoma

Group I Hyaluronse acid plus chondroitin sulphate C

Primitive mesothelia] tissue such 83 wmbihieal cord  loose

conncctnv e tissue of electric organ of eet

Croup IV Chond Iphate B plus hy t
Stan
Group V Chond Iphate B plus C plus hyal
Teadon heart valyes lgamentum nuchae
Group VI K b plus chondrottin sulphate A plus hond
Cornea
Group VIT  Mucoitin sulphate of unknown structure
Amylod
Group VIIT Chond Tph Iphate plus hyal

A plus &
plus unidentified sulphated fractions
Bone
Group I\ tin sulphat

H plus a it
mitcottin sulphate of unknown structure
Bovine aorta

A or C plus B plus

charide 1n 2 yield of 250 mg per cent, which has the character
wstics of chondroitin sulphate A n solubility, rotation, analysis,
and enzymatic hydrolysts No fraction other than this one

was evident

Table IIT
Ox SmarT Bowe

Torar MUCOPOLYSACCHARIDE 200 MG PER CENT 01 ACETONE DRIED

Drcavciries Powper
ANALYSIS (AFTER ADSORPTION ON Dowex 1 X 1 Coruny)

N Uronic ad
Hexosamine carbazole 50, Xp
25 20 6 310 10 8
—31
0 78) (© 87) (¢ 61)
Digested by to
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Table IV
TracTiovs IsoLATED FroyM CALr BoNe

Urome acid
Fraction N ’;;‘f":'“: S0, (%5
€O, Dische
'
75 AL 267 | 261 336 | 200 | 135 ~30
75 AIl 285 | 281 338 | 833 | 105 —30
75 BI 2 81 26 3 — 320 | 101 —3a
75 BIIL 28 | 264 — 320 20 | —29
83 AII* 2 88 30 1 336 819 120 —44t
83 AIII 287 | 258 | 825 | 810 | 133 | —35
D V26 RII 366 | 243 — 15 | 129 —18%*
{Myi08 327 39 1 - 432 <05 —i0
M VI 108 239 26 4 - 200 ire -36
*+ Hexose (anthrone calculated as galactose) 25 6 per cent
Paper 24 hydrolysed by both
Iy Muromaases 3+ *+ v

Our calf bone (Table IV) consisted of the distal ends of the
long bones, frozen in the deep freeze, cut longitudinally and
then by an electric yg saw trimmed to a thickness of 5-10mm
The maternial consisted of approsimately 20 per cent eprphysis,
the rest being cancellous and shaft bone From a histological
pomt of view the starting material was quite 2 mixture
The material was first ground mn a chichenfeed mill and then
m a power meat grinder and dehydrated with acetone and
ether The dry weight was 85 per cent of the wet weight

We used two procedures In the first procedure, we
brought the pH to 1 5 with HCI and digested with pepsin and
trypsm to give Fractions 75 AI BIIT (Table IV) A second
batch was ground 1n a collold mill to a fine powder with
0 1 N~ HCl and dialysed 1n the cold agamnst 0 1 ~ HCI and
then digested with pepsin and trypsin to give Fractions 83
AII and AIIT There were no obvious gross differences
between the products of the two procedures The yields are
only approsimate The total mucopolysaccharides isolated
amounted to about 3 2 per cent The major part of the muco
polysaccharide 1s chondrortin sulphate Fraction 83 AIII
contamned both glucosamne and chondrosamine and was
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hydrolysed mn part by pucumococeal hyaluromdase It was
for these rensons suspected to contain hyalurome acid mixed
with sulphated compounds  On fractionation with ammonium
sulphate and pyndine, two fractions were obtamed, one
obviously hyaluronic acid M VI 104, the other a chondroitin
sulphate The total hyaluronate isolated from Fraction 83
AXII amounted to only ~280 mg We do not hnow how many
of the other fractions contan hyaluronate

The high alechol fractions not hsted n Table IV gave a
considerable anthrone reaction Elcctrophoretically, these
high alcohol fractions contamned a component with a shghtly
lower mobility than the chondroitin sulphate and similar to
Leratosulphate Attempts to separate this component on
10n exchange resin were unsuceessful It was, therefore, sub
jected to hydrolysis with testicular enzyme to remove the
chondrottin sulphate C which was obviously the mamn con
stituent On fractionation of the resulting digest, T'raction
D V 26R was obtamned which obviously 15 very similar to
heratosulphate, that1s 1t contans glucosamine, galactose and
sulphate The yield was only ~ 250 mg

A major portion of the mucopolysaccharide fraction,
(about one half of the total), which presumably 1s a mixture,
has not yet been fractionated As far as we have determined
thus far, this fraction contains no non sulphated components
and presumably 1s a mixture of chondroitin sulphates which
are not completely sulphated

Mass tissue cultures were grown by Drs Grossfeld and
Godman The medium contamned 10 per cent embryo extract
m which about 4-5 mg of mucopolysaccharide 15 present,
largely hyalurome acid The feeding flud, renewed every
4 5 days and pooled contamed both hyaluronate and chon
drortm sulphate 1n both cultures of long bone and of mem
branous bone There seemed to be little difference between
thequantities of polysaccharides in long bone and membranous
bone From 200 ml of the tissue growth (containing some
flmd) 114 mg of polysacchande were obtamned from 740 ml
of the culture flid, 72 mg of polvsacchande were obtamed,
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1¢, there was a far larger concentration of polysaccharde in
the growth than in the culture flmid The higher concentration
of polysaccharide 1n the cell growth may be sigmificant, since
with fibroblasts from other sources most of the polysaccharide
was found n the feeding flnd

The polysaccharide fractions from cells and flud were
combined and the following fractions 1solated

Table V

MucoroLYSACCHARIDES ISOLATED FroM Tissue CULTUre (Covminep CELL
CrowTn AND (ULTURE I'LUD)

Xeld Hexos Uromic
mg amine acd 50, el
I 26 315 3738 24 —G6
II 25 23 8 33 ¢ 96 —25
jeig 7 — 301 — —_

Fraction I probably represents hyalurome acid contammn
ated with some sulphated compound Fraction II probably
represents chondroitin sulphate C contammated with some
hyaluroniec acid Hyaluronic acid and chondroitin sulphate
C have been 1solated also from fibroblasts of subcutaneum
and of tendon In these tissues, the hyaluronic acid fraction
was many times that of the sulphated fractions In general,
1t appears that fibroblasts in tissue culture revert to the
primitive type which produce preponderantly hyaluronie
acid It should be ponted out here that Maurer-and Hudack
(1952) 1solated hyaluronic acid from young callus 1n exper:
mental fractures of rabbit femurs

In summary, the mucopolysacchande pattern of growmng
bone 1s different from cartilage, 1n that in bone we have found
hyaluronic actd and keratosulphate fractions which we have
not found 1n hyahne cartilage Whether or not there are 1n
bone, fractions typreal for the tissue has not been determined
Acknowledgement
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DISCUSSION

de Bernard Do you think that B dase may be e d with
the synthesis of mucopoly saccharides?

Meyer No P glucuronidase has nothing to do with the synthess of
sugar, nor has 1t anything to do with the degradation of any of the
polysaccharides

de Bernard Are these mucopolysaccharides protemn free with regard
to electrophoretic mobility ?

Meyer Yes they do not gine a Buret reaction on analysis they
appear to be protein free but of course this 1s within the imut of error of
the method I would not say that all these preparations were necessarly
even analytieally protein free In cartilage and 1n bone the binding of
chondroitin sulphate to protem 1s certamly of a labile type, but they
are not bound by covalent bonds

Bélanger The keratosulphate that you are talking about 15 of course
not related to keratin?

Meyer No We named this substance because 1t was first separated
from cornea The name does not 1 any way mmply thatitis derived from
Keratin In the cornea keratosulphate 1s the mam polysaccharide

de Bernard Are the different optical properties which you find mn

chondrottm sulphate g and ¢ due to the degree of polymerization or to
the molecular configuration ?

Meyer 1do not yet know
chondroitn sulphates now

Neuberger Haxe you evidence of branchmg?

Meyer Yes at the present time this can be inferred only from enzy
matie studies no other method 15 useful

Neuberger There 1s also a possibility that the sulphate group might
be attached at different points either 4 or 6

Meyer Yes but the hydrolysis curve for the sulphate 1s the same
both for instance 1f one 15 a prunary sulphate the other would be a
secondary but no matter which one 1t 1s you would get differencesin the
hydrolysis

Neuberger How far according to the results at present obtained 1s
the particular mixture of mucopolysacchandes and sulphstes character
istic of a particular type of connectrve tissue? In fact 1f you were given
:(;en'lt:\'a\l?re could you guess from which type of connective tissue 1t 15

TIV e

We are mvestigating the structure of the

Meyer Inshin and in cornea yes wn bone we believe yes Of course
this 1s mixed tissue 1t might be quite different 1f we took only shaft
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bone or only the plates n the epiphysis In tendon maybe In heart
vahve I believe yes Vie have investigated only one species of heart
valve 1e pig heart valve In shin chondroitin sulphate 1s the mamn
polvsaccharide but there 1s much more chondroitin sulphate seen
rodent shin than there 1s in pig shin Pigslan yes Ve have notinvest
gdteddhuman shin This 1s the work of a group with winch I am con
necte:

Kodicel 1 would hke to put to you in a slightly different form the
question which I ashed Prof Lacroirx what makes the bone caleify 1n
companson to the tendon? Trom your results can you say that the
difference 1n mucopolysacchande set up would justify our sayng that
the mucopolysaccharides are responsible for caleification?

Meyer I cannot say this There 1s a large fraction and we do not
know what 1t 1s  This fraction 1s characterized by the fact that 1t 18
remarkably undersulphated 1t does not contain chondroitin at least as
far as we can tell from the 10n exchange experiments which distinguish
verv beautifully between sulphated and non sulphated polysacchandes
I presume that this 1s the most interesting fraction we suspect 1t 15 the
fraction which picks up the sulphate which shows up as radioactine
sulphate in various areas as demonstrated by a number of people here
This could only be demonstrated in a cell free 1solated enzyme system
and I wish someone would do this
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Introduction

SoMe 150 years have already gone by since John Hunter
{1778) 1nformed us that when the “bony part” of the teeth
was burned, 1t blackened and when 1ts salts were removed by
acid, there remaimed a “gnstly or fleshy” residue  Much has
been learned in the meantime about this gristly, fleshy,
blachening substance In bone and also m dentine and
cementum, the fibrillar albuminoid collagen has been 1dentified
and even wvisualized (Ruth, 1947, Robinson and Watson,
1952) as forming a skeleton to the sheleton, becoming en-
sheathed by the erystals and an amorphous organic filler, the
ground substance (Robimson, 1952, McLean and Urist, 1955)
The sobd portion of ground substance has been found to
contain mainly carbohydrates 1 the form of polysaccharides
(Wislochs, Singer and Waldo, 1948, Wisloch1 and Sognnaes,
1950, Bevelander and Johnson, 1955), generally complesed
with protemns An aad fraction contamns glucuronie acd
(Glegg, Eadmger and Leblond, 1954) and has been 1dentified
as chondroitin sulphate and produces metachromasia with
the thinzime dyes (Follis, 1949, Bevelander and Johnson,
19855, Levine and Schubert, 1952) Another fraction termed
neutral (Meyer, 1945) contains adjacent hydroxyl or hydroxyl-
ammo groups in the sugar molety which are oxidized to
aldehyde and produce a colour reaction when the pertodic
acid Schuff (PAS) test of Hotchhiss (1918) 1s appled (Glegg,

7
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Edinger and Leblond, 1954, Leblond, 1950) Evidence of an
association between the neutral polysacchande fraction and
alhalme phosphatase has been found (Moog and Wenger,
1952)

Cartilage contains the same organic constituents with a
characteristically large proportion of varous sulphated muco
polysaccharides (Meyer and Rapport, 1951)

The sheleton of enamel has been described as an ectodermic
albuminoid, heratin (Leicester, 1949) This heratin has a low
sulphur content (Leicester, 1919) and according to Pimcus
(1936) and Block (1951) shows only traces of cystine upon
hydrolysis  Pincus (1949) has also reported the presence of 2
mucoprotem, which mght be some sort of a ground substance
constituent, rendering enamel comparable to the other miner
alizing tissues at least mn its early form

Quantitative estimates 1n stamed preparations by Sylven
(1948) have revealed a decrease of the sulphated muco
polysaccharides 1n cartilage at the time of mineralization
A decrease 1n stainability of the maturmg bone matrix bv the
Hotchlass process after pertodic acid has also been reported
by Heller Stemnberg (1951) and related to progressive poly
merization of the neutral polysaccharides, according to the
theory of Gersh and Catchpole (1949) The same author
(Heller Stemberg, 1951) has observed an ntensified colour
reaction 1n areas of bone growth and destruction, attributed
m both cases to the presence of low polymers A cell matnx
sequence based on the detection of PAS positive material
1 the osteoblasts (Heller Stemnberg, 1951) and the odonto
blasts (Bevelander and Johnson, 1955) has been reported 1n
the elaboration of the neutral polysaccharides but not for the
acid mucopolysaccharides (Bevelander and Johnson 1955}

The dynamics of secretion ahd metabolism are now being
gradually uncovered by the use of radioactive tracers
Although non specific the #C mappmng by Greulich and
Leblond (1953, 1954) has revealed a sequence in the production
of organic matnx 1n cartilage bone and dentine  With the

help of %S0, Dzewsathowski (19515 1952) and also Bostrom
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and Odeblad (1953) have revealed the entry of a sulphated
compound 1n cartilage which these authors (Dziew1athowskt,
1951a, Bostrom, 1953) have scparately 1solated as chondrottin
sulphate Dziewiathowsht (1952) has also obsery ed that
the rate of chondroitin sulphate turnover was highest “in
the epiphyseal region adjacent to the draphysis and to the
secondary centers of ossification”, inferring that calafication
1s associated with an accelerated synthesis and removal of
chondroitin sulphate In the diaphyseal bone (Dziewiatkow-
sh1, 1952), he has observed a progresstve increase of S
towards the mid diaphysis which seemed to disappear more
rapidly than the same matenal at the ““ends of the diaphysis™

Materials and Techmques

The autoradiographic observations on cartilage bone,
dentine and enamel of young rats and hamsters (Belanger,
1954a, 1955a) reported here were imtiated mn 1953 35 was
mjected at first as H,80,, 5 pc/g weight The tissues were
fixed 1 neutral formaldehyde ethanol and embedded n Tow
viscosity mitrocellulose “Integrated autoradiographs” were
obtamed by coating with flud emulsion from High Contrast
Positive Film (Eastman Kodak Co ) and staming the subse-
quently nverted specimens with 0 02 per cent aqueous basie
fuchsin (Belanger, 1950, 19525, Belanger and Leblond, 1946)
These expeniments were undertahen m order to study the
formation and evolution of the sulphated fraction of the
polysacchandes

Comparable series of autoradiographic mappmg ere
undertaken at a later date, with the help of biosynthesized
*8 cystine and methiomine (Belanger, 1955b) Stnce hy dro-
lysates of collagen reveal practically no cystine and very hittle
methionine (Hawl, Oser and Summerson, 1951), the mmages
obtained should be related marmly to the gly coprotemn fraction
i cartilage, bone and dentine Enamel, of course, was ex-

pected to reveal preferentially new keratin synth:
the 8§ amino acids ’ ynthesaed with
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Results

Cartilage and Bone

The heads of the long bones have revealed a defimte
cellular localization 1n the early records of the radiosulphate
sertes (Fig 1) There was a gradient of intensity of the auto
rachograph 1increasing from the articular surface towards
the hy pertrophic cells Below this area, the image was practic
ally negative over the zone of caleification where very few
mtact cartilage cells were visible The bone spicules at the
epiphyseal plate showed a weak but defimite 1mage In the
newly formed spicules and also at the diaphyseal area of
growth (Fig 6), a gradient in the autoradiographic record was
apparent, showing an imcreasing concentration of radioactive
material with maturation The presence of radiosulphate
concentrations visually less than those of cartilage and bone
was revealed n tendons, igaments and muscular aponeuroses

At 1 day and also at 2 days (Fig 2) radioactive sulphur was
still detected over the cartilage cells but an increasing pro
portion was recogmzed over the mntercellular substance
Some of this radioactive matrix had now reached the zone of
calafication by the continuous process of growth

Over the bone, a general decrease in the intensity of the
autoradiographic image had then taken place as 1f most of the
matenal recorded at 2 hours had been labile Definite bands
were visible along the areas of apposition at some distance
from the surface 1n a pattern comparable to that previously
described for mineral deposition (Leblond et al , 1950) These
tagged portions of tissue have probably been deposited at the
time and at the place of new bone formation and are now
being displaced by the continuous process of growth In the
dizphysis (Fig 8), the band exhubits an araiform pattern with
the apex at the mid diaphysis

At 6 (Figs 8 and 4) and 8 days after the introduction
of tracer, the cartilaginous head of the long bones exhibited
a strictly extracellular localization of the radiosulphate
The new bone spicules growing at the epiphyseal plate (Figs
3 and 4) were apparently more radioactive than those of the
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animals sacrificed early (Tigs 1 and 2) At lngh magnifieation
(Fig 4), the radioactivity scemed to be distributed through-
out the spicule

A few sections of the above deseribed tissues were placed in
a demineralizing bath of formie citrate at pH 4 9 for 24 hours
They were then negatise to the silver mtrate test Auto-
radiographs of such dermineralized sections res ealed practically
no change in the cartilage picture  On the contrary, the
origmnal diffuse distnibution of %50, over the bone had
disappeared and thus seemed related to some ntake or ex
change 1n the mineral friction A weak band image (Figs 7
and 8) persisted 1n the areas of growth (metaphyseal and
diaphyseal), 1t was terpreted as representing some newly
synthesized component of the matrix, most likely chondrottin
sulphate

Other sections were mcubated 1n a 37° bath of 0 1 per cent
hyaluronidase at pH 5 8 for periods of 1 to 6 hours This
treatment produced a progressive loss of radioactive material
from the cartilage head except in the areas of tendon and
ligament insertions (Fig 5) These areas which were pre
viously invisibleafter toluidine blue, stained metachromatically
after hyaluronidase treatment These localizations were
mterpreted as regions of high mucopolysaccharide concentra
tion or otherwise, possible concentrations of hyaluronidase-
resistant chondroitin sulphate, type B (Meyer and Rapport,
1951)

The observations made with 35S methionine on cartilage
and bone have revealed some comparable events and also
some altogether different occurrences This amno acd has
produced at the level of the hypertrophic cells of the cartilage
head, a cellular synthesis record progressively mereasing m
intensity from 1 hour (Fig 9) to 6 hours (Fig 10) to 2 days
(Fig 11) Other portions of the cartilaginous tissue did not
seem to exhibit radioactivity, except the region immediately
surrounding the epiphyseal centre of ossification at 6 hours

(Fig 10) which 1s then homologous with the zone of hyper-
trophue cartilage
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The most intense region of the head of the bone was not the
above mentioned but the well dehmited zone of penetration
leading to the formation of the epiphyseal centre of ossifica
tion, at all stages described above (Figs 9, 10, 11) Also very
actrve were the formativ e zones of the bone (epiphyseal plate,
metaphysis, dinphysis) At high power the reaction appeared
to mvolve the osteoblasts Since the invasive zones of the
head would contamn especially eells which could be termed
preosteoblasts 1t seems that a defimte cellular stage has been
demonstrated 1n the formation of bone matrix substance from
radiomethionine and cystine This cellular phase was never
visualized 1n the radiosulphate series

Other primary localizations of interest in the methionine
experiments were the areas known as “V’encoche de Ranvier”
(Lacroix, 1949) where mtense cartilage formation occurs
(Figs 9, 10, 11), also the haemopoietic marrow and the Jesser
radioactive envelope of the cartilage head, the tendons,
Iigaments and the striated muscle, most intense were the
Leratogenous zones of shin and hair (Belanger, 1955b)

The ammals mjected with radiocystine have shown a
comparable pattern of mmtial distmibution with a slower
entry related to the low solubility of this amino acid

The scctions were generally most radioactive at 2 days
Extracellular radioactive material was apparent at this stage
m the cartilage matnx of the hypertrophie zone (Fig 11)
The newly formed spicules at the epiphyseal plate were re
latively much less active than the distal portion formed at
the time of injection (arrow, Fig 11)

At 4 days (Fig 12), the cartilage head showed relatively
Iittle activity, all of 1t extracellular and diffusely distributed
The epiphyseal plate and the bone marrow were practically
negative, the tagged elements having now disappeared except
from laterally mcorporated spicules (arrow, ¥ig 12} The
diaphysis (Fig 18) revealed an areiform band of mcorporated
material which had lost little of its orginal activity and had
been mobihzed m a manner comparable to that of the radio-

sulphate tagged band
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¥ic 1 llead of humerus rat 2 hours X 32
Lower extremity of femur rat 2 days x 32
Upper extremity of femur rat 6 davs x 32

Tpiphyseal plate upper extremuty of ibia rat € days x 180
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PLATE II %S Sulphate
Fic 5 Lower extrenuty of humerus rat 24 hoyrs Hjyaluromdase 3 hours
x 82
Fic 6 Diaphvsis of humerus rat 2 hours mineralized section X 110

Fic 7 Funnel atea rat 2 hours demineralized section x 180
Fic 8 Diaphysis rat 2 hours demmineralized section X 110
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PLATL III %% Methionine

Tic 9 Yead of iha rat 1 hour x 18

Fi16 10 Head of tibia rat 6 hours x 18

Fic 11 Headoftibia rat 2davs arrow = down growthof spicules X 18
Fic 12 Head of tibia rat 4 days arrow = incorporated spicules X 18
Fic 13 Diaphyss of tibla rat 4 days % 18



- &
28 ook
Szt

L
1
r
8

]
i
W
N

¢ A
3 ' ~ 4
~ |
2 . {
7 v 4
v

PLATE IV %S Sulphate
Fic 14 Incror rat 2 hours mineralized section X 110 G = g

P

Fic 1, Molar rat 2 hours demuneralized scction X 860 L = enamel
= predentine

Fic 16 Incisor pig 4 munutes 1y X 100 D C = dentme cementum

Junction
Fic 1~ Incisor pig fluorine 1000 ppm 31 d1ys 8 munutesry X 100
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PLATE ¥ *8 Sulphate Cystine

35 sulphate 4 days x
55 sulphate 6 days x
38 sulphate 24 hours

35 cystine 24 hours x

110
110

hvaluromdase 8 hours x 360
15
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PLATI VI 38 \ethuonme

Second wnd first molars rat 2 hours x 32 G = gap
Second molir rat 2 days x 8-

Molir rat 4 davs short exposure x 60

Molar rat 4 days long exposure x 60



8§ UprakE 1n Cantitacy, Bosr asp lrrmnt 81

Dentine

The 2 hour autoradiographs of mincrahized dentine (Fig 14)
i the radiosulphate survcy with young rats, were quite
comparable to those of diaphy seal bone ('ig 6) They showed
a diffuse, general intahe of 35 which scemed to mnerease to
a maximum and then deercase over the more mature tissue
A comparable pattern had previously been recorded n 3P
exchange experiments 1 viro (Bélanger, 1053) fovounng a
similar interpretation mn this case  The tissue of the pulp
chamber produced a diffuse autoradiographie record of less
intensity than that of dentine Certam arcas, such as the
uppermost portion of the chamber 1n the crown and a wide
wrregular transyerse band at the entry of the pulp chamber
displayed larger concentrations of radioactive material No
record related specifically to the odontoblasts was apparent
at any time

After acid demunerabization of the shde (Fig 15), the
general reaction over dentine was replaced by a band defi-
nitely located to predentine and apparently of even mtensity
throughout

The mmtial maximum concentration of radwosulphate m
predentine was confirmed 1n a recent study carried out with
pigs fed with vanous amounts of fluorine and sacnificed at
graded 1ntervals after admimistration of a smgle dose of
radiosulphate This work was a pendant to a previous under
taking by Dr C L Comar and his associates at the University
of Tennessee AEC Agncultural Expeniment Station (1952,
1953, Bélanger el al , 1954) 1n which the deposition of minerals
was studied with 4Ca as tracer In that survey and also
the present one, the teeth were processed and observed m our
lahoratory The neisors of antmals saerificed 4-8 minutes
after an intravenous dose of radiosulphate have revealed that
most of the radioactive material entering through the pulp
was located n predentine (T'igs 16, 17) The junction of the
cementum and dentine produced also an autoradiographic
record but of lesser mtensity (Fig 16) Observations on the
rat had revealed an 1mage at the dentme enamel junction m
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the older amimals whose teeth were studied after grinding
(Bclanger, 1955a)

The fluormated teeth with their characterstically enlarged,
wrregular and wavy predentine (Fig 17) seemed to take up
a larger amount of radiosulphate than the normal teeth
(Fig 16)

At later intervals (Figs 18 and 19), the radioactive band
was displaced upwards by further apposition of non radio
active matrix and with a progressive, slow loss of mtensity
The diffuse distribution of the radiosulphate was also visual
1zed 1 the dentme and alveolar bone of the pig fluorine
specimens  The pulp picture persisted intact after acid
treatment

In the cystine methionne series, the early autoradiographs
showed that the radioactive material was originally taken up
by the formative cells (odontoblasts and preodontoblasts of
the root, Fig 21) At later intervals (Fig 25) a definite
incremental band was recorded over the dentine at a progres
sively increasing distance from the pulp border

Enamel

An unexpected finding during the radiosulphate mapping
of the teeth, was a strong record at the level of enamel
At 2 hours after 35§ admimstration, the radiosulphate ap
peared as a thin band located at the pre enamel (Figs 14, 15,
Orban, 1949) but only in the regions facing the large, secretory
ameloblasts Sometimes, a short portion of detached enamel
organ (“gap”) marked the end of the secretory phase (G,
Fig 14, Marsland, 1951 Belanger, 1955a) A reaction of
lower ntensity could also be piched up at this stage over the
secretory large ameloblasts

The reaction of pre enamel was not affected by acd
demmerahzation (Fig 15) Hyaluromdase incubation of the
sections, as described above, did not affect the radiosulphate
content of enamel n treatments lasting up to 6 hours (Fig 20)
although m such shdes no record was obtained from the
adjacent cartilage, bone or dentine Furthermore, 1n the
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same sections of the heads of young rats and hamsters, a
strong record persisted over the mueous cells of the salivary
glands present (Bélanger, 19510)

At 2 and 4 days, the radiosulphate tagged substance was
displaced away from the ameloblnsts by the addition of more
pre enamel and appeared within the growing enamel at a rate
mversely proportional to the actual age of the tissue (Fig 18)
Meanwhile, the defimte band first observed n pre enamel
became progressively more diffuse and less intense At G days
{(Fig 19) the cnamel record, previously much stronger, had
become weaher than that of dentine This observation points
to a rapid metabolism of the enamel sulphate compound

The cystine methionmine series also revealed some rather
surprising facts 1 regard to cnamel Whie the tecth of
animals treated with 33§ methiomne produced intense auto
radiographs over the enamel (igs 22, 23, 24, 25), those
treated with ¥'S cystine (Fig 21) revealed practically no
mtake by this tissue In contrast, the shin and other histo
logical entities (Fig 21) demonstrated a comparable intake and
subsequent behaviour (Belanger, 19550) These findings seem
to confirm previous reports of a low cystine content in enamel
(Pincus, 1936, Block, 1951)

The early autoradiographs of enamel after 35S methionine
have revealed considerable differences 1n intake by young and
older portions of the tissue the whole enamel of the young
tooth (Fig 22) 15 totally and diffusedly invaded by the radio
active substance within the first 2 hours followmg the
subcutaneous mtroduction of tracer while the older tissue
(Fig 22) 1s invested 1n a superficial fashion only (pre enamel)
with the tracer material The secretory relationship with the
large ameloblasts recogmized m the radiosulphate approach,
has also been evidenced 1n the methiomne matenal A sudden
::(essahon of intake has been visualized at thelevel of the enamel

gap” (G, Fig 22)

At 2 and 4 days (Figs 28 24) inward displacement of the
originally tagged zone has been recorded as well as differences
In the regional content of radioactive substance At the same
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time, when the position of the “gap” {G,, Fig 23) wns ob
served 1n refation to the orginal hrmt of radiosctive mtake, a
retrograde movement of this Inndmark (from G to Gy, Fig 28)
could be visualized This phenomenon points to a progressne
change n the amcloblasts and 1s part of the phystologieal
behaviour of the enamel organ leading to the formation of an
optimal layer of tissue

In nutorndiographs of long exposure (Fig 25), all of the
enamel deposited up to 4 days after the introduction of
tracer, has shown the presence of radionctive material asif
there had been continuous entry or local redistribution, but
practically no radioactive material secmed to have pene
trated the preformed enamel

Autoradiographs of 2 and 4 day ammals (Figs 28, 24, 25)
have shown practically no loss of radioactive matenal over
enamel, an indieation of a slow metabolic turncier of the
substance thus tagged

Summary and Conclusions

Autoradiographic studies with #S sulphate have revealed a
rapid synthess of a hyaluromdase labile fraction mn the matn<
of cartilage, new bone and new dentine and of a hyluromdase
resistant substance in new enamel A minor hyaluromdase
resistant fraction related to the insertions of tendons and
hgaments was also demonstrated in cartilage

A secretory phase has been visualized mn cartilage and i the
enamel organ (large chondroeytes and large ameloblasts)

In all tissues radiosulphate was mmtially most sbundant 1n
the non mmerahized areas (hy pertrophie carblage pre bone,
predentine, pre enamel)

tith time, there was a progressive diffusion mto the
matrices and subsequent disappearance of the sulphate tagged
substonces most rapid 1n the enamel

338 methionine has also been traced mto cartilage bone,
dentine and enamel Autoradiographs prepared soon after
treatment, have revealed the presence of radiactivity over
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the formative cells, even the very young (prechondroblasts,
preosteoblasts)

The early concentration of the methiomne tagged material
has been found proportional to the growth rate in bone and
enamel

In bone, dentine and enamel, the radicactive material has
been deposited as n layer at the accretion zones At later
intervals 1t retained a band hke appearance n the auto
radiograph and became cisplaced mwards by the contmued
growth process With the exception of cartilage, very little
loss of radwactivity with time could be wisuahized in the
autoradiographs of mineralizing tissues

Methionine and cystine labelled amimals have given a
sumilar pattern of entry and transit as visualized by auto-
radiography with the exception of enamel from which no
record has been obtained after admimstration of radiocystine

In the present series of observations, 1t seems that the
methionine labelled fraction 1s different from the sulphate
labelled fraction The former probably predominates in bone,
dentine and enamel, by accumulation n the mneralized
portion of the tissne

In enamel, the methionine tagged fraction presumably
represents newly synthesized keratin In view of the low
sulphur content of collagen, 1t 1s hikely that most of the
methionine 1 cartilage, bone and dentine has been mcor
porated mto the gly coprotein complex contaimng the neutral
polysaccharides The formative cells which gave an auto
radiographic record with 35S methiomine and eystine, have
already been reported to give a positive PAS
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DISCUSSION

Randall What exidence have you that methiomne stays as methio
nine and does not go mto some pool or ather before 1t reaches the radio
active part of the tissue which we have described?

Bélanger 1have no evidence whatever When S 1s introduced as an
amno acid there are not many things that can happen to 1t, a little can
be oxidized to sulphate most of st 13 bwit up into polypeptides and
protems so the largest fraction retamed after lustological treatment 1s
likely to be the protein fraction Whether 1t has been tagged with
methionine itself I do not know In a very recent expeniment done just
before X left Canada we exposed sections of bone thus labelled to
hyaluromdase There was no loss of radioactivity

Neuberger 1 thunk the interpretation of these experiments would
depend to a large extent on the dose of methiomne given Perhaps I
should amplify that statement supposing you had a diet just supplying
enough h e for bumlding up new prot you would probably
get relatively very Little formed into sulphate On the other hand if you
were to give a large dose of metluomne which the body could not utihize
most of the methiomne S would be transformed into sulphate and you
should tt get the superimposition of the sulphate picture on your
methionine pieture

The other pomt 1s that if you give methiomne 2 certmin amount of
the 8 will be converted to cystemne independently of the dose In fact I
do not think that you can give a dose of methionine without having s

derable proportion tr d mto cysteine vice rersa of course
1f you give eystemne you know that none or very little of 1t will go mnto
methionine  You would expect th a duffe 1 the
methiomne and cystemne pictures The question of dose seems to me
quite important  What was the general protein content of the diet and
how mueh extra methionine was supplied?

Ldlanger The arumals under treatment were suchling rats which were
dosed at four days of age and sacnficed at iitervals up to the fifteenth
day so all the protein they were getting was from mother rat When
compared to litter mates they showed no difference in the rate of growth
35 methionine was given 1n a dosage of 3 pefg weight
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Dent 1 wonder what chemists think about taurine as a possible
metabolite because taurine crops up 1n extraordinary places

Neuberger What about glutathione? You are bound to have a certain
amount of glutathione there It turns over very much faster than a
protemn Y ou may have a very high rate of activity ir your glutathione
Is that a possibality ?

Bélanger That 1s for the chemists to interpret

Neuberger I think you cannot make the assumption that 1f you give
methionine or ¢ysteme and you find 1t 1n certain tissues 1t would neces
sarily be in the form of tissue protein There are certainly plasma pro
temns 1n connective tissue and there are vanous other soluble substances
which have a faurly fast turnover I do not think that collagen 1s the
only possibihity

Blarter Is 1t possible to demonstrate sulphydryl groups histo
chemeally and if so do they show a correlation with the distnbution of
the radioactive methionine?

Beélanger There are vanous histochemcal techmiques for sulphy
dryls 1t 1s up to the chemists to let me hknow whether they are good or
not There are vanations i the hterature in regard to the localization of
sulphydryls depend on what techmque has been utihzed In the
present case no histochemical mvestigation of the sulphydryl groups
has been carried out

DMeyer The fact that your tissue has gone through a fixation would
mean that the very soluble glutathione and methionine unless the
methionme were bound to protemn would be removed and smce this
mvolves a process of fixation only the fixed non soluble protem plus
whatever else 1s insoluble or has become 1nsoluble would be left over So
T think that most of the radroactivity which was shown regardless of
what 1t 15 chemcally 1s certamly not a low molecular water soluble
fraction

Kodicek Wood from Memphis has done some work on radromethio
nime m granulation tissue and he also came to the conclusion that there
15 2 very low incorporation I think only about one per cent of the dose
went mto the granulation tissue and 1t was manly 1 the non soluble
protein fraction

Armstrong Is there displacement of the cartilage cells?

Bélanger There 1s certamly a growth movement of the cartilage
towards the plate but 1f we obtamn autoradiographs within a few hours
1 do not think that we are dealing with a displacement smce 1t takes
two davs before we can see radioactivity within the caleified zone
devoid of secretory activity Before we see evidence of radioactrve
material i that area I would assume that what we are visualizing 15 a
passage from the cells towards the matrix The subsequent local

m rad avity can be bed to an actual turnover or
utilhization of the tagged substance
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RaprosuLpHUR* 15 o umque and almost 1deal tool in the
study of the formation and metabolism of ground substance
in supporting tissues In fact, this radio 1sotope scems to
be mcorporated almost exclusively 1 the synthesis of sulphe
mucopolysaccharides (Dztewiathowshi, 1951, Bostrom and
Aqvist, 1952, Bostrém and Mansson, 1952) Turthermore,
autoradiography provides the means for investigating the
distribution and to some extent also the relative concentration
of sulphomucopolysacchandes in the tissues mn relation to the
Tistologieal structure of the latter

The study of eartilage mn connection with the metabohsm
of sulphomucopolysaccharides 1n supporting tissues 1s of
special interest, not only because cartilage represents the
richest store of chondroitin sulphate m the whole organism,
but also because of the intimate relationship which seems to
exist between cartilage and bone mn some areas of the body
In perichondral and endochondral ossification, bone envelops
and gradually replaces cartilage, but so far the true nature of
this relationship 1s more a matter for speculation than of
actual knowledge Both 1n ontogenesis and phylogenesis @
merely topographical relationship between the two mught
exast, or else a more intimate connection, e g, a biochemical
dependence of bone formation on cartilage Lacrort (1949}
maintains, for instance that a substance freed from cartilage,

* Radiosulphur s incorporated into the ground substance of the mesenchy
mal denvates when sodum 2§

exther as
S labelled ey stine or methionme (Bélanger 1935)
89
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Dent I wonder what chemists think about taurine as a possible
metabolite because taurine crops up 1n extraordinary places

Neuberger What about glutathrone? You are bound to have a certain
amount of glutathione there It turns over very much faster than a
protemn Youmny have a very high rate of activity 1n your glutathione
Is that a possibiity?

Bélanger Tht s for the chemsts to interpret

Neuberger I think you cannot make the assumption that if you give
methronine or cysteine and you find 1t 1n certain tissues 1t would neces
sarily be 1n the form of tissue protein There are certainly plasma pro
teins in connective tissue and there are various other soluble substances
which have a furly fast turnover I do not think that collagen 15 the
only possibility

Blaxter Is 1t possible to demonstrate sulphydryl groups histo
chemically and if so do they show a correlation with the distribution of
the radioactive methiomne?

Belanger There are various histochemical techmques for sulphy
dryls 1t 1s up to the chemists to let me know whether they are good or
not There are variations in the hiterature mn regard to the localization of
sulphydryls depending on what technique has been utihized In the
present case, no histochemical mvestigation of the sulphydryl groups
has been carned out

Meyer The fact that your tissue has gone through a fixation would
mean that the very soluble glutathione and methiomne unless the
methionine were bound to protein would be removed and since this
mnvolves a process of fixation only the fixed non soluble protemn plus
whatever else 1s insoluble or has become msoluble would be left over So
I thinh that most of the radioactivity which was shown regardless of
what 1t 1s chemucally, 1s certamly not a low molecular, water soluble
fraction

Rodiceh Wood from Memphis has done some work on radiomethio
nine 1n granulation tissue and he also came to the concluswon that there
13 a very low incorporation I thinl only about one per cent of the dose
went mto the granulation tissue and 1t was mainly n the non soluble
protein fraction

Armstrong Is there displacement of the cartilage cells?

Belanger There 1s certamnly a growth movement of the cartilage
towards the plate but if we obtain autoradiographs within a few hours
I do not think that we are dealing with a displacement since 1t takes
two days before we can see radwactivity within the caleified zone
devowd of secretory activity Before we see evidence of radioactive
materal 1n that area I would assume that what we are visualizing 1s a
passage from the cells towards the matnx  The subsequent local
decrease m radiwoactivity can be ascribed to an actual turnover or
utilization of the tagged substance
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certain that the lngh uptahe of sulphur 1s mostly due to its
meorporation m the cells, from which the matry 15 sub
scquently elaborated, the latter soon becomes basophilic
and metachromatic  I'rom this stage onward, the amount,
the basophilin and the metachromasia of the matrin inerease
rapidly and steadily, radiosulphur uptahe runs parallel with
the merement of interecllular substance and its mcrease 1
basophihia

In an autoradiograph the preeartilaginous blastema 1s not
sharply differcntiated from the surrounding less radionctive
tissue, the transition between the twois indicated by a narrow
fringe which corresponds to the Jayer of mesenchymal cells
which are gradually undergoing determination and transfor
mation into precartilaginous elements  Still Iater, this less
radwactive rim 1s represented by the perichondral envelope,
I tangential sections, autoradiography shows that the sul
phate uptake 1n the perichondrium 1s much lower than in the
cartilage proper but distinetly higher than in the adjacent
connectiy ¢ tissue which will not be assimilated by the cartilage
durng 1ts appositional growth

The rate of radiosulphur mcorporation mto the cartilage
Imcreases with the progress of differentiation and inner growth
I In lian foetuses, the uptake of radiosulphur
Increases appreciably 1n the regions m which chondrocytes
undergo hypertrophy, this behaviour 1s readily seen 1n the
diaphyseal aspect of epiphyseal cartilages In the zone of
prohferating cells, uptake 1s relatively lower than m the adja-
cent layer where chondrocytes are separated from one another
by large amounts of mtercellular basophilic matnix In
agreement with Dziewiathowshr's findings (1951) radio-
activity 15 much higher n the region of swollen chondrocytes
?}Inch still multiply and n the hypertrophic layer proper

an an the zone in which disintegration of the mtercellular
septabegins Notw 1thstanding the relative reduction 1 thick
illess of the septa radiosulphur uptake 1s very hgh i the

ypertrophie zone of the epiphyseal plate, probably a rapid

synthesis with renew al of chondroitin sulphate occurs there
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“osteogenin”, may ¢voke the osteogenetic activity of con-
nective cells Other authors are of the opinion that some
constituents of the cartilage matrnix could be utilized in the
synthesis of organic bone matrix (Siffert, 1951, Godard, 1951)

The participation of the cellular components in the pro
duction of mtercellular matter has long been postulated
It has been shown that the formation of metaplastic sub
stances ceases on the death of the cells However, direct
proof that cells play a basic réle m the first steps of matrix
production was recently provided by Belanger (1854), by
means of autoradiographie mvestigations after admnistra
ton of 358 sulphate Pele and Glucksmann (1955) hive mnde
pendently given an analogous demonstration 1 the hyahne
cartilage i young adult mice, the latter authors found that
m the xiphoid process i which the chondrocyte 1s 2lmost
completely filled by a large fat drop, the autoradiograph made
two hours after 35S administration 1s most intense over the
thin peripheral rim of eytoplasm and 1t appears 1s a ring
twenty four hours after treatment, the radioactivity dimn
1shes over the cell and 1ncreases over the matnx

Apparently, the same pattern m the formation of ground
substance can be traced 1n the first steps of cartilage histogene
s15 during embrvome development In this connection, 1t 1s of
some interest that of all the mesenchyme which will give nise
to the vanous supporting tissues, to smooth musele cells, ete,
the part which 1s destmed for differentiation mto cartilage
can be identified by 1ts capacity for sulphur incorporation
before the onset of any microscopreal differentiation  Already
m 5 to 6 day old chick embryos, the precartilagmous blas
tema eomposed of irregularly shaped wnd closely packed cells,
among which an acidophilous, not jyet mectachromatic,
tenuous network of interwoven collagen fibres 1s apparent
shows a relatively ligher radioactivity after 25§ treatment
than do neighbouring mesenchymal areas from which sub
cutaneous tissue or derm will form In the precartilaginous
blastema, the cells represent by far the most marked compo
nent while the mtercellular matrix 1s still scarce It seems
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cartilage 1s ivaded by the fibrovascular buds and resorbed
Short term expeniments (24 hours), show a conspicuous ridio
activity even 1n the fringe of eartilage which 1s being resorbed
and replaced by bone tissue  On the other hand, the sulpho
mucopolysaccharide formed before the onsct of ossifieation 15
apparently freed from the matnx before the brenhdown of the
latter, in fact, if treatment with radiosulphur is started several
days pnor to the beginning of endochondral bone formation,
no radionctivity 1s detectable in those regions which appear
ntensely radioactiy ¢ after a short treatment  In other words,
a renewal of chondrottin sulphate seems to oceur 1n the matrix
of vertcbric but not in the eartilaginous diaphysis of long
bones 1n clnck embryos The essentinl difference between the
cartilage of short bones and that of the diaphysis of long
bones 1n the chick 15 that the former caleifics before being
resorbed while the latter does not  Furthermore, the cartilage
of the diaphysis 15 not replaced by endochondral bone trabe
culae, nstead, the cartilage of the vertcbral body and processes
undergoes substitution by bone tissue, at least to some extent
Some time ago, Logan (1985) stressed the fact that cal
cification of cartilage 1s preceded by a loss of orgamie sulphate
This relationship was later emphasized by Hass (1943), who
suggested that the mamtenance of a ugh level of chondrottin
sulphate 15 a deviee by which cartilage 15 protected agamnst
calafication  Dziewiathowsh (1951, 1954), Davies and Young
(1954), and Belanger (1954) conclude from thewr autoradio
graphical studies after 35S admimistration that a connection
seems to exist between the laying down of bone tissue and
depletion of sulphate of the cartilage matrix i regions of
endochondral ossification m mammals the sulphur contamming
components Jaid down 1n the areas of caleification may get
therr sulphur from the chondroitin sulphate of the adjacent
cartilage as well as from arculating morganme sulphate S
(Dziewiathowsk,, 1952)
ch’i‘:demabwe mentioned results on the differences 1n the
1tin sulphate metabolism 1n the cartilaginous anlage

of long and of short bones 1n the chick seem to Tepresent
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Great variations 1n the rate of synthesis of chondrottin
sulphate within any given cartilage occur also 1n the anlage
of long bones in bird embryos (Ampnno, 1955) This was
shown by studymg chick embryos at various intervals after
355 admimstration eg, from 2 hours to 10 days (short
and long term experiments respectively) In some regions of
the cartilaginous anlage, synthesis may cease, and conversely
be very marked m neighbounng regions, for mstance, 1t
decreases rather suddenly 1n the diaphysis when the peri
chondral bone ring 1s laid down, while it increases progres
sively and remains mtense for a long time 1 the metaphysis
In the epiphysis proper, radiosulphur uptake 1s, in general,
lower than in the adjacent metaphy sis, this difference becomes
more marhed in late developmental stages, eg, from the
fourteenth day of incubation to hatching time (twenty first
day) Inthisregard, it must be stressed that ossification of the
epiphyseal cartilages 1n the chick takes place only mn a rela
tively late pertod of postnatal growth

The decrease of sulphur uptake m the cartilaginous dia
physis of the anlage of long bones and 1ts final cessation when
the fibrovascular buds penetrate mto the cartilage through the
perichondral bone ring, 1s a constant finding 1n the chick  No
evidence has been found, however, of any depletion of the
chondroitin sulphate previously synthesized m this region
In fact, long term experiments show that the radioactivity of
the cartilaginous diaphysis—which depends on the radio
sulphate incorporated during several days—does not dimmish
when the perichondral bone 1s formed and the cartilage part
1ally resorbed Even small remnants of cartilage temporarly
preserved from resorption and completely 15olated n the bone
marrow cavity appear mntensely radioactive m autoradio
graphs made from & to 10 days after 33§ admistration

This behaviour 1s apparently pecular to the anlage of long
bones only The results of long and short term experiments
respectively are totally different in the ossifying cartilage of
short bones, e g, 1n vertebrae 1In the latter segments, syn
thesis of chondroitin sulphate seems to continue also when the
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case the penctration of fibrov aseular buds represents the phase
which immediately precedes the structural changes m cartil
age preparatory to endochondral ossification, namely, ccll
hypertrophy and matrix caleification (2) The milieu in which
cartilage differentiates and grows was modified m the scleral
cartilage of the chick embryo by determiming a collapse of
the eye anlage at the third d1y of mcubation, that 1s, four days
before the begmnming of scleral cartilage differentiation In
the absence of the mechamcal stresses which normally depend
on the expanstve growth of the ey eball, the scleral cartilage of
the dimmutive bulb grows 3-5 times thicher than the sclern
of the contralateral eye, whose development 1s not impaired
(Wess and Amprino, 1941) It seems that the greater the
thickness of a cartilaginous plate, the poorer its metabolism,
because of the changes 1n the proportions between volume
and surface, which might seem unfasourable for nutritional
exchanges It was shown, instead, that under these conditions
(Amprino and Pansa, 1955), the uptake of radiosulphur per
unit volume of tissue, photometrically analysed . auto
radiographs, 15 1dentical 1n the sclera of the normal and of the
rudimentary bulb, also the mutotic rate of chondroeytes and
the amount of intercellular matrix for given volumes of tissue
proved equal 1n the sclera of the two eyes
The question arises as to whether renewal of chondrottin
sulphate represents a widespread process in cartilage or 1s
limuted to the regions in which endochondral ossification 1s 1n
progress The ready uptahe of radiosulphate even by the
apparently static cartilage of adults, as shown by Bostrom
and Mansson (1853) Dziewiathowsks (1954) and by Pelc and
Glucksmann (1955), mught favour the assumption that the
sulphate 1s utilzed 1 the renewal of ehondrotin sulphate
It must be stressed, however, that even after growth of the
body has ceased, that 1s when gross changes in the size of the
cartilaginous pieces no longer occur, structural modifications
still take place n cartilage 1n man at least {Amprino and
f;\‘:l':t‘ 1938) and m other big mammals they extend beyond
Into senile age The progressive transformation of the
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Ffurther evidence i favour of the suggestion that chondroitm
sulphate may be utihzed m the process of caleification of
cartilage or in the laying down of bone, or else that 1ts removal
from cartilage 15 indispensable for the process of fixation of
calcum salts on the cartilage matrix

7 As for the mechanism of hiberation of chondroitin sulphate
from cartilage, 1t was suggested that 1t mght be broken down
by the shift 1n pH or by the action of enzymes from the
primitive bone marrow (Sylven, 1948) An alkaline medium
favourable for the activation of phosphatase would thus be
established, which1s 1n agreement with Dziewiathowsht’s sug
gestion (1951) that there mght be some “relationship between
the metabolism of sulphate sulphur and phosphorus in loci
where ossification 1s progressing

It can be maintaned, 1n general, that variations in radio
sulphate uptale m cartilage always accompany structural
changes of the cartilage (Amprino, 1955) Though the struc
tural changes may seem at first different from case to case,
they nearly always hive at least one feature in common, they
depend upon or are accompamed by synthesis of chondrottin
sulphate, which 1s added to the pre existing chondroitin sul
phate or replaces 1t
¢ The rate of sulphomucopolysacchande synthesis and turn
over n cartilage seems to depend exclusnely—or nearly
so—on ntrnsic factors, namely on the activity proper of
the chondrocytes within certain lumts, the environmental
conditions do not seem to influence the ability of cartilage
cells to lay down matnix Two examples are given in support
of this assumption (1) The penetration of vascular channels
into the epiphyseal ecartilage of the long bones in the chick
embryo does not appear to determine changes m sulphate
uptake 1n areas which on account of their proximuty to the
vessels, might be expected to find a more readily avalable
supply of nutritional elements in comparison with zones w hich
are at a greater distance from blood vessels This docs not
hold true for the anlage of the cartilaginous epiphyses of
mammal long bones, but 1t must be recalled that n the latter
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the formation of the ossecous matrin  Such utihzation should
not mmply a direct transfer of chondroitin sulphate as such
from cartilage to bone matrin but rather an incorporation 1n
the forming bone of materals which are hydrolysed and set
free from cartilage before or during the breahdown of the
cartilage 'Therefore, the osteoblasts must be operative  The
ability of the osteoblast tolny down the orgame matrix of bone
tissue should no longer be a matter for discussion, although
1ts mechamsm 1s still obscure On the other hand, the amount
of sulphomucopolysaccharides synthesized n the formation
of bone matrix would be extremely small in comparison with
cartilage, such a quantitative difference seems to depend, at
least in part, on the basic differences in the growth processes
undergone by the two tissues from the moment they are laid
down In fact, no substantial changes in the organic consti-
tuents of the intercellular matter of bone occur but only a
progressive mcrement of the mineral phase, a loss of water
and perhaps some modifications m the degree of polymeriza-
tion of the mucoproteins that 1s, no inner growth processes
take place 1n bone while they occur to a large extent in
cartilage

Labelled sulphate admimstered 1z wwo gets fixed also on
bone tissue (Dziewiathowshy, 1952 Davies and Young, 1954,
Belanger, 1954 Engfeldt, Engstrdm and Bostrom, 1954
Amprino, 1955) Engfeldt and Hyertquist (1954) have shown
that fixation of 335 sulphate occurs also 1n bone shdes treated
wn wiiro with the radio 1sotope, 1n this case the fixation would
depend on a heteroiome exehange between 358 and some ele
ments of the bone mrmerals

Of some 1nterest in connection with the uptake of 258 in
bone are the observations of Vincent (1954) He showed that
sulphate admimstered wn viro during the structural recon-
struction of the compact bone gets fixed on the layers of
recently laid down bone tissue which 15 not yet mimerahzed
and 1s still orthochromatic \I'C,IS apparent, therefore, that
the sulphate 1s tncorporated at first i the orgamie matnx

before caleifieation begms a secondary fixation on the mineral
BOVE

5
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chondrocytes mto matrix {*Verdimmerung”, accordmg to
Schaffer, 1980) 1s but one of the structural changes which
probably imply new formation of matrix, that 1s, synthess of
new chondroitin sulphate However, the difference between
the amount of radiosulphate mcorporated in cartilage per
umt volume of tissue during a given time mn young grow
mg and m adult individuals respectively 1s very remarhable
{(Dziewiathowshi, 1954, Amprino, 1955)

In conclusion, although a renewal of chondroitin sulphate
15 likely to oceur, at least 1n some regions of cartilage, through
hydrolysis of the pre existing sulphomucopolysaccharide and
synthesis of new molecules of the same kind, this process
might well be more limited than 1s generally assumed It
seems probable that the greater part of the chondrotin
sulphate which 1s progressively synthesized does not replace
the pre existing one but 1s added to 1t Ths conclusion
seems to be m agreement with the histological data, which
show that the inner growth processes 1n cartilage may con
tinue throughout adult ife, though at a much lower rate than
during the period of growth proper of the body

The fixation of 35S 1s 1 general distinctly lower mn the
fibrous and fibrocartilagmous tissue than in hyahne cartilage
In some regions, however, the reverse may be true, for instance
m the case of the intervertebral disc in the albino rat Such
differences seem to depend on a different rate of synthesis of
chondroitin sulphate 1n the two kinds of cartilage Under
some conditions the uptake of 35S 1s higher in fibrous than
hyaline cartilage In fact when the intensity of the inner
growth of hyaline cartilage decreases, the sulphate uptahe
may become extremely poor 1f at the same time a neighbour
ng region of fibrocartilage undergoes a relatively rapid matur
ation, 1ts uptake of radiosulphate may be temporarly
conspicuous Needless to say, vamations m the basophilia
and metachromasia of fibrocartilage, and 1n 1ts radioactivity,
seem to run parallel with one another

Inregard to endochondral ossification, 1t has been suggested
that the chondroitin sulphate of cartilage may be utihzed mn
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whilst the bone tissue, which obviously was being laid down
at the beginming of S treatment, 15 distinctly radicactive
The radionctivity seems to deerease, but not considerably, after
decaloification  Differences n the mntensity of the autograph
are apparent 1 the vanous layers of trabecular bone tissue
which have been laid down 1 successtve periods of time since
the admimistration of radiosulphur, they seem to depend
chnefly on the gradual decrease in the amount of 33§ sulphate
circulating n the blood The older trabeculae are more highly
radioactive, those formed 6 to 7'days after 35S admmistration
show almost no activity

The obvious conclusion seems to be that both i bone and
m cartilage formation, sulphate 1s introduced at first into the
cells which participate 1n the production of matrix  The fact
that 1n cartilage the transfer of radiosulphate from the cells to
the matrix occurs apparently more rapidly than in bone tissue,
maght depend on the different amount of matrix which 1s laud
down per umt time by the osteoblasts and the chondrocytes
respectively

Evidence has come from wn vitro experiments (Engfeldt and
Hjertqust, 1954) that sulphate 1s mtroduced also 1nto the
muneral fractton of bone tissue (cf page 97) It 1s still
doubtful whether the same mechanism may account for the
sulphate mcorporated in bone :n vivo  According to Engfeldt
and Hjertquist (1954), as much as one half of the total sul
phate meorporated in bone 1s 1n the mmeral fraction
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phase through exchange processes would eventually take
place as a further step

Dziewiathowshi(1951) had pointed out that in rapidly grow
ng rats, after 35S sulphate administration, whenever there was
evidence of localization of sulphur in the diaphysis it was
primanly 1n the periosteum No disagreement seems to exist
between Dziewiathowshr’s and Vincent’s data  In fact, owing
to the himited resolution of contrast autoradiographs and the
thinness of the endosteal hning of the vascular channels of
the diaphysis in the adult 1n Tegions 1in which the laying down
of bone tissue oceurs, the radioactivity of the cellular layer
could hardly be noticed On the other hand, the periosteum
of the diaphy s1s of rapidly growing rodents 1s a thick structure
and 1ts radioactivity might well disguise a radioactivity which
depended on the adjacent and thin layer of recently laid down
bone tissue proper Furthermore, Engfeldt, Engstrom and
Bostrom (1954) mamtamn that in the compact bone of the
diaphysis m one growing dog, the hning of the Haversian
spaces proved radioactive after administration of 35§ sulphate

Autoradiographic analysis of the anlage of long bones in the
chich embryo treated with radiosulphur has thrown some
light on this debatable problem Short and long term expert
ments have proved complementary to each other A few hours
e g, from 2 to 24 hours, after radiosulphate treatment, radio
activity 1s apparent only at the level of the periosteum and of
the cellular hning of the perichondral bone trabeculae, 1€,
where laymg down of bone tissue oceurs, no radioactivity of
the previously formed bone tissue 1s autoradiographically
detectable under these conditions From 24 to 32 hours
after sulphate admunistration, radioactivity seems to appear
also 1n the recently latd down subperiosteal layer of bone tissue
of the diaphys:s, but the resolution of the emulsion 1s too low
to allow of a clear cut diserimmnation being made between the
activity of the osteoblastic lining and that of the subjacent
thin layer of recently formed bone tissue From 5 to 10 days
after sulphate admimstration, the activity of the periosteum
and endosteum 1s barely visible or not appreciable at all,
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hat e now got a rather arbitrary darkemng of a film or another technique
but we want to make this more quantitatise  Can this be done orindeed
have some of our contributors already done 1t?

Dent Yes thatis avery important point

Bélanger As for the distnbution of minerals 1n the bone, this has
actually been done by Prof Leblond and co workers (Leblond C P
Willinson G W Bélanger, L T' and Robichon, J (1052), Amer J
Anat , 86, 289) He has actually cut out preces of bone from various
areas and measured the specific actmaty It corresponds exactly
with the degree of darhening of the photographuc emulsion

Randall Is this in developing tissue or in adult tissuc?

Bélanger This 15 1n the tiba and I beheve also n the humerus of
50 g rats

Follis I can answer Prof Randall s question too Ve have done 1t on
a chermeal basis n des eloping cartilage Y ou can make slices at various
levels and analyse them chemcally for Ca P carbonate phosphatase
and probably you can do 1t for S too

Armstrong I think Prof Randall was thinking of something much
more refined and Prof Fngstrom may be sble to comment on this
point

Engstrém I think the problem of doing quantitative radioautography
1s very intniguing and difficult It 1s almost impossible except in some
spectalized cases with hquid emulsions

Armstrong  But you would be satisfied with slices of tissue Prof
Randall?

Randall Provided they are thin enough and v ou c1n plot eurves from
your results and so on I was thinking that 1t would be very interesting
to follow up Prof Amprmos work with the chich embryo in & more
quantitative way although the amounts of tissue might be rather
small It seems to me too that one has the opportunity by that means to
use several very important elements we have got Caand Pand § all of
which we can follow 1n sumlar experiments

Neuberger Randall has made quite an important pomnt because what
one measures here 1s qctually the amount of radicactive S 1n some form
possibly m the form of polysacchanide S but in order to draw a quantita
trve conclusion 1n terms of turnover one must know the total amount of
S present If there 1s a Iot of sulphate mn that particular tissue fraction
you may get a lot of blackening without having a very high specific
activity  On the other hand 1f there was very little 1t would indicate
a very high specific activity In other words any quantitative mnter
pretation of all this 1n terms of turnover depends really on accurate
X ge of the total of the el which one mnvestigates

Nordin It d ds on what ck form the el 1510

p AMeyer 1 thk Profs Amprino and Bélanger must remterpret thewr
ata as being on the synthess of sulphated polysacchandes One would
hle to know if the sulphate 1s all in the form of carbohydrate or for

example 1s there phenyl sul 1ly pheny! sulph bound te
{;;otem particular]v m the early stages? I beheve 1t mxrght be possible

using pheny1 sulphatase to show 1n the same way as Bélanger has
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DISCUSSION

Nassim Could 1t be that when you say that the cartilage cells are
secreting some substance they are m pomt of fact in the process of being
disintegrated ?

Amprine VWell I just used the word that Prof Bélanger writes 1
one of his papers when he savs that chondrocytes excrete chondroitin
sulphate mnto the matrix

Nassim That 1s referring to increased vascularity where in point of
fact I would think the cartilage cells were bemng disintegrated

Amprino In most mstances the cells are not disintegratmng at all
because they belong to a part of the cartilage which 1s still growing that
15 where cells are dividing and matrix 1s bemng laid down

Folhs This occurs where they are still living and they will not be
disintegrating m the sense of dying and being mvaded for quite some
time

Bélanger Yes I thmk I have already expluned the time factor Ve
see this passage much earlier than we actually see the radioactr e material
reaching the area of disintegration

Randall T would like to ask a simple general question In three
papers to day we had very elegant pictures of how these various elements
have been taken up into various tissues and 1n various parts of the
tissues  Is the next kind of analysis possible that s pictorial analysis?
If one could now knowing this picture as we have seen 1t to day m
several tissues analyse these tissues further dissect out particular
portions and say that at such and such a stage of development there 15 s0
much S mn this particular part then we would have a very much more

plete picture m g ne terms than we have at present Ve




IN VITRO UPTAKE AND EXCHANGE OF
BONE CITRATE*

W D AmustronG and LEOY SINGER

of Pi I ! Chemistry U of Minnesota
Minneapolis

Tue discovery of a gh concentration of citrate in the
sheleton by Dichens (1941) necessitated revisions n the con-
cept of the constitution of the bone mineral (Armstrong, 1950}
and directed attention to the possibility that citrate plays a
“4dle 1n the caleification process or 1n the loealization of the
mineral deposit Some of the items of evidence that eitrate
may be concerned mn bone formation and metabolism are
(a) the high amount of aitrate 1 caleified tissues—0 95 per
cent 1 rabbit cortical bone (Dixon and Perkins 1952), 1 6
per cent in dry fat and protemn free ox bone (Dichens 1911)
and 0 8 per cent 1n human dentin (Free, 1943), (b) the con
current elevations of serum caleium and citrate levels under
the influence of parathormone (Alwall, 1944) and of vitamin D
(Freeman and Chang, 1950), (¢) the formation of citrate
containing precipitates with compositions similar to those of
bone and dentin from solutions of inorgame and eitrate 10ons
with concentrations like those of a serum ultrafiltrate (Kuyper,
1945) (d) the healing of nickets 1n rats (Shohl, 1937) and 1n
children (Shohl and Butler, 1939 Harnson 1953, Harrison
and Harrison, 1952) produced by the oral admumstration of
caitrie acrd sodium estrate solutions (e) the merease 1n eitrate
content of blood, hidney heart small mtestine and bone
resulting from physiological doses of vitamm D given to
s receiving normal or rachitogenic rations (Steenbock and
Bellin 1953) and (f) the recogmition of the central importance

* Supported by a t from the Rq
Puble Health Se{w eeg““ rom the Research Grints Division of the U S
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done with hyaluronidase whether, particularly mn the early stages thereis
non carbohydrate sulphate formed and what 1s the role of the large dis
tribution and the large concentration of phenyl sulphatase m the
tissues

Bélanger Do you thinl Prof Meyer that these substances would be
retained m histological sections?

Meyer If tyrosme or any other hydroxyamino acid 1s tied up with
the structure of the protein of course 1t would One knows that the only
function of vitammn € m the mammal ts the synthesis of tyrosme and
there 15 some histological evidence that there 1s polysaccharide pro
duced but 1t 15 not sulphated

Kodiceh  With regard to vitarmn C I ecannot say anything about
bones, but 1n normal granulation tissue a dose of radicactive sulphate s
found mainly 1n the mucopolysacchnnde fmchon as 1solated by paper

chromatography and st 15 a haride which has the
same or similar moblhty as chondmmn sulphate In vitamn €
y one finds a mn INCOTP on but there 18

still as much mucopolysaccharide present or more than mn normal
granulation tissue But smce so much sulphate or almost all the sul
phate 15 present as 1, haride sulph: there 1s no space for
phenyl sulphate 1n gmnulahon tissue
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output of atrate was marhedly clevated by the administra-
tion of sodium bicarbonate The continuous replemshment of
citrate i the body flnds from the metabolie processes 1n soft
tissues can be expected easily to provide an amount of eitrate
to supply the needs of aitrate cxeretion and to maintan
the sheletal citrate constant under these conditions  Also, the
results of Beaulieu and Dallemagne (1951) who reported no
merense of citrate content of bones 1n a small group of animals
poisoned with fluoracetate can be mterpreted to indicate that
an increment of bone aitrate, produced by elevated levels of
cireulating citrate, would not be discoverable, 1n the presence
of the existing bone citrate, with the number of ammals used
One promment concept (Hendrichs and Hill, 1950, 1951,
Hendrichs, 1952) of the nature of the bone mineral describes
this substance as minute erystals of hydroxyapatite with
severa] of the 1ons of extracellular flud, e g sodium, potas
smum, carbonate and citrate adsorbed on the crystal surfaces
If the considerations of the adventitious presence of bone
citrate and of its crystal surface location are correct, the
citrate content of powdered bone should be subject to change
by exposure to solutions of varied composition n n vitro

experiments The results of such experiments are the basis
of this report

Methods

Three materials were used (1) dry, fat free boyme cortical
bone powdered to pass a 60 mesh sieve, (2) the dry, mitrogen-
free residue of (1) prepared by boiling the original fat free bone
i 8 per cent KOH 1n ethylene glycol (referred to below as
“KOH glycol residue”) and (8) synthetic hydroxvapatite
prepared by the method of Larson (1935) The solutions with
which the aboy e solids were incubated had an mitzal pHof7 4
In those solutions which contamed phosphate this PH was
established by adjusting the ratio of dibasic and monobasic
phosphiate 1ons thus giving a buffered solution The crtrate
solutions which contained no phosphate, referred to below
and 1n the Figures as “unbuffered”, were adjusted, before
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of aitric acid 1 the final common pathway of oxidative
metabolism (Krebs cycle)

Divon and Perhins (1952) made assay s for three of the Krebs
eycle enzymes m bone which are involved 1n the formation and
removal of eitric acd, namely, citrogenase, acomitase and
socitric dehydrogenase The activities of these enzymes 1n
bone were considerably lower than in kidney and ver How
ever, 1n bone the enzyme activities were higher n the more
active regions, the metaphyses and epiphyseal cartilage, than
1 the shaft cortex Also, the citrogenase activity (the enzyme
concerned 1n the formation of citric acid from acetyl coenzy me
A and oxaloacetic acid) of bone was much greater than that of
wsocitrie dehydrogenase  Since the latter enzyme can be tahen
to serve the role of removal of ctrate it appears that a
mechanism exists 1 bone for the net production of citric acid
Lheseconsiderationslead to the suggestion (Dixonand Perhns,
1952) that the eitrate of bone mineral 1s that which 1s formed
1n the bone cells and 15 co precipitated with the bone mneral
durmg the caleification process

An alternate possibility as the cause of the oceurrence of
citrate 1n bone has to be considered, namely, that some and
perhaps the major part, of sheletal mineral citrate 1s present
merely adventitiously owing to the constant presence n body
fluids of eitrate derved from hon sheletal tissues Examples of
accidental occurrence of 10ns in bone mineral are fluoride, lead
and radum It 1s possible that citrate, except for its normal
presence m body fluids (2-5 mg per 100 ml plasma), 1s no
more characterstic or essential to bone mineral than 1s fluoride
or radium The hypothesis of the non sheletal orgm of bone
citrate finds 1ts first evidence m the work of Kuyper (1845),
mentioned above, which demonstrated that the presence of
citrate 1on 1 simulated plasma ultrafiltrates allowed the co
precipstation of eitrate with deposits formed wn vitro, of a

material resembling bone mineral in composition

The hypothes:s of non sheletal origin of skeletal citrate 1s
not contradicted by the work of Class and Smith (1913) who
found no alteration of sheletal citrate 1n rats whose urinary
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wherens the original eitrate content of the dry, fat free bone
was 0 856 per cent  The comparatively low uptahe of citrate
by KOH glycol residue of bone, which never cxeeceded more
than about one third that of dry, fat free bone, 1s possibly due
to a larger particle size of the extracted bone and, perhaps

also to the presence mn the same substance of more perfect
crystals with fewer surface charges  The shape of the curve for
the KOH glycol residue of bone indicates that this material at
first took up citrate from the solution, but, after 60 minutes of

oo
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EQUILIBRATION TIME IN MINUTES
Tic 1 In vitro uptake of aitrate by hydroxyapatite dry fat
free bone and KOH glycol residue of boge with nmrg

ncubation, lost citrate to the solution The observations were
repeatedly confirmed Thus finding has no explanation beyond
the possibility that the erystals of this materal underwent
revisions of structure when exposed to the aqueous solution
with loss of surface charges

It1s a necessary consequence of the hy pothesis of adsorption
of citrate 10ns at sites of positively charged discontwities
on the surface of hydroxyapatite crystals m the bone salt
(Hendricks 1952) that other negatively charged 1ons, e g phos
phate should also be able to occupy these positions and thus
to compete with citrate for the same locations 1n the bone
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dilution to final volume, to the desired pH by titration with
01 » NaOH The pH of the solutions remamed constant
within 0 1 pH umt during the experiments

Two hundred mg amounts of bone, KOH glycol residue, or
of hydroxyapatite were transferred to tared round bottomed
centrifuge tubes and the tubes were placed 1n a water bath at
37 5° C, 5 ml of the test solution warmed to the same
temperature were added to the tubes and the incubation was
continued for the desired time Continuous agitation of the
solution and solid phase was securcd by passing a stream of
mtrogen gas through the suspension 1n the tubes At the end
of the incubation period the tubes and contents were quichly
weighed (to give, with the speaific gravity of the solution, the
volume of the supernatant flud) and the solid phase was
rapidly separated from the supernatant flmd by centrifuga
tion and decantation The citrate concentration of the super
natant fluid was determimned by the method of Zipkm and
McClure (1949) The difference between the total eitrate con
tents of the onginal solution and of the final supernatant flud
was taken to be the amount of eitrate which was acquired or
released by the sohd phase

Results and Discussion

Fig 1 presents a comparison of the citrie acid uptake by
the three solid matemals over periods of 2 to 240 minutes
from neutrahzed solutions of aitric acd with an orignal
citrate content of 20 mg per 100 ml (1 04 X 1073 moles per
litre as aitric acid) The synthetic hydroxyapatite rapidly
and nearly completely removed all of the citrate from solu
tion since the total mmitial citrate content of the solutions was
1000 pg The acitrate uptake by the dry, fat free bone increased
with time over the first 100-120 minutes of mcubation until
about 75~80 per cent of the citrate had been removed from
the solutions The slower rate and lower degree of citrate
uptake by bone than by hydroxyapatite are probably due to a
smaller particle size of the hydroxyapatite and to the fact
that the latter substance was mmtially devoid of citrate



In Vatro Urrarr anp Dxcnance of Bosk Citnare 109

discrimnately by eitrate or phosphate since, 1n the presence
of phosphate, no marhed merement of aitrate uptake was
found when the citrate concentration of the solution was
mereased from 20 to 40 mg per 100 ml

The curve for dry, fat free bone 1n the absence of phosphate
indreates that this material has the capacity to aequire citrate,

FAT FREE, NON-BLFTERED

Y

CITRIC ACD UPTAKE BY BONE

]

o 0 20 % <@
Q. PERCENT CITRIC ACD

Fic 3 Uptake or loss of citrate by dry fat
free bone and KOII glycol residue of bone 1n
the presence or absence of phosphate and at
varied 1mtial eitrate contents  (Phosphate
coneentration 0 056 molar incubation time
60 minutes points below the horizontal line
indicate loss of citrate by bone to the solution )

or at least to maintam its oniginal citrate content, m solutions
of citrate eoncentration 1n the physiological range (2-5 mg
per 100 ml) The loss of acitrate by dry, fat free bone at all
concentrations of solution eitrate shown n the lower part of
Fig 8 does not argue agamst the stability of bone citrate under
physiologieal conditions since the concentration of phosphate
employed 1n these expertments (0 066 molar) was many times
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mineral Fig 2 shows that this expectation was realized
the case of phosphate since with mereasing concentration of
phosphate 1n the solution lesser amounts of citrate were
taken up by the dry, fat free bone from solution of constant
mitial eitrate content When the molar concentration of
phosphate buffer excecded about 0 045 there was an actual
displacement of citrate from the bone to the solutions
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Fic 2 Uptake or loss of atrate by dry fat-free bone

1n solutions of constant 1tial aitrate content and of

vaned phosphate content (Initial eitrate content of

solution 20 m,, per 100 ml mcubation time GO munutes

pomnts above the horizontal Line indicate citrate lost by

bone to solution pownts below the Iine indicate citrate
taken up by bone from solution.)

Fig 8 presents the results of citrate transfer between sohd
and liquid phases under conditions of varied imtial citrate
content and in the presence or absence of phosphate buffer
{0 068 mole per htre) The competitive effect of phosphate on
atrate uptake by bone was again demonstrated Thg 8 also
shows that the same hind of competition was also exerted by
phosphate with KOH gly col residue of bone but 1n this case
the effcet was of lower magmitude  Apparently not all erystal
surface locations of KOH glyeol bone restdue ean be occupied
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Fluoride 1s another 1on which might be expected to compete
with citrate forpositions on the erystal surfaces of the bone
mineral Table I gives results which show that the presence of
10 mg per cent of NaF in the solutions lowcred the amount
of atrate taken up by dry, fat free bone from solutions of
several mtial atrate contents These results are to be
attributed to the fluonde 1on since KCl in amounts up to
0 066 molar (492 mg per 100 ml ) did not alter the uptahe of
citrate by dry, fat free bone from solutions of 20 mg citrate

Table I
Crrric Acip—FLuorIDE COMPETITION
Concentration pg Crtric Aad Taken up by Bone
mg %, Cutric Acd Citnic Aad
Curic Aad + 10mg 9% NaF Alone

5 132 158

75 172 218

10 29a 360

15 409 502

20 490 685

40 788 821

Time 60 mnutes

per 100 ml 1tial eitrate concentration The failure of potas
sium and chloride 10ns to mterfere with citrate uptake by
hone was predictable on the basis of theory since bone mineral
contamns only a small amount of potassium and 1s devoid of
structurally combined chloride

Table IT gives results which show that the presence of the
tons of the dibasic acids suceinme and glutaric acids 1n the
solutions did not interfere with the uptake of aitrate by dry,
fat free bone However, the 1ons of the tribasic acid aconrtic
acid, which n structural formula 15 related to eitric acid,
appear, 1 the concentrations used, to have exerted some
degree of competition with citrate 10ns for uptake by bone
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higher than the normal range of phosphate concentration 1n
body flurds (X 0to 2 0 X 1073 molar)

If phosphate and citrate compete for the same positions on
the crystal surfaces of bone mineral the uptake of citrate by
bone should displace phosphate and ntroduce this 1on mnto
the solutions This expected result was obtamed as 1s shown
m Fig 4 1n which the total phosphorus (as phosphate) per
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PHOSPHATE REMOVED FROM BONE !
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ot
20 30 40 50
MG, PERCENT CITRIC ACID
Fic 4 Phosphate removed from dry fat
free bone by solutions of aitrate (15 ml
Volumes of citrate solution mncubated for
60 munutes with 600 mg bone )

15 m! of solutions after 60 minutes of equilibration are
plotted against their ongmal citrate contents These results
do not appear to be due entirely to solution of the whole
bone salt complex m the eitrate solutions since, although
the solutions contained caleium the amount of calcium so
contained did not increase with increasing concentration of
solution eitrate For example the supernatant flwmds from the
10 and 40 mg atrate per 100 ml experiments contained
respectively 0 80 and 0 26 mg total caletum Prehminary
experiments have also shown that treatment of dry, fat free
bone with citrate solutions (80 mg citrate per 100 ml) dis

places about 0 7 per cent of the bone morganic carbonate
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DISCUSSION

Fancon: You work here with dead bone but in hving bone we have
no competition between phosphate and citrate  In richets both phos
phate and citrate levels are very low in the blood and in hypervit
ammosis D the blood crtrate level 1s raised but the phosphate remamns
nearly the same Perhaps your experiments in dead bone are different
to experiments 1n iving bone

Armstrong Prof Fancomi I do not believe that the results of our ex
penments are m actual disagreement with the particulars which 3ou
cite 1n reference to richets In healing richets there 1s an increment of
bone mneral which requires that phosphate be deposited as a part of
newly formed bone mneral This 1s then a situation of net increase of
bone phosphate and of eitrate Y was interested in what happens in the
revision of the detailed composition of the bone mmeral once 1t 15 formed
T'would also pomnt out agaun that i order to demonstrate the competition
between phosphate and citrate I used very high concentrations of phos
phate Ths fact does not argue against my thesis that positions on the
bone mineral surface may be occupied alternately by exfTate and phos
phate so that I believe that you and I are not 1n competition as phos
phate and citrate are !

Diron Some time ago we did some work which showed that due to
the fact that there was this very great turnover of citrate m the tissues
measurement of citrate content at a particular time would not neces
sanily ind the ts of other which the citrate
metabolism was inducing that 1s although you mght have a compara
tively low amount of citrate in that particular tissue at the time 1t
would not mean that it had not 1n 1ts turnover moved quite a lot of
Ca out of a substance and then had been metabolized 1n the usual way
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Table IT
CovremiTioN STUDICS CITRIC ACID Wit ORGANIC ACIDS
Data given as per cent of citric acid res d from g by
fat free bone
20 mg per cent Crirate 10 mg per cent Catrate
Orgamic dad
& 20 mg per cent 30mg percent
Organic Aad | Citrate alone || Organmic Acd | Citrate alone
with Cirale with Culrale
Suceinie 658+11 668107 7164+090 [ 748109
Glutane 640+08 | 659X11 | 7704£17 | 771£10
Acomtic 618+10 693407 629108 748408

Time 60 minutes

Prehminary experiments to measure the n vifro exchange
of bone citrate have been conducted Dry, fat free bone
samples were equilibrated with unlabelled citrate solution
(20 mg per cent) for 4 hours Citrate labelled with 1C was
then added to the solutions without affecting thewr citrate
concentrations The imtial 4 hour equilibration with un
labelled citrate was used to allow the net uptake of citrate
from the soluttons to become constant (Fig 1) The relations
of the speaific activities of the eitrate 1 the solutions and bone
after one hour equilibration following the introduction of the
labelled citrate showed that 38 per cent of the total bone
citrate had been exchanged Ihis result would require that
all of the citrate taken up in the mtial period and 17 per cent
of the original bone citrate be renewed
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n 1 supposc this crystalline residue s o very good absorhent
forD rL::ny crznrr)\’:c subsmncrzq for example if you could measure the
uptake of glucose by theerystals you should find that some was taken up

Armstrong T think only charged jons would be effectiv cly taken up
by bone muneral

Duron Is it not analogous to amumal charcoal in some way ?

Randall This has been used as o eolumnn

Diron Does the bone powder act merely 8s an absarber?

Dent It would not be acting ns an jon exchange resin You can
separate sugars on some columns but that ss old fashuoned chromato
graphy 1t 1s not dependent on jonic forces

Armstrong Bone has been used as an 10n exchange column to remosve
fluoride from drinking water ‘Lhe water s filtered through bone mincral
and the fluonide 1s removed The material can be regenerated for re use
by cooking the bone mineral with NaOH

Neuberger It would be nteresting to vary the structure of the com
pounds for nstanee to compare tricarbally lic acid, which has not got a
hydroxv] group with aeitric aeid and see whether it makes a difference
Tt has not got quite the symmetry of eitnic acid, but one feels that the
hydroxyI group 1s probably involved in nddition to the charge

Blaxter 1 was interested 1n your observation on the fluoride content
of the cow bone The concentrations suggest that there must have been
complete penetration of the lattice and therefore there must have been
almost complete recrystallization of the whole bone

Armstrong I expect so

Perkans Prof Armstrong you found that about 4 mg per cent of
eitrate was taken up by your 200 mg of dry fat free bone as compared
with 0 856 per cent citrate that was there to start with It does not
really represent a very large uptahe compared with the amount that was
there I wondered whether you were really getting o big inerease from
your aitrate but apparently you were not

Armstrong Since the onginal bone contained 0 836 per cent citrate
the amount of estrate 1n 200 mg of bone was1 7mg  Wath an uptahe of
0 8 mg of citrate there was an increment of 49 per cent 1n the citrate
content of the bone  Furthermore I am sure we would have got much
ltnote taken up1f we had continuously replenished the citrate 1n the solu

10n

Randall In your expertments did jyou try to find out if the rate
process was substantally duferent or whether only a constant was
comuing mto 1t?

Armstrong T have no evidence on this point ag yet

Randall 1f you know you are dealing with two 10ns each of doubly
negative charge then they ought to behave siumlatly unless you have

got tn one case a trply charged 10n and m the ather a. doubly charged
on

Armstrong We certanly had no triply charged 1on
Randall Of course the size of the ton will come mnto 1t as well
Perkans That only

applies surely to the phosphate Citrateat pH 7 4
should all be completely 1onized atpne
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Armstrong made a pomnt that there was not much more citrate than
other 1ons mn hone and that the citrate was perhaps adsventitious but
I think bone h1s 50-100 times more eitrate than most other tissues have
and you could hardly call a content of that nature adventitious Arm
strong used IXOH glycol extracted bone and found this curious falling
off of the citrate uptake at the end of 2 hours Is that 1n some way due
to the fact that I.OX makes the bone alkalime and possibly small
amounts of alkah are given up to the solution and affect theionic
strength or H 10n concentration? Have you determimned the pH before
and after? We were familiar with this iden of competition of eitric acid
with phosphate for Ca and we did experiments where citric acid was
added to solutions in which calerum phosphate was preeipitated
Kuyper showed the solulhzing effect of eitric acid on co precipitation
and I have always thought that this was just because the citrate
solubilized some of the Ca Mg has the same eflect n solubilizing caleium
phosphate precipitates as magnesium phosphate 1s much more water
soluble than calcium phosphate

I am very surprised at the effect of KF I have alnays thought that
fluonide would form very insoluble CaF, which 1s much more nsoluble
than calcium phosphate and by some displacement form a layer of this
very insoluble CaF, which would account for the inhibition of the citrate
uptake m the same way Why KF does not work 1n this way, I do not
really see

Armstrong 1 return agamn to my conviction that citrate does occurin
the bone mineral adventitiously I am fully aware of the fact that bone
muneral contams high amounts of eitrate  Dickens analyses for example
calculated to the protem free state show as much as 1 6 per cent citrate
1n bone mineral That fact alone does not argue against the accidental
presence of citrate 1 bone mineral JThe affinity of caletum phosphate
for ertrate and the constant presence of eitrate i body fluids account for
1ts occurrence m bone I would pomnt out agamn the analogous circum
stance with regard to the fluoride 1n bone Fluoride ma) be present in
very high amounts 1n bone I know of one analysis of a bone from a
cow that had been poisoned with fluonide which showed enough fluoride
for the bone mineral to be fluorapatite—about 3 56 per cent I submit
that this 1s an obvious case of an adventitious occurrence of a substance
1n the bone mieral Iam lhke you uncertain as to the interpretation to
be put on our results with the glycol ashed bone As far as ¥ can answer
your question I will say that this material was simply extracted in the
usual way with hot XOH 1n ethylene glycol washed until the washings
were neutral and then dned However I am sure thatthe K concen
tration mn this matenal was higher than it was in the orginal bone

Perkins Have vou done any experiments in & series competing the
carbonate with ertrate?

Armstrong No we have not but yours 1s a good suggestion The
only thung we have done with carbonate 1s to see whether or not the
bone carbonate 1s displaced when citrate 1s taken up By setting up 2
tramm we could collect~CO, from the solutions indicating that small
amounts of CO, were displaced from bone by aitrate
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FaRM Tuminants ate prone to a disease charactenized by
hyperexaitability and associated with a considerable redue-
tion 1n the serum concentration of Mg The syndrome occurs
m mature lactating cows when 1t 15 called *“‘lactation tetany”
or, more descriptively “grass staggers” It occurs also 1n
growing cattle of both sexes and 1n young calves 1n the first
few weeks of hfe Vital statisties are lackang for farm hive-
stock, but the annual incidence 1n suckling calves has been
placed at 5 per cent (Blaxter and Sharman, 1955) while the
neidence I cows 1n some areas may be even greater (Stewart,
1954) It 1s a sermous econome problem to the livestoch
industry simce mortality 1s high and convalescence often pro
tracted The disease has been described n detail and occurs
In many countries, treatment consists of intravenous Mg
therapy (Dryerre, 1932, Blakemore and Stewart, 1932-3,
S)ollema, 1932, Alleroft, 1954) The disease oceurs in sheep
also, and 1n horses (Green, Alleroft and Montgomerie 1985)
but has not to my knowledge been encountered m pigs
Accounts of the occurrence of a comparable syndrome 1n
man have appeared (Hirschfelder 1988) and recently low
serum concentrations of Mg have been noted in cases of
idiopathie calemosts 1n infants This suggests that naturally
oceurning disorders of Mg metabolism are certainly not limited
to ruminant animals
“ Since members of the symposium may not be famihar with

hese so called ‘hypomagnesaemic disorders” of hvestock

ur



116 DiscussioN

Armstrong How many carboxyls are 10mzed? One or two? I should
think two at pH 7 4

Neuberger The last pK 1s about 6 0, 1sn t 1t?

Armstrong  The first1s 10 4and the second1s10 * I do not recall the
value of the third pK

Neuberger '1he third one 1s under 7

Armstrong S0 you suggest then that I am dealing with citrate 3
minus?

Neuberger Mostly with the trivalent 1on

Duron I have always regarded the caluum eitrate complex as not
Just bemng a calelum citrate salt but analogous in some way to the
copper tartrate which we use in Fehling s solutron you get OH coming
in and making the complex It 1s not just Ca, (citrate), 1s 1t? It 1s the
OH binding rather Iihe Cu groups bound onto the hydroxyl groups n
tartaric acid  What 1s your concept of the structure of caleium citrate?

Perkans It 1s usually given as calcium citrate one minus It 18 rather
peculiar that the amount of Ca which came nto solution was so small
and that 1t was even lower at the higher wtrate concentration than it
was at the small one

Armsirong These results are all within the Limit of error of the deter
mination 0 3—0 26 mg of

Neuberger It would be quite interesting to see what As does 1t 15
so closely related chemically and biclogically to phosphate

Meyer It seems to me there are at least two possibilities erther that
you have an 1omic exchange or that you have an 1on exchange resm
but «f this 1s an 10n exchange resin then 1t 15 not surprising that there 1s
very httle Ca gomg mto solution because you could not know a prior
what the binding sites are 1n your resin

Armstrong I think 1t1s a kind of 10n exchange since aqueous extracts
of drv fat free bone contamed vamshingly small amounts of phosphate

Meyer You may have both types which would of course explain the
small amount of Ca wluch 15 solubilized
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Fardt rummants are prone to a disease characterized by
hyperexeitability and associated with a considerable reduc-
tion in the serum concentration of Mg The syndrome occurs
n mature Jactating cons when it 1s ealled “lactation tetany
or, more descriptively “grass staggers” It occurs also mn
growing cattle of both sexes and m young calves 1 the first
few weeks of Iife  Vital statistics are lacking for farm live
stock, but the annual ncidence m suckling calves has been
placed at 5 per cent (Blaxter and Sharman, 1955) while the
madence 1n cows 1n some areas may be even greater (Stewart
1954) It 1s a serous economi¢ problem to the livestock
industry since mortahty s high and convalescence often pro
tracted The disease has been deseribed 1 detail and oceurs
In many countries, treatment consists of intravenous Mg
therapy (Dryerre, 1932, Blakemore and Stewart, 1932-8,
Sjollema, 1932, Alleroft 1954) The disease oceurs 1n sheep
also, and 1n horses (Green, Alleroft and Montgomerie, 1935)
but has not to my knowledge been encountered in pigs
Accounts of the occurrence of a comparable syndrome n
man have appeared (Hirschfelder, 1933) and recently low
serum concentrations of Mg have been noted in cases of
idiopathic calemosis 1n nfants This suggests that naturally
occurring disorders of Mg metabolism are certainly not hmited
to ruminant animals

Since members of the symposium may not be familiar with
these so called “hypomagnesaemic disorders” of hivestock

17
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some attention s given to physiological aspects other than
those directly concerned with the metabolism of bone The
central 1mportance of the exchange processes mnvolving
the bone mineral 1s, however, dealt with in more detail The
wformation presented 1s based on studies of Mg metabolism
1n cattle, the results of which have not yet been published in
full To avoid constant reference to our pubhished work, the
papers concerned have been listed and arc not spectfically
mentioned mn the text (Blaxter and Roolk, 1958, 1954, 1955,
Blaxter, Rook and MacDonald, 1954a, 1954b, Blaxter and
Sharman, 1955, Blaxter, 1955) Most of our studies have
been made with young calves i which a Mg deficiency 1s
readily produced by feeding an artificial hquid diet virtually
free of Mg (0 4 mg /100 g )

The Mg content of the calf at birth can be predicted from
the equation Mg(g) =0 655W — 8 5, W bemg the body
weightin kg , the standard error of estimate being &2 8 The
equation was based on the analysis of the complete bodies of
calves Some 60 per cent of the total Mg 15 present in the
sheleton and 40 per cent 1n the soft tissues A calf weighing
40 kg at birth would thus contain some 18 5 g skeletal Mg
and 9 g soft tissue Mg The normal accretion of body Mg n
growth depends primarily on the growth rates of thesoft tissue,
notably the muscle mass and the sheleton, and can be followed
by determiation of the cumulatiy e retention of Mg by meta
bolic balance methods At the same time determinations of
the cumulatiy e retention of N and Ca allow an approximation
to be made to the growth rates of the soft tissues and the
sheleton In long term growth experiments Mg aceretion can,
1 faet, be estimated from the cumulative retention of Ca and
N by making the assumption that the ratio of Ca Mg 1 bone
and the ratio N Mg 1n muscle remain constant Table I
shows the expermmental validity of the assumption that 1n the
normal calf grven adequate Mg, the ratio Ca Mg in bone 15
50 1 and in muscle the N Mg ratio1s 140 1 Agreement of
the calculated retention with the observed retention over 64
days’ experiment was within 1 per cent
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Table I
THF CUMULATIVE MO RITENTION OF A “ORMAL CAI1 GIVIN A RATION CON
TAINING ADEQUATE MG AND Ti1 RETFNTION LSTIMATE D FROM SIMULTANLOUS
FSTIMATES OF N AND CA RFTTNTION

R of body uploaj lar age
Age of ealf Durectly estimated Indtrectly estimated
n days 'rom the balance of Jrom the simultaneous
intake and excrelion estunates of N and
Ca retention
©) )
Q o0 00
8 0 80 0 J8
16 13t 128
24 292 100
a2 3 55 10~
40 4 28 416
48 5 85 5 04
56 7 02 717
o4 7 82 7 00
The 1nitial Mg content of the body ecalculated from the body weight
was20 0 g

It 15 now of interest to apply these approximate factors to a
study of experimental Mg depletion In Table II, data are
Presented for a calf given a dict free of Mg During 2 period of
48 days a total loss of 3 1 g of body Mg took place In the
same period, however, the N retention and Ca retention were
positive, that 1s growth of soft tissues and the sheleton
occurred Experiments with a series of deficient calves and of
normal ones showed 1 fact that given equal amounts of food
equal amounts of dietary N were retamned by both groups
until the final few days of life when the grossly tetame de
ficrent calves stored somewhat less Deficient calves, however,
habitually stored shghtly more Ca than normal ones given
equal amounts of dietary Ca From the Ca and N retentions
of the defictent calf 1n Table IT 1t may be calculated that had

the Mg content of the tissues remamned unaltered, some
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Table II
THE CUMULATIVE LOSSES OF MG FROY TIIL BODY OT A CALF GIVEN A Mg row
RATION AND THE ESTIMATE OF WIAT RETLNTION WOULD MNAVE OCCURRED
7AD MG RETENTION PARALLELED CA AND N RETENTION AS IN THE NORMAL

ANIMAL
No of days Observed Indirectly Mg estimated| Total loss
of de d to be of Mg from
Mg Telention from | incorporated | the sheleton
Telention sunullaneous an muscle
eshimales of
Ca and
relention
A B c (C—4)
@) @) @) @)
0 0o 00 00 00
8 -0 53 +0 72 027 0 80
16 —0 908 +1 42 0 58 156
24 —170 +2 66 122 2902
32 —211 +3 "0 1 54 365
40 —2 73 +5 13 231 504
48 —810 +6 31 2 90 6 00

6 3 g Mg would have been stored The body defieit of Mg
relative to the final body size was thus 9 4 g Further expen
ments using the same technique showed that body losses of
Mg 1n ammals g1ven diets virtually free of Mg were mnvariably
of less importance than the continuing growth of the sheleton
and soft tissues mn determumng the total body Mg deficat
The daily loss of Mg from the body when no Mg was grien
was 1n fact, rather constant irrespective of growth rate,
reflecting a considerable daily loss of Mg in the faeces which
presumably represents the unabsorbed part of the continuous
nflow of Mg mnto the digestive tract in glandular secretions
Tissue analysis showed that the composition of soft tissues
was not sigmficantly affected mn the deficiency (vide nfra)
The body defieit of Mg must therefore have invols ed depletion
of the bone and depletion of the small amounts of Mg present
1n extracellular fluuds  The distribution of Mg in the body 1n
the above expermment can be given approximately as follows

(Table III)
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‘Table I

THEe ArrORTIONMINT OF MG LOSILS TO TIF SKrLrtoN v \Ma DPriciENey
AND QUANTITATIVE TSTIMATION OF THANSLOCATION

Imtial quan Lstimated Tinal quan
tity based on | final quantly | taty defermined
body weight had normal by cumulative
retention balance of Mg
oceurred antal e and %
based on excrefion change
eumulatine
NandCa
balances
() ) @)
Total body 21 0 30 3 2090 =31
Skeleton 14 4 J ] 84 - 50
Soft Tissues o6 125 12 5 NIL

* Assuming no depletion of the soft tissue cells

The final concentration of Mg in the bone ash of the ealf
was 0 32 per cent, the immtial concentration as obtamned by
analysis of a series of calves being placed at 0 6-0 7 per cent
This gives a fall in coneentration of about 50 per cent, in close
agreement with the 56 per cent estimated from the balances
of mtake and exerction of N, Ca and Mg Bone muscle
translocation of Mg 1s placed at 2 9 g-over 50 mg /day
This suggests that in Mg deficiency a complex process involv-
ing the sheleton occurs Mg already present in the bone 15
removed, part 1s excreted, and part 1s transferred to the soft
tissues, while, at the same time, the mass of the skeleton 1s
inereased by a continuing deposition of Ca and P Transloca
tion n this context means a gross removal of Mg from bone to
soft tissue, not a ““turnover™ 1n the sense that the Mg of bone
and soft tissue are presumably 1 & dynamie equilibrium
Translocation 1n the deficiency may be regarded as indicative
of o continuously changing shift of such an equibbrium
response to changes 1n concentration and energy gradients
which alter as muscle growth proceeds
) These findings provide a quantitative measure of the trans

ocation of My but are contingent upon demonstration that
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even 1n the acutely deficient animal the Mg content of the
soft tissues, comprising 85 per cent of the body mass, 1s not
depressed Direct analysis of muscular tissue from calves for
Mg reveals a wide vanation 1n Mg content, from 16 to 26 mg |
100 g This largelv reflects the composite nature of the tissue,
that 1s “dilution” of the muscle cells by fat cells and by
mterstitinl oedema fluid, both very low in Mg content By
simultancous determinations of Na, K and Mg 1 samples of
muscle from 8 grossly deficient calves and 8 normal ones,
relative mtracellular concentrations of Mg ean, however, be
obtamed The results are given m Table IV, and show that

Table IV

TaE Mg/K RATIO IN CALF MUSCLE AND MG CONTENT OF MUSCLE CONTAINING
400 Mo K{100 ¢ MCAN VALUES FOR 2 MUSCLIS TROM § CAIVES IN EACH

GROUP

Estimated Mg conlent

of muscle containing
Ammal Ratwo kMg 400 mg

(mg /100 2)
Mg deficient 0 0576 23 0o
Normal 0 0585 23 41
Standard error of mean

differences 40 0017 40 66

the ratio of K which 1s predominantly intracellular in distnt
bution, to Mg did not differ between the two groups, and that
the Mg content of muscle contamning 400 mg K/100 g was
only 0 36 mg lower in Mg deficient ammuls [his small
discrepancy W 1s quantitatively accounted for by the presence
of extracellular fluid measured by the Na concentration in the
tissue There 1s no doubt, therefore, that the intracellular Mg
15 unaffected by the deficiency, and that transfer of Mg from
bone to muscle cell 1s the normal reaction of the growmg
animal to a dietary shortage of the element

The constancy of such relatively high levels of cellular Mg
ralses problems concerning the energy cost of mamtaming
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the extracellular intracellular Mg coneentration gradient In
deficient calves this can amount to more than 50 1, that
1s much larger than the K gradient of about 20 1 It also
raises problems concerning the genests of the hyperirntability
of the deficient amimals  In this regard 1t rught be thought
that since Mg partieipates as activator 1n many enzyme
systems concerned n carbohydrate metabolism and energy
transfer, that Mg depris ation would result in abnormalities of
intermediary encrgy metabolism Indeed, at first we thought
that the opisthotonus, the locomotor ataxy, the wnereased O,
consumption, the cardiac abnormalities and, what appeared
at the time to be more signifieant, the termmal elevation of
pyruvie and lactte acid 1n the blood of acutely deficient ealves
was referable to an cffect of Mg deprivation on thiamn
containing enzyme systems 1n which Mg acts as an activator
It was shown, however, that these changes had therr orgin
in the greatly inereased mv oluntary muscular contraction that
takes place in the terminal tetame stagesm which an anaerobic
dissmilation of pyruvate predomunated The fact that a
simlar syndrome may be produced 1n normal ammals by
severe muscular stress, further suggests the terminal signs
do not anse as a result of fulure of Mg activated intracellular
enzymes This conclusion 15 1n complete accord with the
results of the tissue analyses These results further suggest
that the genesis of tetany hes 1n the derangement of systems
which lie at the nterfaces of cells and which are normally
actwvated by 10ns present 1n the extracellular flud Enzvmes
concerned 1n synaptic and neuromusculir transmission are
Particularly suspect since the mjection of drugs affectmg
choline esterases leads to an exacerbation of chimeal signs 1n
the calves while evidence was also obtamned of a Ca Mg anta
8omism 1n grossly deficient ammals The work of del Castillo
and Engback (1958) malkes such an effect a considerable possi-
bility, but the umplications have not yet been pursued
ofThe rimoval of Mg from the bone similarly ruses a number
o Pé'ob ems concerning both physiological mechamism and
netics Histologie 1l studies of the costochondral junction of
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calves dying 1n conv ulsions showed that the normal process of
calafication was not impaired (see Fig 1 aand b) This 1s of
mterest 1 view of the importance of phosphomonoesterase I
(alkaline phosphatase) 1n the caleification process, an enzyme
activated by Mg 1ons The optimal concentration of Mg 1ons
necessary for activation of this enzyme s 3/200 (Roche, 1950)
The concentration of Mg n the serum of the ealves in the final
stages was M/500, and 1f the ultrafiltrable portion 1s taken
to be wholly 10mzed, the Mg 10n concentration was approxi
mately 3/1000 This might suggest that the serum enzyme
would show low activity but we were not able to demonstrate
any fall in alkaline phosphatase activity i the serum in the
deficiency or any mcrease mn 1ts activity on addition of Mg
10ns to the serum This probably reflects erther activation of
the enzyme prior to its release from the cell or the abihty of
Zn and Mn 10ns to activate the enzyme n very minute con
centrations (M/10000-3/50000) or the similar activating
effect of certain ammno acxds The fact that, histologieally,
calefication 1s normal, that Ca retention s shightly enhanced
and that the concentration of morganic P 1 the serum of
the calves 15 unaffected by the deficiency, suggests that phos
phatase activity at the site of mineralization 1s normal too
It 1s probable, i fact that Mg 1s concentrated by osteoblasts
just as 1t 15 by muscle, Iiver and other body cells certamly
the ligh Mg content of the ash of imperfectly caleified bone
suggests that osteoid tissue has a high Mg content No impair
ment of calafication due to shortage of Mg for phosphatase
activation would thus be expected

In sheep deprived of dietary Ca (Martin and Peirce 1934)
and mdeed m other spectes demuneralization of the sheleton
1s not general The trabeculae of the cancellous ends of long
bones are more affected than the cortical bone of shafts, and
the vertebrae, ribs and skull bones more than those of the
extremities (Duckworth and Hill, 1953) To find whether the
pattern of removal of Mg followed the pattern of overall de
mineralization the shafts and the ends of ribs were analysed
separately As shown 1n Table V, the Mg content of the bone
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calves dying in convulsions showed that the normal process of
caleification was not impaired (see Fig 1 aand 3) Ths 15 of
terest 1n view of the importance of phosphomonoesterase 1
(alkaline phosphatase) in the caleification process, an enzyme
activated by Mg 1ons The optimal concentration of Mg 10ns
necessary for activation of this enzyme 1s 31/200 (Roche, 1950)
The concentration of Mg in the serum of the calves in the final
stages was /500, and if the ultrafiltrable portion 1s taken
to be wholly 1onized, the Mg 10on concentration was approx
mately M/1000 This mght suggest that the serum enzyme
would show low activity but we were not able to demonstrate
any fall in alkaline phosphatase activity 1n the serum 1n the
deficiency or any mcrease m 1its actiity on addition of Mg
10ms to the serum  This probably reflects either activation of
the enzyme prior to 1ts release from the cell or the abihity of
Zn and Mn 10ns to activate the enzyme 1n very mnute con
centrations (M/10000-M/50000) or the sumlar activating
effect of certain ammo aeids The fact that, histologieally,
ealefication 1s normal, that Ca retention 1s shghtly enhanced,
and that the concentration of inorganmie P m the serum of
the calves 15 unaffected by the deficiency, suggests that phos
phatase activity at the site of mimeralization 1s normal too
It 1s probable, 1 fact, that Mg 1s concentrated by osteoblasts
jJust as 1t 15 by muscle hiver and other body cells certainly
the lngh Mg content of the ash of imperfectly caleified bone
suggests that osteoid tissue has a high Mg content No impair
ment of caleification due to shortage of Mg for phosphatase
activation would thus be expected

In sheep deprived of dietary Ca (Martin and Peirce, 1984)
and mdeed 1 other spectes, demineralization of the sheleton
1s not general The trabeculae of the cancellous ends of long
bones are mote affected than the cortical bone of shafts, and
the vertebrae, ribs and shull bones more than those of the
extremities (Duchworth and Hill, 1958) To find whether the
pattern of removal of Mg followed the pattern of overall de
mineralization the shafts and the ends of mbs were analysed
separately As shown in [able V, the Mg content of the bone
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since the experimentally determined value docs not differ
sigmificantly from the ratio of the two atomic weights

The process of depletion probably takes place at the surface
of the bone crystals by an exchange process, indecd, part of
the bone Mg can be removed by suspending powdered bones
in dilute solutions of Ca 1ons It 1s not known how the recrys
talization processes take place when Mg 1s replaced by Ca on
the crystal surface or when Cn s replaced by Mg The Mg ion
1s smaller (0 78 A) than the Ca 10n (1 09 A) and some dif
ferences in crystal structure might ensue on replacement of the
one by the other How far, and, more mmportant at what rate,
recrystallization modifies the erystal surface and hence the
quantity of Mgavailable for heterowonie exchangeis not known

The nature of the gross hinetics of the cxchange process can
be mferred from studies of the course of change of scrum Mg
concentration with time, the sinultaneous changes 1 bone
Mg concentration, the rates of loss of Mg 10ns via the kidney
and the gut wall, and the rate of ncorporation of Mg in grow
ng soft tissue These processes have to be considered 1 rela
tion to a continuous exchange of 1ons (““turnover”) throughout
the body Clearly they must necessanly be of a high order of
complenity Thus the rate of fall of Mg in the serum of de
fierent ealves 1s not a simple function of time, the logarithme
rate mthally being extremely steep, falling slowly over a
period of 80-40 days until & coneentration of 0 7 mg /1000 mi
1 reached when subsequently the rate of fall 15 extremely
slow If conyulsions and death do not ensue the serum ¢on
centration of Mg may fall in a further period of 80-40 days to
0 4~0 5 mg /100 ml Spontaneous small mereases 1n Mg con
centration often oceur during this period of slow fall Thes
are associated with abolition of clinical signs and thus cannot
be aseribed to analytical errors  Chey usually follow digestive
disturbances or peniods of anorexia  Also non fatal tonie
C]DIHC conyv lllSanS C€1luse an 1nerease in the serum concentra
tion presumably due to the cellular catabolism engendered
by the excessive energy expenditure It appears that the
anmal’s appetite for its Mg free ration plays a part m
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1n depletion of the predommantly cancellated bone of b or
the cortical bone of metatarsal shafts was discernible, even
m animals showing a loss of 75 per cent of their bone Mg
Shight differences 1n Fig 1 can be explaned by varying
degrees of contamination of osteoid tissue Analysis of the
terminal coceygeal vertebrae of ¢alves in which low percent
ages of ash revealed poor calaification gave a Ingher apparent
Mg content of the ash than did the fully caleified metacarpal
shaft of the same amimal This reflects the high Mg content of
the unealeified matrix, and n better caleified specimens from
older depleted calves the diserepancy was not apparent

This suggests that 1n these mfant calves virtually the whole
of the sheletnl Mg participates m the depletion and trans
location process, and that there are no sttes at which greater
relative depletion occurs  This 1s 1n agreement with the evid
ence of 1CO, studies which mndicate that m the y oung ammal
the amount of bone available for norganic carbon exchange
15 close upon 100 per cent of the total while in the adult the
proportion 18 about 50 per cent and probably less (Buchanan
and Nakao, 1952) In this regard, 1t has been noted i our
experiments that transfer of cows to Mg low diets gives a more
rapid fall in serum Mg than transfer of calves to Mg free duets,
and 1 Alleroft s (1947) field surveys the highest incdence of
the natural disease occurred 1n the older cows, notably those
which have calved three or four times These two findings
are consonant with the hypothesis that a relatrve paucity of
exchangeable sheletal Mg due to the poor cireulation of blood
through old established bone, 1n the adult animal determnes
the course of the adult disease

An indication of the nature of the association of Mg with the
bone mineral was provided by the fact that properly caleified
bones low 1n Mg content usually had a Ca content shghtly
greater than those contamnng normal amounts The regres
sion of the Ca content of the bone ash of calves on their Mg
content was —2 1 4- @ 5, entailing & replacement of 1 mg of
Mgby2 140 5mg of (1 In terms of atomic replacement,
this means the replacement of one atom of Mg by one of Ca
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determining the extracellular Mg concentration and becomes
in fact 8 homeostatic mechanism

The bone Mg in relation te the serum concentration 1s shown
m Fig 3 Removal of the first 200 mg Mg/100 g of bone
mimera} 1s associnted with 2 fall in serum Mg from 2 2 to
0 7 mg /100 mi Removal of the sceond 200 mg Mgf100 g
bone ash, however, 1s associated with a fall m serum Mg from
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ratues for nib shghtly )ug}a;x; than those for metatarsal
shaft

0 7to0 5 mg /100 ml In view of the spontancous variation
1n serum Mg concentrations in calves exhibiting 2 serum Mg
concentration below € ¥ mg /100 m]  the possbhility of pre
dicting the extent of bone depletion by blood analysis does
not appear high A value of 0 6 mg /100 ml mght reflect a
30 per cent: or an 80 per eent depletion of the bone Mg
Renal losses of Mg n deficent calves mamtaming serum
levels of & 7 or less are very small—2 myg fday—so small
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DISCUSSION

Dent €an you trace this loss of Mg in the faeces to some seeretion?

Blarler Ve have not as yet a radioacts e tricer in Mg studies but we
tried to trace 1t by mving very large doses of Mg and collecting faeces at
mtervals Itisa hugh intestinal secretion as judged by the time delaysin
excretion

Dent You do not know 1f 1t 1s m pancreatic jmce?

Blaxter No I do not know yet

Inzon I always thought that Mg deficrency produced very dense
bones analogous to marble bones and that the ash content of bone went
up enormously

Blaxier Yve are dealing almost entirelv with infant celves and we
have not noticed an enormous increase but there 1s a shght increase

Duxon What would the relatiy e increase of ash be?

Blaxter Qute small Some of these mfant bones are not completely
caleified and so 1t 1s very difficult to mterpret ash percentages I am
very chary of doing this

Duron  You mentioned the effect of Mg on serum phosphatase
Some years ago we were trying to do urme phosphatase estimations
We used to take the urine 1n bone disease and dialyse 1t to remove all
phosphate and then take the dialysed restdue Mg had no activating
effect on the unine phosphatase even though it had been dralysed
. fla.ztn I do not think anybody knows what 1s the nature of the Mg
1n}

Armstrong Would you consider that your studies demonstrate again
that the prume function of the skeleton 1s as an organ of homeostasts
and the secondary function 1s as an organ of support?

Blarter Well the very fact that I stand up 1s some indication that 1t
must have something to do with support! Certmmly as far as Mg 1s con
cerned 1t has an dibl for tiding s over a period of
dretary shortage The maxuimum translocation of Mg that we found 1s
of the order of 5 g 1n & young ammal gaming weight from 40 kg up to
70 kg which 15 a large amount of Mg to be transferred from the
sheleton to soft tissues Nobodv has put this on a quantitative basis
before and I think 1t 1s an extraordinanly mteresting fact that 3040 per
cent of this particular bone mineral can be translocated from bone to
muscle quite apart from its net turmoyer

Armstrong Would you regard bone Mg as an 10n of adventitious
occurrence ?

. efla.rler In the way i which you mterpret the word adventitious ,
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physiological responses to cold wet weather were postulated
mn the past as ciuses of the hypomagnesaemie diseases of
cattle and the importance of the relatielv slow processes of
repletion and depletion of the erystal surface of the sheleton
had not been considered  The importance of mamtainng Mg
therapy n chinical eases and the prevention of the disease by
long continued Mg dosage 1s, however, now being recogmzed
by vetersnary practitioners

‘What 1s of some mterest nt present 1s that methods of bone
biopsy have been developed which allow an assessment of the
Mg rescrves of ammals m which tetany has occurred, thus
placing Mg thcrapy on a more sure basis  Analysss of bones
from anunals which have died suddenly for no apparent
reason has enabled the cause of death to be ascertamed, and
has m de possible a separation of certain types of convulsive
syndromes of calves thought to be of genetic ongm, as well as
the encephalopathy of lead powsoning (Alleroft and Blaxter,
1950) from hypomagnesaemie tetany
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Dent Can you trace this loss of Mg 1n the faeces to some secretion?

Blarter Ve have not as yet a radioactive tracer in Mg studies but we
tried to trace 1t by gving very large doses of Mg and collecting faeces ot
mtervals Jtis a high intestnal seeretion as Judged by the time delays m
excretion

Dent You do not know if 1t 1s in pancreatse juice?

Blaxter No I do not know yet

Iizon I always thought that Mg deficiency produced very dense
bones analogous to marble bones and that the ash content of bone went
up enormously

Rlaxter We are dealing almost entiwelv with mnfant calves and we
have not noticed an enormous ncrease but there 1s a shight ncrease

Duron What would the relative increase of ash be?

Blazter Quite small Some of these infant hones are not completely
caleified and so 1t 1s very difficult to mnterpret ash percentages I am
very chary of doing this

Ihzon You mentioned the effect of Mg on serum phosphatase
Some years ago we were trying to do urine phosphatase estimations
Ve used to take the urine 1n bone disease and dmalyse 1t to remove all
phosphate and then take the dialysed residue Mg had no activating
effect on the urme phosphatase even though 1t had been dialysed

Blaxter 1 do not think anybody knows what 1s the nature of the Mg
Ik

Armstrong Would you consider that your studies demonstrate agamn
that the prime function of the sheleton 1s as an organ of homeostasis
and the secondary function 1s as an organ of support?

Blaxter Well the very fact that I stand up 1s some indication that 1t
must have something to do with support ! Certainly as far as Mg 1s con
cerned 1t has an ineredible capacity for tiding ammals over a pertod of
dietary shortage The maximum translocation of Mg that we found 18
of the order of 5 g 11 o young anunal gammng weight from 40 hg up to
70 hg which 15 a large amount of Mg to be transferred from the
sheleton to soft tissues Nobodv has put this on a quantitative basis
before and I thank 1t 15 an extraordinanly nteresting fact that 3040 per
cent of this particular bone mineral ean be translocated from bone to
muscle quite apart from 1ts net turnoser

Armstrong Vvould you regard bone Mg as an 1on of adventitious
occurrence?

Blaxier In the way in which you interpret the word adventitious ,
yes
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Black. Has the mother s state of Mg deficiency any bearng on what
happens to her calves and 1f so éan you gi ¢ her something prophylactic
ally?

Blaxter Our evidence for that 1s not very good at the moment but
1n a Iarge series of analyses of the bones of calves at birth we do find quite
a wide variation from approximatelv 0 54 per cent of Mg mn the bone
ash up to about 0 7 per cent and this 15 correlated although not to a
very high degree with the serum concentration of Mg of the cow
What you do find however 1s that the milk concentration of Mg of the
cow seems to be charactenstic of the individual and so some calves
recerve very low mtakes of Mg from theirr mother s milk and others get
quite 2 reasonable amount

Bélanger What 1s the actual content of Mg in your experimental
diet?

Blaxter It1s as low as we can possibly get it which1s0 5 mg /100 g
that 1s about one fiftieth of the normal  We cannot get it any lower due
to contamination of the casemn and analytical reagent grade chemicals
which we use

Bélanger What was the condition of the epiphy seal plate?

Blaxter As far as we can tell 1t was quite normal The photograph
was of an amimal which had died 1n convulsions at somewhere between
60 and 70 davs

Dallemagne Haxe vou some information about the eliminatron of K?
From the pharmacological pomt of view, the activity of the central
——(i: ::—_ II\\IZ If the ratio drops 1t
may be that a loss of X restored normal actrvity of the central nervous
system

Blarter We have done that experiment in rather a different way
We produced K toxieity simultaneouslv with both normal Mg mntahes
and sub optimal Mg mntakes and we found that we could produce a K
toxteity svndrome The K toxieity while it has marhed effects on neuro
muscular dation d elect: ly and while 1t produces
cedema and cardiac defects had absolutely no effect on Mg elmmation
serum Mg concentration the incidence of tetany or the age at death

Lacrowr Has a smmular study ever been conducted on small sized
anmmals?

Blarter Yes comparable work was done in 1932 on rats and there
rather a different syndrome occurred 1n which marked vasodilatation
was app I think a defi of p henic acid might have been
mvolved m some of that work

Lacrovz Y ou mentioned the adult have long bones 1n the adult been
X rayed?

Blaxter No we have not done any X ray studies I do not know
whether we would see very much

Lacrowr But did you not say that there 1s a difference between
cancellous bone and compact bone? Such a difference might possibly
show up on the X ray plate

Blaxter Yes it may appear there but 1t 1s doubtful

nervous svstem depends on the ratio




Fic 4 (Blaxter) The heart and great vessels of a calf wluch died 1n conv ul
sions when given a Mg low diet

The 5 (Blaster) 1 section of the pericardial fat of a Mg deficient calf which
died m convulsions showing terminal haemorrhage

[factng page 13.
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Fic 6 (Blaxter) \ scetion of the iy ocwdium of o Mg defictent ealf shoy
rupture of 2 small venule thrombus formation and mimimal local reactic
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Follis We studied the sheletal tissues of McCollum s rats and 1t 1s not
unexpected for you to find no change we have never seen change until
at the very end when the animal stops growing then you sce the non
speeific change I beheve hudney changes have been described 1 rats
Have you any evidence of this?

Blaxter No, we have no evidence at all of any gross hudney changes
comparable to those scen in rats  The only tissue changes we have seen
are changes that take place in adipose tissue and are just those that you
get1n strychnine poisoning  Tig 4 shows the typical gross pathological
changes in the heart 1n the convulsive state which are, I think ndicative
of an agonal death The hiemorrhages on the walls of the auricles and
ventricles are quite typical Tig 5 which shows a section of the pent
cardial fat mdicates the termsnal rupture of blood vessels but no infiltra
tion of whate cells at the site of rupture  I1g 613 a section of the wall of
the right ventricle Here, there 1s thrombus formation due to rupture
of a small venule and sgain there are only o few white cells which have
localized at the site Ve find nothing at all tn hidney except by conges
tion of the venae rectae as shown in g 7

Folhs Y ou sec no morphol 1 ct in the my dial fibres?

Blaxter No

Hopward Is this the opposite of lnbernation?

Blaxter One could take 1t as such I suppose One can of course
produce coma with excess Mg

Howard Does the hibernating ammal s Mg not go up?

Blaxter Yes that goes up very marhedly 1n libernation

Howard So hibernation 1s the one thing you know that will upset
the homeostatic relationship here Is that pros:ded by the bone too?

Blaxter I do pot know that T have never worked with hedgehogs

Dixon Ve have tried to alter serum Mg in man but with no success
T have given doses of MgSO, and other Mg salts Have you ever done
this?

Blaxter Large doses of MgSO,—several pounds to the eow—have a
very transitory effect on the serum Mg One can of course put it up by
intravenous wnjection of a My, salt

Armstrong A student of mine s re investigating the effect of para
thormone on the Mg transport He finds a very short ived decrease 1n
plasma Mg after parathyroidectomy of rats The result 15 statistically
vahd but whether or not 1t 1s physiologieally sigmificant T do not know
He finds no change 1n the Mg content of muscle or of red blood cells
after pntal}'lyrmde;:llomy

Blaxter Itisrather interesting that in the deficiency wh
Mg drops over a period of about 30 days we can begmyt'l) de;lee(::l;eds:crllll:;
1n the red blood cell Mg n about 80-90 days There s only a very small
d;chgeb 1‘0\:36;1\;? lntex;pret a:;l re}f]lectmg the Mg concentration at the site
of re ormation whic]

Saon ihe‘new cells betng l‘ormedm turn determines the concentratjon of

Blach oumentioned changes in the serum Mg i mfantile cale

mean 1nosts
ggﬁz g: - thet;; z‘c‘heﬂ?dren with hypercaleaema? And what degree of
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Follis We studicd the sheletal tissues of McCollum s rats and 1t 1s not
uneapected for you te find no change we have never seen change untit
at the very end when the ammal stops growing, then you sce the non
specific change I believe hidney changes have been desenbed 1n rats
Have you any evidence of this?

Blaxter No, we have no evidence at all of any gross ludney changes
comparable to those scen in rats  The only tissue changes we have seen
are changes that take place in adipose tissuc and are just those that your
get 1n strychmine poisomng  ig & shows the typical gross pathological
changes in the heart in the convulsive state which are, I think, indieative
of an agonal death The hacmorrhages on the walls of the auncles and
ventricles are quite typical iz 5, which shows a scction of the pen
cardial fat, indicates the termunal rupture of blood vessels but no infiltra
tion of wlite cells at the site of rupture  T'1g 6 13 a section of the wall of
the right ventnicle Here, there 1s thrombus formation due to rupture
of a small venule and again there are only o few white cells which have
localized at the site. Ve find nothing at all in hidney except by conges
tion of the venae rectae as shownn I'g 7

Folhis You sce no morphological ct 1 the my dzal fibres?

Blaxter No

Howard 1s this the opposite of nbernation?

Blarter One could take 1t as such I suppose One can of course
produce coma with excess Mg

Howard Does the libernating ammal s Mg not go up?

Blaxter Yes that goes up very marhedly m lubernation

Howard So hibernation 1s the one thing you know that will upset
the homeostatic relationship here Is that provided by the bone too?

Blaxter I do not know that I have never worhed with hedgehogs

Duron We have tried to alter serum Mg in man but with no success
1 have given doses of MgSO, and other Mg salts Have you ever done
this?

Blaxter Large doses of MgSO,—several pounds to the cow—have a
very transitory effect on the serum Mg One can of course, put 1t up by
intravenous wnjection of a Mg salt

Armstrong A student of mine 15 Te mvestigating the effect of para
thormone on the Mg transport He finds a very short lived decrease 1n
plasma Mg after parathyroidectomy of rats The result 1s statistically
valid but whether or not 1t 1s physiologically significant I do not know
He finds no change in the Mg content of muscle or of red blood cells
after parathy'mxde'j]tomg

Blaxter It1s rather interesting that in the deficiency w
Mg drops over 3 period of about 30 days we can bcgm)t'o t;}eltlfei: l::edseecli‘lll::
1n the red blood cell Mg in about 80-60 days There 1s only a very small
dcchlxi:% ,x;ﬁ“j;ﬁ‘f mtext-pret ai re]fllectmg the Mg concentration at the site

Tes formation w
g;‘g e ;hc\new eells beng o ml]cedm turn determines the concentration of
Blach ou mentioned changes in the serum Mg m mfantl
mean th 1le caleinosis
2;:3312-; e ; :::;{deen with hypercaleaemia? And what degree of
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Follis We studied the sheletal tissucs of McCollum’s rats and it is not
unexpected for you to find no change we have never seen change until
at the very end when the animal stops groming then you see the non
specific change I believe hidney changes have been deseribed in rats
Have you any evidence of this?

Blaxter No, we have no evidence at all of any gross hidney changes
comparable to those secn in rats  The only tissue changes we have seen
are changes that tahe place in ndipose tissue and are Just those that you
get in strychmine poisomng g 4 shows the typieal gross pathological
changes in the heart in the cony ulsiv ¢ state, which are, I think, indicatnve
of an ngonal death The hacmorrhages on the walls of the aurrcles and
ventrcles are quite typienl g 5, which shows a section of the pen
cardial fat :ndicates the terminal rupture of blood vessels but no nfiltra
tion of white cells at the site of rupture  I1g 613 a scction of the wall of
the nght ventricle Here there 1s thrombus formation due to rupture
of a small senule and again there are only a few white cells which have
localized at the site  We find nothing at all tn kadney except by conges
tion of the venae rectae as shown in Tig 7

Follis You see no morphological changes in the myocardial fibres?

Blaxter o

Howard Is this the opposite of hibernation?

Blaxter One could take 1t as such Y suppose One can of course
produce coma with excess Mg

Howard Does the hibernating animal s Mg not go up?

Blaxter Yes that goes up very markedly in hibernation

Howard So hibernation 1s the one thing you know that will upset
the homeostatic relationship here Is that provided by the bone too?

Blaxter I do not know that T have never worked with hedgehogs

Dixon Ve have tried to alter serum Mg in man but with no success
I have given doses of MgSQ, and other Mg salts Have you ever done
this?

Blaxter Large doses of MgSO,—several pounds to the cow—have a
very transitory effect on the serum Mg One can of course putitup by
mntravenous mnjection of a Mg salt

Armstrong A student of mine 1s re mvestigating the effect of para
thormone on the Mg transport  He finds a very short lived decrease in
plasma Mg after parathyroidectomy of rats The result 1s statistically
valid but whether or not 1t 1s physiologically significant T do not know
He finds no change 1n the Mg content of muscle or of red blood cells
after pnrathymla:;tomyt

Blaxter It1s rather interesting that in the deficiency v
Mg drops over a period of about 30 days we can begﬂ?{o &}el&ec: l:]zedseecrl?:é
1n the red blood cell Mg n about 80-90 davs There s only a very small
declime which we mterpret as reflecting the Mg cor 4
g concentration at the site
of red blood cell formation vwhich mn turn determunes the concentration of
Mg n iheyne\:v x:e“f beu‘;g {lormed of
Biacl ou mentioned changes in the serum Mg 1n infantile cal
ou mean the childre; calenosis
‘cil‘:n%ge did they have? n with hyperealeaemia? And what degree of
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Blazter There were only a few figures published on children, but had
these figures related to calves X would have expected such ammals to
be 1n tetany

Dent Did you not tell me once that the blood Ca rises too?

Blaxter There 13 a tendency for the blood Ca torise thatis 1t increases
shightly more than one would expect for a compensation for the fall in
Mg The mcrease 1s about 0 40 5 mg /100 ml

T'olhs How prevalent 1s this syndrome 1n other areas?

Blaxter It was first described in Holland where 1t 15 extremely
prevalent In this country it 1s one of the major causes of economic
loss to dairy farmers In the area in which I have been working 1n the
north of Scotland we think that the incidence 13 between 5 and 7 per
cent It 1s known in the Umted States and i Canada and has been
reported from Australia There 1s a great deal of work bemng done on
blood ch y of the d mn New Zealand It 1s quite widespread

Dent As far as you are concerned this 1s true tetany, 1s 1t? If you
lower the Ca you can get the same type of prcture?

Blaxter Yes 1t 1s a true tetany There 1s uncontrolled fibnlation of ;
the muscle and theslope of the dationcuryesdropsp Ty

Follis It 1s not the uncontrolled activity that one sees 1n rats they
run around the cage at a sharp sound

Blaxter We have tried a variety of sounds to produce convulsions
and we have not been able to find a sound that will always produce
convulsions 1 anmmals which are n a state of latent tetany The mere
presence of anybody working 1n the room with them sometimes will
produce first of all a paddling motion of the feet and eventually the
amimal goes down nto tetany

Dent Do you know whether 1t 1s by alkalosis?

Nordin Yes I wonder how alkalosis induces tetany It 1s never
really explained by the change 1n 10n1zed Ca as far as one hnows Does
alkalosis perhaps affect the 1omzed Mg level very strihingly ?

Blaxter We have not done studies on alkalosis yet 1t 1s the obvious
thing to do next

Nicolaysen What about the ultrafiltrable Cz 1n the serum?

Blazter The percentage of the Ca 1n the serum which 1s ultrafiltrable
13 completely unaffected The percentage of Mg which 1s ultrafiltrable 1s
also unaffected About 60 per cent of the Mg 15 ultrafiltrable
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In considering bone 1t 1s 1mportant to emphasize that 1t,
Iike all types of connective tissue, consists of liwing eells and
non Liwing mtercellular substances that are made by 1ts cells

Intercellular substances are being considered m detail by
other speakers at this conference They are non living orgame
matenals made by cells One mgredient of the mntercellular
substance of bone, 1e collagen, has great tensile strength
There are, moreov er, other ingredients 1n the intercellular sub
stance of bone that permt 1t, under normal conditions, to
become caleified, that 1s 1mpregnated with mineral salt, so
that 1t becomes capable of bearing great weight

Bone 15 only one of several varieties of connective tissue
Before considering some of its spectal features in detail 1t
15 helpful to consider some aspects of connective fissue
general

It 15 1n the embryonic forerunner of the connective tissues
that the blood vessels of the body all develop Accordingly,
after the blood vaseular system develops, 1t 15 contained in,
and carried to all parts of the body by connective tissue
Hence, spealung generally, 1t 1s through the capillaries that
are 1n connective tissue that all other tissues for example
epithelium, are nourished Most of the cells of other tissues
and connective tissue itself, however, do not hive directly
beside capillaries  Cells and capillaries are generally separated
from one another by varying amounts of mntercellular sub-
stance Accordingly, there must be some mechamsm by which
there can be an mterchange of nutriments and waste products

185
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between cells and eapillaries, such a mechamsm mvolves the
passage of materials through the intercellular substance One
possible mechanism that could accomplish this end would be
that of flnd formmg at the arterial ends of ecapillaries, and
then circulating through cleits in the intercellular substance
to the venous ends of capillanies and to Iymphatic capitlaries,
where 1t would be absorbed TFree tissue fluid even 1f 1t
did not eirculate could perrmt diffusion of nutriments from
capillaries to cells But, although 1t 1s generally agreed that
free tissue flud can exist in tissue spaces under conditions
of oedema, 1t 1s by no means certamn that free tissue flmd
exists even 1 loose areolar tissue under normal conditions
(Bensley, 1934, McMaster and Parsons, 1950} However, even
with no free tissue flud, the bound water of the colloidal
ntercellular substances could serve as a means for diffusion
between capillaries and cells  That 1t does so 15 best illustrated
m the mstance of hyaline cartilage

Hyaline cartilage 1s a non vascular tissue Its cells, which
lie n Jacunae 1n 1ts mtercellular substance, are often separ
ated for considerable distances from the capillanes that lie
outside the cartilage Yet the water contaiming mtercellular
substances of cartilage permts such an efficient transfer of
nutriment that cells deeply disposed 1n cartilage give every
evidence of being able to synthesize protemn, both by repro
ducing themselves, and by forming further intercellular
substances

Although hyaline cartilage can persist throughout life 1 2
living uncaleified state, as 1t does on articular surfaces and
1 a few other sites, most of the cartilage that develops m
foetal ife undergoes caleification In this phenomenon calelum
salts precipitate mnto the organic intercellular substance, and
this event 1s associated with the death of the cells that are
surrounded by the caleified mtercellular substance In ordi
nary rickets the cartilage at the diaphy seal sides of epiphyseal
plates, that ordmanly calafies, does not do so, probably
because of a low CaP product in the surrounding medium
Hence the mature cartilage cells that would ordinanly die, as
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the intercellular substance about them becomes calaified,
continue to live, and smee the cartilage continues to grow the
epiphyseal plates become greatly thickened in this conditron
It 1s therefore a fair inference to suggest that one reason for
the caletfication of cartilage hilling cartilage cells 1s that
the mmeral 1n the mtercellular substance prevents the mnter-
cellular substance from serving further as an efficient means
for diffusion between capillaries and cells

A fundamental difference between cartilage and bone 15
that 1n bone there 1s a means whereby the constituent cells of
the tissue can remain alive even though the orgamic nter-
cellular substance that surrounds them becomes calaified
This mechanism 1s due to the osteoblasts that manufacture
bone ntercellular substance having long connecting cyto-
plastmie pracesses which serve as moulds for future passage-
ways, as the mtercellular substance forms around them
Accordingly the imtercellular substance of bone 1s permeated
by tiny canals, the canalicull, which permit a means whereby
diffusion mechanisms can operate 1n bone between capillanes
and cells even though its intercellular substance becomes
densely caleified The canalicull may contam cytoplasmic
processes of bone cells, orif these are withdrawn after bone 15
formed, as some believe the canaliculi would contam tissue
flud through which diffusion could also occur The baso-
phohe staimng reaction of canalicul and thewr metachromasia
suggest that they are Imed with a mucopolysacchande, this
may also assist diffusion phenomena

Although canalicul permut cells to survive 1n a calefied
mtercellular substance the relatiy ely poor system for diffuston
that they provide could not be expected to operate over any-
thing more than very short distances Measurement made on
a dog’s radius (Ham, 1952, 1953) showed that bone cells were
generally no further than one tenth of 2 mm from a capillarv
50 1t 15 probable that the system does not operate v ery
effictently over greater distances This requires that bone be a
relatively vascular tissue so arranged that even 1n dense bone
no cell 1s generally more than a small fraction of a rullimetre
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between cells and capillanies, such 2 mechanism involves the
passage of matenals through the mntercellular substance. One
pocsible mechamsm that could accomphsh this end would be
that of flmd forming at the arteral ends of capillanes, and
then crculating through clefts 1 the mtereellular substance
to the venous ends of capillanes and to Iymphatic eapillanes,
where 1t would bz absorbed. Free tissue flmd even if 1t
did not crreulate could permit diffusion of nutniments from
capillanes to cells. But, although 1t 15 generally agreed that
free tissue flmd can exst m hissue spaces under condibons
of oedema, 1t 15 by no means certamn that free fassue flnd
exists even m loose areolar tissue under normal conditions
{Bensley 1934, McMaster and Parsons, 1950) Howerver, even
writh no free fyssue fimd, the bound water of the eolloidal
intercellular substanees could serve as a means for diffusion
between capillanes and cells. That 1t does so 15 best iflustrated
m the mstance of hyzlne cartilage.

Hyalne cartilage 15 2 non-vascnlar tissue. Tts cells, which
Iz 1 lzcunze m ats miercellular substance, are often separ-
ated for conmiderable distances from the capillanes that lie
outside the eartilage. Yet the water-contamnmng mtercellular
substances of cartilage permits such an efficient transfer of
nutriment that cells deeply disposed 1n cartilage give every
evidence of bemg able to synthesize protem, both by repro-
dueing themselves, and by formmg further tercellular
substances.

Although Inzlme ecartilage can persist throughout Ife 1 2
bving uncalesfied state, 25 1t does on arhienlar surfaces and
m 2 few otber sites, most of the cartilage that develops 1
foetal bife undergoes calerfication. In this phenomenon ealem
sz2lts preciprizte mto the orgame mterceliular substance, and
this event 15 2ssocated with the dezth of the cells that are
swrrounded by the calafied mtercellular substance. In ordi-
nary rickets the cartilage at the duaphvseal sides of epiphyseal
plates, thet ordinzrily caleifies, does not do so probably
beeznse of a low C2P prodnct 1n the surrounding medmm.
Henee the meture eartilage cells that wonld ordinarily die, 25
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the nterccllular substance about them becomes ealafied,
continue to Iive, and since the cartilage contmues to grow the
epiphyseal plates become greatly thichened 1n this condition
1t 1s therefore & fmr inference to suggest that one reason for
the calefication of earbilage hilling eartilage cells 1s that
the mumeral 1 the mtereellular substance prevents the mter
cellular substance from serving further as an cfficient means
for diffusion between capillanes and cells

A fundamental difference between eartilage and bone 1s
that in bone there 1s a means whereby the constituent cells of
the tissue can remain alive even though the orgame inter-
cellular substance that surrounds them becomes caleified
This mechamsm 1s due to the osteoblasts that manufacture
bone 1ntercellular substance having long connccting cyto
plasmic processes which serve as moulds for future passage-
ways, as the mtercellular substance forms around them
Accordingly the intercellular substance of bone 1s permeated
by tiny canals, the canahiculs, which permit 4 means whereby
diffusion mechanisms can operate 1n bone between capillanies
and cells even though its intercellular substance becomes
densely caleified The canaliculr may contain cytoplasmie
processes of bone cells, or 1f these are withdrawn after bone 1s
formed, as some believe, the canalicull would contain tissue
flmd through which diffusion could also occur The baso-
phulic staimng reaction of canalicult and their metachromasin
suggest that they are lined with a mucopolysaccharide, this
may also assist diffusion phenomena

Although canalicul permut cells to survive mn a ealefied
mtereellular substance the relatively poor system for diffusion
that they provide could not be expected to operate over any-
thing more than very short distances Measurement made on
a dog’s radius (Ham, 1952, 1953) showed that bone cells were
generally no further than one tenth of a mm from a capillary
50 1t 15 probable that the system does not operate \er}
efficiently over greater distances This requires that bone be &
relatively vaseular tissue so arranged that even n dense bone
no cell 1s generally more than a small fraction of & millimetre
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froma capillary For bone to contain such a good blood supply
requures that 1t be constructed most ingeniously

As many mvestigators have shown over the last two
centuries, by putting metal pegs m a growing shaft, bone
unlike cartilage, does not grow mterstitially, that 1s by expand
g The obvious reason for this 1s that under normal con
ditions the intercellular substance of bone becomes caleified
soon after 1t 1s formed, and calufied bone could no more be
expected to undergo expansive growth than remnforced con
crete Accordingly, for any bony structure to increase n size
requires that new bone be added to a pre existing surface
Although 1t 15 possible for what 15 termed coarse fibre bone
to form in an area of differentiating osteogenic tissue, as has
been emphasized by Baker (1952), for all practical purposes
normal bone growth 15 dependent on new layers of bone being
added to pre existing surfaces This must be accomplished 1n
the growth of bones so that no bone cell 15 removed more than
a fraction of a millimetre from a capillary

The deposition of new bone on pre existing bony surfaces
1s accomphished by the osteogenic cells or osteoblasts that
cover and line bony surfaces forming intercellular substances
m which they become buried, on those bony surfaces By
this means they become differentiated hone cells embedded m
the new layer of bone that they have formed However, before
covering and hming cells differentiate into bone cells, they
divide so as to provide enough covering and liming cells to
Leep the surface covered

Cancellous bone consists of a scaffolding of narrow bony
trabeculae The spaces between the anastomosing trabeculae
contain a dehcate connectiv e tissue that contains blood vessels
From the latter diffusion takes place through the delicate
connective tissue and the canalicul: of the bony trabeculae,
and so the cells of the trabeculae are nourished If the trabe
culae are close enough together and if their covering cells lay
down successive layers of bone, the spaces between trabeculae
become successively smaller, and often just large enough to
comfortably hold the blood vessel The bone, at the same time,
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becomes relatiscly sohd or compact m appearanee By this
mechanism, the laying down of successive layers of new bone
by the corcenng cells of anastomosing trabeculac, eanccllons
bone can be converted to compact bone Since the blood
vessels between trabeculae are preserved no bone cell in the
compact bone 1s too far removed from a capillary to survive

The umt of structure of compact bone 1s the Haversian
system In cross sectton such a system rev cals, usually, a
single large capillary, and less often two vessels, one arterial
and the other venous, Iying mn a canal that 1s ined by osteo
geme cells, and surrounded by several layers of bone In such
a system no bone ccll 1s more than a small fraction of a
millimetre from the central vessel and each cell can therefore
survive by dufTuston cecurring along the canalicult Such a
system can only develop by means of & pre existing tunnel,
which contams a blood vessel or vessels, being filled 1n by
successive layers of bone by the osteogenic cells and osteo-
blasts that line the tunnel For the formation of any Iaversian
system there must first be a tunnel, and 1t must contan a
blood vessel

Bony tunnels destined to become Haversian system are
formed somewhat differently m different parts of the develop
g sheleton As has already been shown, as cancellous bone
becomes transformed to compact bone, the spaces between the
anastomosing trabeculae, and which contamn blood vessels,
serve as the tunnels In growing long bones with flared extrem-
1ties, tunnels left by breahing down cartilage columns in the
peniphery of the epiphyseal plates on 1ts diaphyseal side may
serve to permit Haversian systems to develop, these systems
will be characterized by having cartilage remnants around
them to serve as their interstitial lnmellae In the growth
m width of shafts of long bones, tunnels are formed on the
exteriors of the shafts by means of the peaks of adjacent
longitudinal nidges, because of osteoblastic activity, becoming
fused so as to cover the grooves that lie betneen the adjacent
ridges These Iongitudinal grooves which thus become tunnels
are hined by osteogenic cells and osteoblasts of the pertosteum
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and contan periosteal vessels The filling in of such tunnels
add Haversian systems to the exterior of the shaft Another
way that tunnels, destined to be Haversian systems, can be
formed 15 by grooves bemng eroded on flat bony surfaces with
osteoblastic activity subsequently joining the two hps of the
grooves

As has already been noted, Haversian vessels are usually
single Each single vessel provides nourishment for the bone
cells embedded 1n the lamellae of a system hen a bone 1s
broken, circulation stops 1n these single vessels, on each side
of the line of fracture to some poimnt where the vessel anasto
moses with a still functioning vessel, and this may be some
little distance away When circulation stops, 1in the segments
of Haversian system that are close to the hine of fracture, no
further nourishment 1s provided to diffuse along the canahicuh
1 that segment of the system, and, as a consequence, the bone
cells of the affected segment all die Therefore, as a result of
the nature of the blood supply of compact bone, and the
mefficiency of the canahcular system, a fracture results i
the death of a considerable segment of bone on each side
of the fracture

The repair of a fracture 1s brought about chiefly by the
proliferation and differentiation of the osteogeme cells and
osteoblasts that cover and line bone surfaces Those of the
deep layer of the pertosteum soon begin to proliferate and
gradually form collars that surround each fragment near the
fracture hine The osteogenic cells that make up these two
collars proliferate so vigorously that the collars bulge toward
each other and fuse to constitute the external callus In the
collars, the osteogenic cells differentiate both into cartilage
and bone As was poimnted out many years ago (Ham 1930}
osteogenic cells can differentiate erther mto cartilage or bone,
depending on whether they differentiate i a non vascular
or a vascular environment If the osteogenie cells proliferate
rapidly they tend to outgrow the capillanies that would other
wise accompany them, hence rapidly growing masses of
osteogenic cells tend to form cartilage rather than bone The
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cartilage that forms i the repaur of fractures 15 eventually
replaced by bone

The internal callus forms from the osteogenie cells that hne
the mnterior of the bone and which comprise the endosteum,
and also from nearby undifferentiated cells of the marrow,
these are cxeccdingly competent to form bone as well as
marrow

Many accounts of fracturc healing state that an early and
important step 1n the process 1s the nvaston of the blood clot
by granulation tissue We (Ham and Iarms, 1955) have
recently studied the fate of the blood clot 1 expernimental
fractures and have found that so far as the formation of the
external eallus 1s concerned, 1t appears to be of nomportance
It 1s not invaded by granulation tissue n the early stages of
healing and 1t appears to be more of an obstacle than anything
else to the growth and fusion of the collars of ostcogenie tissue
that bring about union

An appreciation of the nature of the blood supply of
compact bone and the relative mefliciency of the canaheular
mechanism, makes 1t easy to appreciate that the bone cells of
transplants cut from compact bone could not be expected to
survive Although some of the covering and lining osteogenic
cells of a compact bone transplant may, 1f they are fortust-
ously located with regard to functioning capillaries, survive
transplantation, the bone cells themselves which depend on
canaliculi for nourishment, die when airculation stops mn the
Haversian vessel on which they depend For all practical
purposes compact bone transplants should not be regarded as
hving graftsbut as transplants of dead bone Such transplants,
however, serve many useful purposes Along and around their
sites of contact with the Iiving bone mnto which they are set,
the covering and hinmg cells of the host bone proliferate, as
they do n the repair of a fracture, and the callus tissue that 1s
produced becomes cemented to the transplant and binds 1t
m place Then, slowly, the transplant 1s eroded and replaced
with new bone

It might be thought that transplants of eancellous bone
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would survive transplantation providing they were placed in
sites where there were functioning capillaries and an abundant
supply of tissue flmd But even under favourable conditions
such as these the canalicular mechanism does not seem to be
efficient enough to permit the survaval of more than an occa
sional bone cell that 1s close to a surface (Gordon and Ham,
1950) Under such conditions, however, the osteogenic cells
that cover the surfacesof cancellous fragments can survive and
prohiferate and give rise to new bone, which grows towards
the functioning capillaries Fragments of cancellous bone ean,
therefore, be used to set up new centres of osteogenesis under
very favourable circumstances

It 15 sometimes intimated that there 1s no essential differ
ence between the osteogenic cells that cover and line bone
surfaces and the ordinary fibroblasts of connective tissue To
see if fibroblasts of muscular tissue would form bone as readily
as the covering and hming cells of bone, Ham and Gordon
(1952) compared the effects of transplanting thrice frozen
and thawed autogenous cancellous bone fragments into muscle
with those of transplanting untreated autogenous fragments
mto a simlar site They found that new bone formed
from the covering and lining cells of the fragments of un
treated bone but did not form from the fibroblasts that grew
around the thrice frozen and thawed chips

‘When thrice frozen and thawed autogenous cancellous bone
fragments are planted in muscle they are soon surrounded
by granulation tissue The granulation tissue becomes n
creasingly cellular and so called giant cells then develop m
association with the bony fragments In different species and
1n different sites these display appearances varying from that
of typical foreign body gmant cells to typical osteoclasts with
striated borders The striated borders are only seen on
surfaces of these so called cells that abut on bone, and Ham
(1952) has suggested that these borders belong to bone rather
than to the osteoclasts Striated borders are sometimes seen
on bony surfaces where no osteoclast cells are present Since
typlcal osteoclasts can form 1n granulation tissue where no
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bone 1s forming and where nolivingosteogentccells are present,
1t can be concluded that typieal osteoclasts do not neeessarily
have to anse from osteogente eells and osteoblasts T urther-
more, from such obsert ations as we haye made on matenal of
this type, it appears to us that ostcoclasts and foreign body
giant cells represent more than a fusion of eells, they represent
a melting down and shrinkage of arcas of connective tissue,
which contain both intercellular substances and cells  In our
opinion osteoclasts arc degencrating arcas of tissue rather
than hving cells
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DISCUSSION

Kodiceh Iwould like to mention one substance which has not cropped
up dunng these few days namely vitamin C which has quite an 1m
portance for healing of fractures Vitamin C appears to exert its effect
early in the healing process when collagen 15 formed and we believe that
1t 1s the mucopolysaccharide portion of the ground substance which 13
mainly affected by vitamin C metabolism There 13 another aspect of
healing of fractures 1n chronic vitamm C deficiency one gets a hvper
plasia and hypertrophy of connective tissue cells of whatever ongin so
much so that you get an occlusion of blood vessels Now with that go
certain factors which you have touched on in the nutrition of bone cells
T think. part of the lack of healing 1s often due 1o the occlusion of small
arteries That 1s evidently only in endochondral fi

mn
chronie vitamin € deficiency one can get a great increase m ossification
around the place of the fracture

Harnis 1 have not studied the healing of fractures n scurvy and
vitamn C defierency My impression has been that there 1s a tremendous
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growth of cells with very scant intercellular substance and under the
microscope the cells look Like very primitive mesenchymal cells

Folhis I thinh this 1s mn chrome vitamm C deficiency, and as you see
1t m the human there 1s constant repair I think that accounts for the
merease 1n tissue that one sees 1 absolute scurvy m the gumen pig
here there 1s no lular materal dep d whatsoever However
the cells which we call mpotent osteoblasts are able to proliferate
I do not know by what mysterious means they normally do produce
reticulum and perhaps polysaccharide Whereas in chrome scurvy here
you have a focus where the scurvy may be absolute and there you have
a focus where the scurvy may be just partial and there cells are able to
attempt to heal the disease I think that probably accounts for the
difference I am not entirely familiar with the vascular changes I
would mmagme that they may represent secondary responses to trauma
and so forth such as are so common 1n scurvy as a result of fracture

Kodicek I would agree that 1t would be trauma but microtrauma

Follis Yes we are probably always having microtraumas even when
we shake hands

Kodiceh. But 30u see this excessive appositional growth in Jong bones
only in chrome scurv;

T'ollis Some of that 1s at the mnsertion of the tendons

Lacroiz Dr Harns were your grafting experiments with frozen bone
short term or long term experiments?

Harris They were short term and we have only followed them for a
matter of a few weehs

Lacrowr It might therefore be worth while mentiomng here the
observations of Axhausen (1952 Zbl Clar 77, 435) who claims that
frozen grafts are osteogenetic 1n long term experiments We have per
formed smmlar expermments and we have observed some signs of osteo
genesis several months after grafting but we did not publish that because
the number of our ammals was too small As a matter of fact I thinh
that this particular problem 1s related to the general problem of osteo
genesis by mduction and that we would be getting somewhere 1f the
basic problem were better studied Tn this connection here are a few new
facts

In rabbits I have seen that cartilage from a fracture callus 1s lghly
and constantlv osteogenetic when grafted under the kidney capsule
(1958 Aecta clur belg 52 877) Now the same cartilage Leeps its
osteogenetic properties when it has been hilled by soaking 1n alcohol for
several days Bone appears 1 the centre of the graft first primary bone
then lamellar bone Is it due to the release of some mjysterious osteo
genetic principle diffusing from the graft or 1s 1t the result of a contact
action of the grafts on the cells assuggested by Weiss(1950 Quart Rev
Biol 25,177)7 Ido not know But the observation achieves I think
1ts full sigmficance 1f I add that a rod of epiphyseal cartilage behaves in
the same manner that s produces bone whether 1t 15 alive or whether it
has been soaked 1n alechol

In control expeniments pieces of rib cartilage are not osteogenetic
when they are grafted alive and p a few bone trabeculae m a
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small pereentage of cases when grafted dead and observed for & very
long time more than one jear
° Igmn) be mustaken in m)) interpretation of these facts, but 1 hope that
provided they are confirmed in some ammal other than the mbint they
will eventually g e us the mussing hinks between bone growth processes
bone repur and pt of 1 pic ossifteation
Harrs Where do you think the bone cclls come from?
Lacrour Most of them come from the capsule vou ean see them
streaming from the capsule some come from the fadney_pirenchymn
Harris So they are conncetine tissue cclls ansing from the capsule
~The rabbit 13 n notorious ammal for producing bone on the slightest
provocation  The sccond tinng 1s that the rennl system s capable of
formung bone on its own
Lacroiz 1 think that the hdney as a grafting bed does not chiat
per se the osteogenesis observed n the grafts, beeauise the same type of
result has been obtained in the anterior chamber of the cye by Unist
and McLean (1952 J Bone Jt Surg 34a $43) A third sct of sumilar
vesults 1© now bewng recorded 1 my laboratory by a co worker who
puts his grafts i the knee joint cavity the cartilage from the feacture
callus 1s embedded 1n the synovial liming and 1s transformed into an
ossicle the section of which resembles that of a small diaphysis
Harris Have you done any expeniments ia which the animal was sub
jected to alcohol treatment ?
crorx Yes I suppose that you are referting to the experiments of
Hewnen Dabbs and Mason (1910 J Bone JI Surg 31a 765) who got
new bone 1 the muscles of rabbits by mnjecting them with aleohol
alone 1 repeated their experiments exactly without ever observing any
osteogenesis but I may have fatled where someone clse succeeded
Let me take this opportumty to stress that there 1s something
peculiar 1n the whole subject of an alcoholic extract of skeletal tissues
being osteogenetic  Why 1s 1t that let us soy half of the authors—
mncluding myself—who have tackled the procedure claim that it works
whereas the other half deny 1t? Y ou see now what I am drining at with
the experuments I was tallang about & few nunutes ago instead of work
g with nlecholic extracts of growth cartilage I prefer to attack the
problem from the opposite side that 1s with expermments deliberately
using growth cartilage pretreated with alcohol
Engstrom 1 do not hnow anythmg about all these osteogenic powers
but we wanted some sort of bone tissue to use 1n the study of the relation
ship between mineral salts and collagen and th T d bone by
njection of aleohol into rabbit muscles This ectopic bone showed the
;')el;monslup between apatite crystals and orgamic matrix discussed
erore

Lacrowe It may be that when you make bone appear where it should
not you have put nto action some orgamzing mechamsm which 15
ready to work everywhere or practically everywhere i the organjsm
ntheeye themuscle ete but the hypothesisis admttedly far fetched

Deyer 1 wonder whether Dr Harris has any information about the
transformation which takes place m the ground substance 1n callus
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formation Drs P H Maurer and § § Hudach published that in voung
callus Ibelieve it was 5 day old rabbit callus from experimentalfractures,
the only polysaccharide which they extracted 1n relatively high concen

tration was a hyaluronic acid like substance which presumably was
hyaluromic acid In the growing bone when bone formation takes place
this material 1s replaced Now 1s 1t certamn that there 1s a dafferent type
of cell 151t due to a transformation of cells or what 1s the fate of this
material which 1s replaced obviously by a dilferent type of polysac

chanide 1f we take the polysaccharide purely as an expression of cellular
activity ?

Harns 1 cannot answer your question precisely but we think that
once one of these osteogenic cells as a very prumtive cell has started to
differentiate along certan hines 1t will continue along these lines That
15 to say 1t may go on to form cartilage cells and when that tissue Jater
becomes bone, the cartilage which was in the callus has not only been
destroyed but also replaced by bone formed by new cells I have no
information about the source of hyalurome acid except that I presume
that in the callus these workers were studying they must have taken
cells at a very primutrve stage and they had not differentiated into bone
or cartilage cells and resembled more or less the cells seen 1n the umbiheal
cord They were producing a very primutive form of mtercellular
substance

Follhs I think that would be unhkely because as soon as you get
appreciable callus to study, you get cartilage hke material m 1t I am
not sure that the cartilage m callus has any relationship to ordmnary
carhilage

Harrnis Do you thimk that the intercellular substance in cartidage
callus might contam a lot of hyalurome acid?

Folhis 1 1magme that 1s the explanation It 15 an entirely dufferent
sort of tissue from classical hyalme cartilage

Nassim Prof Follis we occasionally see these rare cases of myositis
ossificans progressiva In those cases where the fibrous tissues all over
the body can form bone do they ever go through the intermediate
stage of cartilage?

Follis 1 do not think so

Nasstm We have a very distressing case now formng bone all over
the place and whenever we section 1t we see pure bone

Follis Occasionally I have studied 1t with Dr Howard and we have
never seen cartilage

Harris We recently had one case which was thought to be a tumour
and according to the pathologist s origmnal report was 2 chondrosarcoma
but I have to admit that the sections did not look particularly cartilagin
ous ly the true d became clear as lesions appeared
elsewhere 1n the body

Folis I have been misled by that tco on several occasions

Armstrong 1 should hke to ask a question having to do with the
hydrod; of t y t port m the H. system
You showed very clearly that each Haversian canal 13 usually provided
with only a single blood vessel Irrespective of whether a given vessel 1
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an artery or vem, its walls eannot be considered to be permeable since
only eapillaries arc permenbie 10 solutes pssing between the plasma and
interstitial fld  Tren if capillaries are present but are not visualized
1 your prep wons the fact that one blood vessel only is
present in cach canal and a given vessel can be cither an artery or vein
but not both
I Since n single blood vessel eannot serve to provide capillary blood
and to collect blood from the same capillanies it is suggested that there
1s an interosteon transport of blood via capillanes and that the inter
stiial flmd of neighbourng osteons is in frec commumeation This
eircumstance would require only that artenies and veins are distributed
between adjacent osteons and would also require that {ons diffuse over
somewhat Inrger distances than 0 1 mm between adjacent osteons

Harns That 1s the lind of thing I was hoping to Jearn when I came
here

Armstrong I think that a blood vessel seen in a Haversian canal is
passing through the canal on the way to some other place The point is,
1f a vesse! n an osteon 13 an artery  solutes could be delivered from its
capillary network but there would be no provision for the entry of solutes
from this osteon into the vascular system by way of the same blood
vessel

Bélanger Dr Harns you smd that the so-called osteoclasts as we
know them are not osteoclasts but aggregates of bone tissue which are
degenerating  In my opinon 1f we look at the bone spicule from the
points of view of 1ts mneral content and its stainability we can see
that the mineral content increases progresstvely to a central point
slso the stammability with certamn dyes particularly phloxin  Then the
munerals and also the stamability with phloxin decrease tosards the
tip here will appear a so called osteoclast 1n the vieimty of which we
sometimes find the brush border” which has been described by Dr
Harris If we now look at the osteocytes we see that they are close
together at first they get progressively further apart from one another
as we reach the eentral part of the spicule and then again close together
atthetip We can now postulate that the spicule appears to become pro-
gressively mineralized towards its middle part from then on 1ts mineral
content decreases Along with the decrease in the mineral content (which
occurs by a biochemical process) some of the ground substance s lost
and then the brush border which probably consists of collagen fibres
now becomes visible because the ground substance wiich mashed them
up to now has disappeared Finally, an irregular mass of organic
material with closely related nuclei and no munerals 1s cast off  the
s0 called osteoclast This theory I must say has already been pro-
posed 1n part by Prof A W Ham (1953 Histology, 2nd ed London
Lippineott)




STUDIES ON THE REPAIR OF FRACTURES
USING 3P

Pierre H CarTIER, BENEDETTO DE BERNARD
AND JEAN LAGRANGE

Laboratorre &’ Etude de POs et de la Crovssance Faculté de Médene
de Paris

In this paper we report on results obtained by a study of the
biochemical mechanisms 1nvolved in bone regeneration after
fracture Chemieal analysis and determimation of radio
phosphorus fixed by bones were used jontly to follow the
different phases of fracture repair

Realization of a definite type of fracture and 1ts adequate
fixation are essential conditions for following successfully the
evolution of an experimental fracture It 1s also essential to
operate on a rather large number of ammals 1n order to elimin
ate individual vanations To satisfy these conditions, we per
formed a fracture mn the middle of a femoral diaphysis,
fragments were then fixed by an intramedullary nail, m
complete asepsis This way of holding the fracture prevents
any displacement and a perfect consolidation 1s assured within
80 to 40 days No pseudarthrosis has been observed under
our experimental conditions One cannot however, exclude a
modification of the evolution of the fracture by this treat
ment and a study of the influence of the nail on fracture
evolution 1s actually gomng on  Under our experimental condi
tions, this method seems to be the most relable giving
constant es olutions which are described 1n this first paper

Experimental methods and procedures
Adult rats (Wistar strain) weighing 200 g were anaesthet
1zed with chloral After depilation, the shin was cut and the
148
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fracture was performed by cutting the left femoral diaphysis
transversely with a dental burr  An intramedullary naml of
vitalium (10-15 mm Jong) was then introduced into both
ends of the fractured bone Muscles were sewn together with
catgut and the shin was fised with chps

This mid operation was nccomplished under surgieal
asepsis an mitil experiment with less nigorously controlled
asepsis was frequently followed by attenuated infections in the
zone of fracture

Ammals were hilled at regular intersals from the third to
the forticth day after fracture Lach rat recenved a total of
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200 pc of 3P (solution of NaH,PO,) mtraperitoneally 24
hours before death Complete fixation of 1sotopic phosphorus
m the femoral diaphysis was established by measuning bone
activity in the hiving anaesthetized ammal maximal activity
was reached 1-4 hours after mnjection (Fig 1), to avod
mdrvidual varations, we have chosen the optimum time of 24
hours Repair of the fracture was also controlled by radio
grams and histological preparations

100

75

50

DEGREE OF MINERALIZATION

10 20 30 40 days

Frc 2 Mneralization of callus

The followingEbone segments were removed from the
saenficed animal

From the left fractured femur the callus, both termmal
parts of the fractured bone a fragment of femoral diaphysis
distant from the zone of fracture and near to the inferior
epiphysis
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Trom the rght femur a fragment tahen from the medial
part of the diaphysis

The wet weight of these bone fragments was immediately
recarded and the phosphorus content detcrmuned by the
method of Tishe and Subbarow Samples of bone digested
with perchloric acid were dried 1n michel dishes by an fra-
red “cpiradiator ” To obtain a regular distribution of the
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ashes the residue was dissolved 1n a small quantity of 5 per
cent acetic acid and again dried Activity of all the samples
measured with a Geiger Muller counter, was recorded as the
average value of three determinations of at least 2000 counts
each By this method we have caleulated (1) phosphorus
content of the samples, and (2) rate of minerahzation of the
fractured bone, which was calculated by comparison with the
corresponding diaphysis  Comparison with the degree of
mmeralization of normal rat skeletons was inpossible because
of the great varability of the phosphorus and caleyum content
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m the rats’ bones this was also observed by Roche and
Mourgue (1939) and by Dallemagne (1948) Because of the
low rate of demneralization which 1s observed even n the
corresponding diaphysis (less than 10 per cent, according to
Dallemagne), the comparison between the fractured and the
homologous bone 15 expressed as a ratio which 1s shghtly
lower than the real value

To follow phosphorus released during fracture evolution, &
balance study of phosphorus and caleium was made on 6 rats
during the whole period of fracture reparr (40 days) The
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skeleton was labelled with radiophosphorts 5 days before
fracture, and faeces and urnne were quantitatively collected
and analysed daly This balanec was then compared with
the normal phosphorus and calemim balance of control rats *

During the chemical evolution of repair we cheehed, nt every
stage, the capacity for phosphorus fizatton of the diffcrent
zones of bone  We defined thus fixation by the term “affimty ™,
caleulated from the proportion of 3P fived after injection of
NoH,? PO,, 24 hours before removal of the scgments

Results

Experimental results, average values obtamed from a
series of about 80 rats, arc collected 1n Tables I, IT and III
and llustrated by Figs 2 and 8, which indicate more clearly
the evolution of fracture repur

Phosphorus elimination in the fractured and control rats 1s
shownin Fig 4

Table 1
RATE OF MINERALIZATION OF CALLUS 1N 3OUNG AND ADULT
RATS,
represent % values of P content of the homologous femoral dlnph’yﬂs

Yorng Apurr
7
Days Rate of callus Rate of callus
mineralization Days mmmx]h.alwn
3 89
4
10 135 7 ; 8
ig 18 0 10 615
2 27 4 15 10 75
H 41 0 20 112
% 3 25 18 6
30 28
40 100 5 26 45 ;
J 40 68 9

* Only one curve for the elim;
rate O 0me curve elmunation of phosphorus is given (Tig 4) The
e thecongtonsof blanen sty "0 ) I STl maintained
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‘Table 1T

RATE OF MINERALIZATION OF FRACTURED BONE figures represent %, values
of P content of the homologous femoral diaphysis

Rate of Minerahzation
Days

Fractured

Callus Te;m}:lalzll'zl;ﬂs femoral

f. daphysis
4 44 28 0 93 0
7 50 109 0 86 0
10 615 121 0 88 6
15 10 75 116 5 83 9
20 11 2 76 0 80 0
25 18 6 67 8 75 3
30 28 1 88 2 82 6
36 45 2 92 2 o7 2
40 68 9 98 0 -

Table HI

#2P ACTIVITY IN DIFFERENT SEGMENTS OF BONE figures represent % X 10°
of * P mjected

2 P Actunty
Rate of
Days callus Control Termnal | Fractured
maneralization Jemoral Callus parts of remoral
diaphyss Jfracture aphysis
4 44 23 8 179 2 14 6 390
T 5 03 251 330 6 30 5 80 1
10 G 15 217 204 1 83 4 52 8
15 10 75 21 3 160 7 81 2 58 2
20 11 20 19 7 159 0 79 0 2 8
2, 18 18 4 113 1 68 3 64 0
20 28 1 18 6 113 2 47 4 539
36 45 2 19 5 93 2 5s 4 410
40 68 9 19 7 73 6 33[ 2
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Callus evolution

Callus mneralization 1s accomplished 1n two phases

(1) during the first 20 days, fivation of phosphorus ts small,
and 1t increases very slowly,

(2) from the twenticth to the twenty fifth day onward,
rapid muneralization 1s observed n the fibrocartil
aginous tissue formed during the preceding phase the
degree of muncralization 1s about 75 per cent within 10
days

A striing ncrease of 3P affimty 1s demonstrated the

callus between the fourth and the eighth day after fracture,
subsequently, 1n relation to the rate of munerahzation, a
deerease 1n this affinity has been observed

Evolution of the terminal parls of fractured bone

The whole process 1s in three phases

(1) duning the first 10 days, o sigmficant ncrease i phos
phorus content (20 per cent) 1s observed  The fact that
more phosphorus is found than in normal bone indieates
that bone condensation oceurs 1n this zone,

{2) from the tenth day onward, the amount of bone salts
quickly decreases on the twenty fifth day the degree of
demineralization 1s over 80 per cent,

(8) finally, after the twenty fifth day, the rate of phos
phorus fixation 1ncreases again in relation to the rate of
callus mineralization

Termnal parts of fractured bone show a moderate affimty

for * P, and are highest n the phase of strongest demineraliza
tion (twentieth to twenty fifth day)

Evolution of the daphysis of the fractured bone
Fractured bone shows marked rearrangements durmng the
evolution of callus, as we have observed on analysis of a zone
distant from the site of fracture (inferior part of diaphysis)
(1) demineralization of the diaphysis 1s an immediate conse
quence of fracture, the maximum effect 1s seen towards
the twenty filth day (about 80 per cent),
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(2) subsequently, as has been observed 1n the other zones,
mineral fixation begins again, and a normal content of
phosphorus 1s observed at the stage of consohdation of
callus

The spealfic activity of the diaphysts shows that, in regard
to affimty, its behaviour 1s stmilar to that of the terminal
parts of a fracture the lower the mineral salt concentration
the higher the 1sotopic phosphorus concentration

Discusston

Mineralization of callus of the growing and adult animal 15
accomplished m two phases which are readily identifiable
These two phases, which parallel biochemical processes con
cerned with normal ossification, seem to be related to different
mechamsms

Duning the first phase, an equivalent of the imtial period of
bone formation 1s evident, 1€, the conversion of the und:f
ferentiated proteid structures to the caleifiable matrix  The
arrangement of matrix during this phase 1s almost without
phosphorus fixation  Once mineral binding capacity has
appeared, caleium and phosphorus are readily and intensely
mcorporated, as we have observed m the second phase of
fracture repair (twentieth day) During this second period
(3 weeks) the phosphorus content increases from an imtal
value of 5 per cent to the stage of complete mmeralization

This biphasic evolution seems to be present m all the
different zones of the fractured bone A demineralization
reaction, in agreement with the first proteid phase, 1s demon
strated in the diaphysis and in the terminal parts of the
fractured bone The latter segment 1s, moreover, characterized
during the first 10 days by a rather marked condensation,
which was also described by Dallemagne (1948) 1n a study of
bone repair i rabbits

We have demonstrated that a strct relationship exists
between the rate of demineralization and the capacity for
mcorporation of 1sotopic phosphorus  Analogous conclusions
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were drann by Fogfeldt, ngstrom, and Zetterstrom (1952),
and Lacron (1933, 1954), who noticed that structures w itha
low content of mincral salts fix 1sotopsie Ca or P to o hugh
extent

The determination of this 1sotopic aflimity represents a very
sensitive test for demonstrating denuneralization processes *
In fact, we have obseryed that from the first few days follow-
ng fracture the affimty of the homologous diaphy sis inereases
toavalue whichis twice the normal (as erage value 2 340 2)
This interesting phenomenon, which was also described by
Wilkunson and Leblond (1953) seems to be the expression of a
general reaction of the whole sheleton to the lesion of a single
bone

Therefore, fracture evolution 1s not to be considered as a
process only concerned with the local mechanisms of repaur,
but with a more general participation of bone apparatus
This 1dea 1s also supported by the result of the study on
excretion of radiophosphorus previously fived by the sheleton
During the first phase characterized by these demineralization
processes, evidence 1s obtained of a remarhable 1nerease in
phosphorus excretion mn the facees and urine of rats

The results obtained by this rescarch have led us to under
take the study of a series of important problems

(1) Dufferent parts of the fractured bone have shown =
marked vanation in tricaleium phosphate content, the
main problem 1s to discover the origin of the bone salts
we have found 1n the termnal parts of fracture and the
destiny of the salts released during the demneralization
phase

(2) Proteid and mneral phases of the repair of fractures
seem to be related to dufferent local mechamsms, the
nature of which we do not yet know

(3) The general participation of the whole sheleton 1n
fracture repair seems to be a stress like reaction 1t 1g

* A stniking increase 1n this afimty (3 t 1
degree of dermneralizat y (3 times the normal value) follows a
Lagrange to be puhhshe:f)n of about 5 per cent (Cartier de Bernard and
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important to study the mechanisms (nervous, vascular,
hormonal or others) with which 1t 1s correlated

REFERENCES

DarremMacNe M J (1943) These d agrégation Umversité de Liege

Excreipr B EncsTroM, A and ZeTTERSTROM R (1952) Biochum
bwophys acta 8, 375

Lacrorx P (1953) Bull Acod roy Méd Belg 18 489

LACRO]\hP (1954) II Radwnsotope Conf 1 134 London Butter
wort]

Rocne J and MourGUE M (1939) Bull Soc Chun biol , Panis 21 243

WirkinsoN G W and LesroNp C P (1953) Surg Gynec Obstet 97
143

DISCUSSION

Lacrowr The larger the experimental animal the more localized are
the reactions of 1ts sheleton after a fracture Inman between 20 and 50
a fracture of a_daphysts 1s followed by a defimte radiolucency mn the
metaphysis and m a narrow zone just under the articular cartilage
The epiphyseal bone in between 1s mvolved afterwards Everything
returns to normal if the fracture heals well

At present we are trying to study your subject butin the dog and with
microradiographic techniques An aspect which puzzles us 1s that of
some osteons with two concentnc zones as shown m an X ray which
1 have here an outer one poorly caleified and an inner one highly
caleified Just the reverse of the normal sequence of events What it
means we do not know Prof Lngstrom tells me that such aspects
are sometimes observed here and there but it looks as if they are
more numerous i the viemity of a fracture

Harnis 1 should like to support what Prof Lacrorx said from the
chmeal viewpomnt The X ray he shows 1s a very common finding 1n
fractures occasionally we have had the courage to biopsy the rarefied
area and 1n addition to meanng loss of Ca 1t means loss of bone sub
stance true hing 15 happ which mhibits the
formation of new bone

Lacrowr It may be that the process of osteogenesis 1s stopped or that
there 15 a leakage of Ca or that there 1s an exaggerated bone absorption
I thunk 1t 1s bone absorption

Harris An easy solution is to regard the body s energy as being con
cerned with the healing of one fracture rather than with mamntaimng the
normal balance between bone formation and absorption 1n the rest of the
bone
Nassum 'This 15 a problem we have been most mterested 1n for a long
time There 1s no doubt that as soon as a fractured Iunb 15 immobilized
the patient goes mto a very negative Ca balance It does not matter
whether the whole body 15 immobihized or not A patient can have a
fracture of the tibia and put on a wallung plaster and st:ll that patient
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will be 1n o negative Ca balance and putting out about 800 mg of Ca per
day I thunk thats well recogmzed once you have normal stresses and
strains you will not have osteoporosis occurnng

Nicolaysen I am rather surprised to hear Dr Nassim s remark in
view of the Amenican results Where they have people immobilized in
casts VWhen Shorr put them in an oscillating bed the retention was baek
to normal But you obsers ¢ losses also when they are walhing?

Nassim Xes, s long s the hmb 1s immobihized even if they areina
walking plaster they arc still putting out 500100 mg of Ca _Also, we
have found that when a joint 13 1 for i & tut
Lnee and it 1s not immobilized but the person is walking about on a
crutch we still find loss of mincral in that Limb, not only ndjacent to the
Jomt but 1n the joint above 1t 1n the hip

Denl You are suggesting Nassum that it is cluefly from the part in
plaster rather than from the rest of the body?

Nassim Not entirely I nm suggesting that for nstance in a tuber
culous hnce which has got say, synovial tubercle and which is not put
1 plaster where the patient 18 having only chemotherupy, you will not
only have dermmerahzation adjacent to the inflamed jont but you wall
also get 1t around the proximal area around the hip He 13 not weight
bearing there

Follis Would you not have more T if he were bilized
n plaster?

Nassun Yes

Nordin Surely this 1s too rapid to be explamed by cessation of new
growth, although not very much 14 known ebout collagen turnover
1 believe this thing appears very rapidly after the fractures and 1t seems
to me to tie up very mcely with the work of Slack, who denervated
and immobilized rat s hind limb and found that there was an increased
uptake of labelled glycine mto the collagen n the hmb  This suggests
that there 1s not cessation of new formation but an mereased turnover
and that the loss 1s greater than the new formation

Armstrong A fracture 1s a rather severe trauma  Are the effects
which 3 ou observed and which have been previously noted specifically
related to trauma to the skeleton? Would you obtain somewhat similar
results with the same degree of trauma to soft tissues? Is this phenome
non a general physiological reaction which 1s not necessanly specific
for the skeleton?

Houard That can be answered very quichly, on overall balance at
least because the N lass ceases after about 10 days n an ordinary tibial t
fracture and the Ca loss continues for about 3040 days Turthermore st
does not happen 1f you take out a gallbladder or perform other major
abdominal surgery “Ca does not follow the N balance you get a httle
loss m Ca but nothing at all ike the other
Zaf"g:lh: 'l:il‘k‘m:,l:ms tlo do with immobikization because both with mobili
nd with early mohilization everyth
;?Immrd o lessymarked everything goes back to normal
utishauser Ve have lntted experience with this subje

ct on rhesus

monkeys If mobilization 15 ecarried out too prematurelyldecalmﬁcatmn
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appears to be more pronounced than 13 the case when mobilization 13
carrted out cautiously We also injected the stellate ganghon with tale
and the results have not been convineing to date

Howard 1t 1s interesting that with the tuberculous hnee the bone
grows faster in a growng cild than on the other side That 1s an old
observation which was made 1n Toronto by Dr Harris s father Youcan
demonstrate 1t quite readily

Nucolaysen Y ou get that growth m length with aneurysmalso Isitall
due to cireulation?

Harns It must be related to circulation, because every now and then
we come across a massive arterio venous commumcation that has a
Ionger mb on that sde

Nucolaysen It happens when you put patients to bed that they sud
denly have a very heavy urmary sedimentation with acute hdney
attachs and they even become temporanly msane

Blaxter What happens 1f vou produce a fracture 1 a bone which
normally does not bear much weight for example 2 skull fracture?

Howard You will not get any more negative Ca balance than you
would 1f you operate on 2 man s stomach

Dallemagne Some vears ago we performed a seres of expeniments of
the same kind as those of Drs Cartier and de Bernard  We resected sub
periosteally a fragment of bone (1 cm ) at the middle of the cubitus (or
the radius) of the rabbit Some days later we observed a reduction of the
Ca and P content 1n the upper and lower fragment of the resected bone
Moreover we regularly observed a 1 10n 1n the diaphysis of the
same bone on the oppostte side we thought at the time that this
phenomenon was depending on a sympathetic circulatory reflex But
probably this was not the only mechanism mvolved indeed this was
true when new periosteal bone was formed n the resection foeus On
the other hand 1f the periosteum had been destroyed when the resection
was performed no new bone appeared and decaleification 1n the same
bone on the opposite side was absent So probably, loeal and general
factors were involved in this process
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WheN considering the physiologieal effects of vitarun D
and its biochemical mode of action, 1t 1s relevant to have
nformation as to the fate of admuinistered vitamun D In fact,
this was the usual sequence 1n the study of mode of action of
other vitamins The information about the fate and meta-
bolism of vitamin D 1s scanty owing to the difficult and
laborious assay techniques

It 1s possible that bile 1s necessary for the absorption of
the vitamin by mammals and that vitamin D 1s re excreted
through the bile (Taylor, Weld and Sykes, 1932, 1935,
Greaves and Schmidt, 1983, 1934z, 1931b, Heymann,
1937a, 1938) and probably through the upper third of the
small intestine (Heymann, 19375) As to the distribution of
vitamin D 1n the tissues following a dose, only sermiquantita-
tive results have been reported (Heymann, 1937¢) Morgan
and Shimotor: (1948) concluded that no one organ 1n particular
was concerned with the storage of the vitamin  Warkany,
Guest and Grabill (1942) appeared to have found in blood
almost the entire dose of vitamin D given to patients

The first part of this paper summarizes the results of studies
on the distribution and metabolism of vitamin D 1n rachitic
rats following a dose of vitamin D, The distribution was
determuned by biological assay, in collaboration with Dr
E M Crwchshank, by quantitative paper chromatography
and lately by using 4C labelled ergocaleiferol

In the second part, microbiological studies with vitamin D
are reported

BONE 161 .
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Methods

The biological assay of tissues of rats was performed by the
radiographic method of Bourdillon and co workers (1931)
Chemically, vitamin D was estimated by the techmque
employing reversed phase paper chromatography (Kodiceh
and Ashby, 1954) Biosynthetically prepared [C] ergo
calerferol, with a speaific activity of 8 4 pc/m mole (Kodicek,
1955a), and 1ts breakdown products were estimated by the
usual 1sotope techmques combined with reversed phase paper
chromatography

The microbiological studies were performed by a procedure
previously described (Kodicek and Worden, 1945, Kodicek,
1949)

Vitamin D Balance, Determined Biologically

Groups of weanling rachitic rats were given orally 1 mg
ergocalciferol in arachis o1l and the antirachitic activity of
various tissues and evcreta was mvestigated for 4 days
after dosmng (Cruickshank, Kodiceh and Armutage, 1953)
Within the first two days after dosing about 17 per cent of
the dose had been excreted 1n the faeces, whereas no vitamin
D was detected in urme (Table I) The small faecal excretion
on the last 2 days of the expertment might possibly have been
dertved from vitamin D re excreted nto the gut via the bile
as has been observed by Heymann (19875)

Table I

RECOVERY OF ERGOCALCIFEROL (1 MG ) GIVEN ORALLY TO GROUFS
or Racmiric Rars*

Recovery of dose Y,

N
24 hr 48 hr 72 hr 96 hr
Urnine [ — — —
Faeces 14 3 27 05 01
Laver 37 12 10 10
Intestinal tissue 06,60 02530 02331 01,24
Remamnder of body 17 16 19 13

* Biological rat assay Cruickshank Kodicek and Armitage (1953}
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The body contained on the first day only about 6 per cent
of the dose of which two thirds were i the liver, the body
vitamin decreased by half on the second day and remained
then unchanged This fall was mamly caused by a decrease
n the ligh mitial content of hver The deerease was also
noted 1n other experiments mn which vitamin D had been
estimated chemucally Since there was no comparable nse
m other parts of the body, the missing vitarmn was either
re excreted n the faeces and formed the major part of the
excretion on the second day or 1t was changed 1nto mactive
products

The vitamin D content of the intestmal tissue reflected on
the first day the amount passing through the alimentary
tract, although 1t was low in proportion to the amount offered
However, the vitamin content did not decrease as rapudly as
that of faeces, indieating that exither vitamin D was removed
very slowly from the intestinal tissue or that, 1n confirmation
of Heymann’s finding (19373), a certain amount of vitamin D
was being re excreted through the intestinal wall

The remainder of the body contained about 28 per cent of
the body vitamin and maintamed this level throughout the
expernimental period Muscle, shin and hidneys were the
richest tissues {Cruichshank, Kodicel and Armitage, 1954),
1t should be noted, 1n view of observations made with labelled
vitamin D, that bones had not been analysed separately at
this stage of the investigation The other tissues, such as
lungs, spleen, bran and adrenals, contributed ILittle to the
vitarmn content of the body (Table II) The significance of
the relatively high amounts found in muscles and skin 1s at
present difficult to explan, the ladneys contained 1n view of
ther small size a comparatively large proportion of the body
vitamm and, i contrast to lver, ey idently retained this
amount over a pertod of two days It1s hkely that the hidneys
act as a haemato urinary barner, since no vitamm D appears
munne  This accumulation m hidneys however, mav have
another sigmificance, namely, 1t may be associated with the
mineral metabolism of the Lidneys, or more specifically with
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Table II
Recovery oF Dosc oF DRGOCALCIFEROL (1 MG ) IN Various RAT Tissues®

Recovery of dose %,

24 hr 48 hr
Muscle 08 09
Skin 04 06
Kidneys 035 05
Lungs - 01
Spleen — 01
Bram — 0 03
Adrenals —_ 001

* Blological rat assay Cruickshank Kodicek and Armitage (1954)

the re absorption of phosphate by kidney tubules (Harrison
and Harrison, 1941)

Total Recovery of Dose

Table I shows that 20 4 per cent of the dose of ergocaleiferol
was accounted for 1n the body and faeces on the first day
For assessing the total recovery, the faecal excretion on the
second day (2 7 per eent) has been included, since 1t may have
been derived directly from the dose admimstered Hence 1t
appears that the total recovery amounted to only 23 per cent
The large deficit of 70-80 per cent was evidently caused by
destruction or conversion of the vitamin mto biologically
mactive products It was possible that the destruction might
have occurred in the alimentary tract by the action of micro
organisms, as has been reported for cholesterol (Turfitt, 1944,
‘Wanfan et al , 1952, Stadtman and Cherkes 1952) Succinyl
suphathiazole was therefore fed to rats and the recovery
of a dose of vitamin D, ascertained (Cruickshank Kodicek
and Armutage, 1955) It was, however, found that the total
recovery 1n faeces and liver was of the same order, 52 1 and
48 1 per cent respectively, as that of control rats, not recerving
the bacteriostatic This may indicate that the destruction
of the vitamin does not occur mn the gut or that the bacterio
static spectrum of succinylsulphathiazole does not include the
specific orgamsms responsible for such an effect
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Recovery of Graded Doses of Vitamin D,

Graded doses of vitamin D, (0 25-8 mg) were given to
groups of rachitic rats and the vitamin D m hvers, ladneys
and facces was determined chemically by the paper chromato
graphic techmque (Kodiceh and Ashby, 1954, Kodiech, 1954a)
The rise 1n the liver reserves was direetly proportional to the
dose given (Table IIT) The amounts constituted about 9-14

Table III
RecoveRy oF DivFERENT Doses OF RGOCALCIFEROL IN TISSUES OF TNE RaT®
Recovery of dose %%
~

-
Group Hl!):y:len:‘c), Faeces Lier HRidney

mg 23 kr 48 hr 2% hr 48 hr 2t hr 48 hr

1 8 33 22 80 8 a2 02

2 4 20 — 13 5 64 05 02

3 2 17 54 118 (] - —_

4 1 20 52 140 54 —_ —

5 05 16 36 88 ¢4 — —_

13 025 15 36 11 ¢ 5¢ —_ —_

* Paper chromatographic estimation Kodicek (1954a)

per cent of the dose, except that at the 8 mg level, which was
Inghly toxie, a relatively smaller nise occurred, comparable to
that observed with large doses of vitamin A (Moore, Sharman
and Ward 1951), consequently a larger proportion of the dose
was found 1n the faeces (83 per cent) On the second day, the
hver vitamin decreased sigmficantly, as observed previously
(Cruichshank, Kodicek and Armitage, 1953), to about 40-50
per cent of the amount present on the first day, indicating
destruction of the vitamin n hiver

In the faeces of rats given doses ranging from 0 25~4 mg,
the recovery of vitamin D was, on the first day, 15-20 per
cent and, on the second day, 4-5 per cent of the dose, the
Tecovery was thus proportional to the dose given, as was found
for liver The ability of the liver to store, after administration
of vitamm D, large amounts of the vitamin, far m excess of
physiological needs, appears to apply to all fat soluble

vitamins (see Kodicek, 19545) The kidneys seem to have a
similar property
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Studies with 14C-labelled Vitamin D,

The preparation of crystalline C labelled ergocalerferol
from [*4C] ergosterol, obtammed by biosynthests from yeast
(Eodicek, 1955a), made 1t possible to study 1n more detail the
pathway and breahdown of the admmistered vitamm The
tracer experiments were combined with chemical analysis of
witammn D of fractions obtamed from various tissues The
results confirm remarkably well the data obtamed previously
by biological and chemical assays Two rats, 10 weehs old,
mamtained on Steenbock diet No 2965 for 7 weeks, were each
given orally 1 mg of 97 per cent pure [14C] ergocalerferol,
dissolved 1n arachis oil, faeces, urime and respired CO, were
collected for 24 hours The rats were then killed and the
pooled tissues and excreta were analysed for the distribution
of radioactivity (Table IV)

Table IV

RECOVERY OF C ERGOCALCIFEROL (1 MG ) GIVEN ORALLY TO
Racarric Rats

Recovery %,
Chemical Radwactivity
—
Breahdown
Vitamn D Vitamun D Products Total

Urine [} o 21 21
Faeces and Intestinal
content 2007210 1971907 590l 7T g9g 8T
co, — — ? ?

Laver
Bones
Intestines
Blood
Kidneys
Lungs

=

CEE
ano
&%
OO _OOmMaN

57
a4y
06

a2 0
02 $106 0
© 2 0

0 pa—

onn
oo
IS RETIECS

92

o

Brain

Rest of Organs {0 5)

Muscle and Skin © 8)
Total 303 709 101 2

Blological rat assay () Chemically not jdentified

frrent

o

The faeces combined with intestinal content were the only
excretory products i which vitamin D was found both
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by chemical assay and radioactivity The good agreement
between the two analyticnl techmques 1s proof of the re
liability of the paper chromatographic estimation A large
proportion of the radionctive earbon was found m {ractions
of facces which did not contamn any vitarmn D (59 G per cent),
2 1 per cent of the dose was detected as breahdown products
m urime The total recovery of *C from the cxcreta was
81 4 per cent, out of which about 20 per cent was present in
the form of vitamn D Thus o Jarge proportion of the defieit
observed 1n the balance experiments, studied by bologieal
assay, was found in the excreta, particularly in the facces
It 1s at present uncertamn whether these breakdown products
were produced from the admumstered vitamin directly n
the gut, possibly by the action of micro orgamsms, or were
excreted nto the intestinal lumen The fact that the hiver
contained 50 per cent of its radwoactivity as breakdown
products suggests that some of these substances may have
originated 1n the hverand have been excreted through the hile
This possibility would explan the faillure of an ntestinal
bacteriostatic to increase the recovery of vitamin D after
dosing  The amount of respired CO, collected as barium
carbonate was so large that it did not allow the detection of
UC derrved from the weakly labelled vitamin D.

The body contamed about 20 per cent of the total radio
activity, half of which was present as vitamin D Again the
liver was the organ richest both i vitamin D and breahdown
products The bones had 4 per cent of the admimstered 29C,
according to biological assay, made m collaboration with Dr
Cruichshanl, about half of the radioactivity was present as
vitamin D The presence of vitamin D has been detected
quahtatively by Russell, Taylor and Wilcox (1984) 1n
bones of chicks given wradiated ergosterol It appears,
therefore, that vitamin D 15 present 1n structures timately
connected with its physiological effects Whereas the break-
down products m Iy er were present ahke i the unsaponifiable
matter and 1n organic acids, the metabolites 1 intestinal
tissue were entirely in the unsaponifiable matter This may
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ndicate that the turnover in the liver 1s different from that
of the intestine

The other tissues and blood contarned the rest of the dose,
most likely 1n the form of vitamm D

It may be of particular significance that tissues closely
connected with the turnover of morgame phosphate, such as
bones, testines, hidneys and blood contamed relatively
large amounts of ¥C and of vitammn D The distribution by no
means paralleled the fat or lipid content of tissues, 1n agree
ment with findings of Heymann (1937¢) Thus, pooled muscle
and shin, contamning 64 per cent of the body fat, and “rest of
organs” (Table IV), with 11 per cent of body fat, had only a
small proportion of the radioactive dose Brain contamned no
detectable radioactivity

Vitamin D 1n Faeces of Human Subjects

Caution has to be exercised 1 applying to man conclustons
drawn from rat experiments This pont 1s 1llustrated in the
prelminary findings, m collaboration with Drs Cruichshank
and Dent, on the recovery n faeces of a dose of vitamm D»
given to human subjects We have given to 2 normal adults
and to 4 patients suffering from osteomalacia, 20 mg ergo
calerferol by mouth for 4 days and analysed their faeces, by
biological and chemmeal assay, on the fourth day only about
0 1 per cent of the dose was recovered as biologically active
vitamin D (Table V) No difference was found between the

Table V

RECOVERY OF Viramy D IN Farces oF HUMAN SUBJECTS GIVEN 20 MG
ERGOCALCIFEROL FOR 4 DAYS

Recorery Y 4th day

————A——————————\
Chemacal assay Biological assay

Normal — <0 0>
Normal <38 013
Osteomalacia <06 —_—
Osteomalacia —_ 005
Steatorrhea <06 —

Pancreatic fibrosis <06 —



Mrraporic Stupns oN VizayiNy D 169

normal and disensed subjects The low recovery in facces 1s1n
marhed contrast to the relatnely large amount of the dose
excreted by rats  The explanation for the dilfering behay rour
of the two species 1s at present lacking

Microbiological Studies on Vitamin D

Vitamin D may have an effect on the functioning of intes
tinal eells m mereasing the absorption of ealeum, 1t may
exert its influence on bony tissue by facilitating the deposition
of bone salts and on phosphate resorbing cells of hidney
tubules, but 1ts exact biochemical mode of action 1s unknown
If W acts at a cellular level, 1t may be of interest to study
1solated cell systems requiring vitamin D Such a condition
can be artificially produced in Gram positive bactena, the
growth of which has been inhibited by small amounts (20-80
& moles) of long chain unssturated fatty acids, the bacterio
static activity of the fatty acids mereases proportionally to
the number of double bonds A reversal of the inlubition can
be effected by a number of substances, whnch are able to
change the surface pressure of monolayers of fatty aaids The
most potent reversing agent has proved to be vitammn D, and
Dy (Kodicek, 1948, 1949) Thus vitammin D rev erses, proportion-
ally toits concentration (7-12 g molesfhalf maamum growth),
the bacteriostatic effect on Laclobacillus caser of linoleic acid
(Kadiceh, 1950a) Caleium 1ons have a sumilar effect, m con-
centrations of 0 8-0 5 m moles/half maximum growth If
the concentration of vitamun D 1s increased tenfold, the
growth of lactobacally 1s inhubited  There 1s thus a resemblance
to the behaviour of mammals towards vitamin D A further
similanty 15 the relation of these responses toward the phos
phate concentrition n the medium If the concentration of
the phosphate 15 decreased from 26 to6 5m moles, the growth-
promoting effect of vitamin D or calejumn 1ons, m presence of
hinolese acid 1s enhanced There 1s, therefore, an apparent
optimal Ca/PO, ratio but the relationship 1s only an mdirect
one The efficiency of the bacteriostatic effect of linoleie acid
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ncreases with increasing concentration of phosphate m the
medium Consequently with a given concentration of Iinoleic
acid, an mcerease 1n phosphate will result mn a greater require
ment for vitamin D (or Ca**) to reverse the inhibition, since
higher concentrations of hinoleic acid or a greater bacterio
static efficiency will require larger amounts of wvitamm D
(Kodiceh, 19555 and c)

A number of sterols related to vitamin D have been tested
(Kodicek, 1950b), ergosterol, 7 dehydrocholesterol, lumi
sterol,, tachysterol, and pyrocalaiferol, were mactive 1n
reversing the bacteriostatic effect of inoleic acid Pyrocalet
fero]l and dihydrotachysterol were highly towic for L caser
Suprasterol II reversed the mhihition to a certamn extent,
but dihydrotachysterol (AT10) which has 1n mammals effects
simmlar to vitamin D, was also fully active for bacteria

Physicochemical Explanation (Barrier Theory)

What 15 the mechamsm of the mhibition of growth and
acid production and 1ts reversal in bactera? It 15 suggested
that these effects can be explained primarily on a physico
chemical basis (barrier theory, Kodicek, 1948, 1949, 1950a)
The active hpoprotem patches of the cell membrane (Davson
and Damellt, 1948) are penetrated by the unsaturated fatty
acid, after bemng first adsorbed with 1ts polar group on the
surface Because of the double bonding the surface pressure
1s greatly imcreased (which would lead eventually to rupture
and lysis of the cell), this n turn may distort spatially the
protein lattice which appears to form a layer on either side of
the (bimolecular) lipoid layer constituting the eell membrane
(Daniell, 1954a) These portions of the cell membrane are
intimately connected with the *facilitated diffusion” in which
structural and sterie factors are mvolved, and with the “active
transport”, requiring free energy such as that derived from
enizyme systems (Danielly, 19544, b and ¢) The spatial distor
tion would result 1n functional changes which may affect the
permeation of molecules Such substances as vitamm D may
reverse or modify this distortion effect Even 1f this may be
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true for the mode of action in the bactersal cell, 1t 15 not
known if & simlar situstion oceurs n the mammalan cell

REFERENCES

BourpiLLow, R B Brucs, I M Tiscrmany C, and Wrnstre, T A
(1931) Spee Rep Ser med Res Coun, Lond No 158

Cruichsmans E M, Kopicek, B and Arsuracr, I (1053) Biockem
J 54,337

Crurcksuang E M, Kobicer T, and Arstrrase, P (1054) Biochem

, 58,172

Cruichsuang E M Kopiccr I, and Amstitace P (1055) Abstr
JI Int Congr Biochem,p 113

Daxierir J T' (1054a) Symp Soc exp DBiol, 8 502

Daxwiir, J T (10548) Proc 7th Symp Colston Res Soc, p 32

Danxierr J F (1954c) Proc Roy Soc B 142 146

Davsov H and Danierer, J T (1913) The Permeability of Natural
Membranes Cambridge University Press

Greaves J D and Semupt, C L A (1033) J bl Chem 102 101

Greaves, J D, and Scmyor € L A (1831a) Unw Calif Publ
Physiol 8 43

Greaves J D and Scrounr C L A (1034D) Unw Calf Publ
Physiol 8 49

Harrison H E and Harmison H C (1041) J clin Intest 20 47

HevMANN W (1037a) J bwl Chem , 122, 210

Hevvany W (19375) J biol Chem, 122 257

Hevymany W (1937c) J biol Chem 118 371

HeyMANN W (1938) Amer J Dis Child 55 913

Kobicex E (1948) Bull Soc Chum bl 30 946

Koniccr E (1949} Symp Soc exp Biwol,3 217

Kopicex E (1950a) Biochem J 46 <iv

Koprcex E (19505) Abstr XVIII Ini physiol Congr,p 307

Kopicex E (1954a) Biochem J 58 xxxv1

Kopicex L (19545) Proc Nutr Soc 13 125

Kopicex E (1955a) Biochem J 60 xxv

Kopicex E (1955b) Abstr III Int Congr Biochem p 89

Kopicexk E (1955¢c) II Int Conf on biochem Problems of Lipids,
London Butterworth

Kopicex L and Asnsy, D R (1954) Biochem J 57 xu

Kopicer E and WorbEN A N (1945) Buwchem J, 39 78

Moore T Smarsaw, I M, and Warp R J (1951) Buockem J,49

Morean A T and Smimoront N (1943) J biol Chem 147, 189
RussELL W C Tavior M W and WiLcox D E (1934) J bl
Chem 107 735
i‘:;n;x:m ’1;3C‘ and Cnerkes A (1952) Fed Proc 11 291
e Xgm C B and Syrcs J F (1932) Trans roy Soc



172 E XKobpricen
TAYIiZR I(;IzB WeLD,C B and Svxes J F (1935) Brt J eap Path,
8

Torrirr G E (1944) Biochem J 38 492

Wamnran, E, HENkN G, Rice L' I and Marx W (1052) Arch
Biochem Biophys 38, 187

Wargany J Guest G M and Grasir F J (1942) J lab chn
Med 27, 557

DISCGUSSION

Fancom: 1 am astomshed that mn cases of pancreatic fibrosis 1
steatorthoea the reabsorption of ergocaleiferol was so good because
generally we believe that vitamin D 18 not reabsorbed and in the treat
ment of these diseases we give vitamm D by mjection Did you gre
water soluble vitamun D?

Kodireh This part of the story could probably be better told by Dr
Dent, because he gave the dose, but I shall finish with my part of the
story I do not want to claum that 1t has been absorbed All we can say
1s that we found negligible amounts 1n the faeces It could have been
destroyed 1n the 1ntestne It was such a surpnse to find such small
amounts both mn patients and 1n normal subjects that at the moment I
cannot say more

Dent Vitamun D was fed as a tablet of solid caleiferol mixed with
lactose That 1s the standard form that we always give our calciferol 1
‘We do not give it mixed with calerum phosphate we had a lot of trouble
with proprietary preparations which nclude this compound We did
this experiment for the purpose of testing the theory that 1t is not
absorbed 1n steatorrhoea whether idiopathic or mn the form occurring
in pancreatic fibrosis I have never believed this although we have been
taught 1t I know of no pubhst evidence, properl d that
caleiferol works better 1 steatorrhoea when given by imnjection rather
than by mouth In the few tnials we have done ourselves we have always
noted that 1t does not work better by injection than by mouth, so we
were very glad that we could persuade Dr Kodicek to do this experi
ment  We do not believe this story that 1t 1s a fatty substance and that
therefore 1t 1s not absorbed 1n steatorrhoea It 1s a most improbable
story as you absorb most of your fats anyhow and you have to assume
that 100 per cent of a cholesterol like substance 15 not absorbed when
pruhably 75 per cent of your other fats are

Kodicel. At the moment of course we are arguing 1 4 vacuum
because we really do not know if 1t has been absorbed—or has 1t been
destroyed? It 1s rather important to realize this

Dent We do know that the ordmnary story 1s wrong the sunple
medical story that you have steatorrhoea and for that reason you cannot
absorb the fat soluble vitamin

Nacolaysen I thiok you should draw that conclusion from more ortho
dox fat absorption studies while in steatorrhoea you get 15-20 g of fat
1n the stool and 806-80 g beimng absorbed I am very glad you stated this
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because it 1s current in all text books Don't you think your results
highly suggestive of post absorptine destruction? Y ou have an exponen
tial curs ¢ for the destruction of vitamin D That reminds me of some old
expenments done by Leong in dogs with excessive doses of vitamin A
He also found an exponential curve at the beginning and then it flattened
out

Nordin Surely the fact that you did not recos cr anything in the stool
as vitamn D does not actually prove anything beeause you have shown
n your previous shide that 70 per cent 15 degraded anyway in the intest
e 1n steatorrhoen 1t 13 100 per cent

Kodiceh Yes Iwanted to moke this clear At the moment we do not
know I think the answer can only be found with isotopic tracer studies

Dent We have the clinteal evidence that it daes nat work better by
mjection at least on such easily measurable things as the plasma levels
of Ca, P and alkaline phosphatase

Nordin I thought that the pont was that the dosages were quite

orally and y We treat our cases with intra
muscular vitamin D which at the level of 100 000 umits 2 month appears
to control \¢ due to h derstand from the
literature that you have got to give something hke 100 000 units a day
orally to get the same effect 1n these eases and certamnly you can mive
them 100 000 units a day without getting intoxication If you did that
intramuscularly you would get very great intoxication

Dent We never cured an osteomalacia with such a small monthly
mtramuscular dose but Iam sure you can give doses that are comparable
to the oral ones and still have no trouble

Nordin That 1s very interesting because we have got two patients
recerving 100 000 units & month intramuscularly, with a lugh Ca intake
and they are recalaifying most beautifully They are up and about and
wallung and their fractures have healed They both have steatorrhoea
they had Milkman s fractures and they had osteoid seams

Dent 1 would like to see that confirmed with balance data, because
that 15 the only statement I have ever heard that there 1s a clear cut
change when you give this small intramuscular dose

Nassum If I may say so Dr Dent as you have seen balance data
we have had an can go sp ly mto and
as 500n as the patient 18 brought mto a metabolic ward and put on & dif
ferent diet and you do a Ca balance you find he may be in strongly
posttive balance without having a single extra bit of vitamimn D at all
and hus pseudo fractures heal without any added vitamin D

Nordin I think this 1s most interesting because we have got two
patients who were bed ndden and who remained bed ridden with their
Milkman fractures until they had their vitamin D and Ca

Meyer Dr Kodicek in the bacteral experiment have you tried a
huighly surface active agent hke deoxycholic acid?

Kodwcek Deoxycholic aeid has no effect We have tried about 80
substances Lecithin has a certain effect Certain proteins have some
effect also all the sub which form pt with hinoleie acid
Desoxycorticosterone and cortisone have no effect
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Rogers Just one about the lation of vitann D n
bones I would hike to be quite clear as to what Dr Kodicek 1s calling
bor;e tissue  Does he mnclude the marrow, the epiphyseal plate and so
on

Rodicek In the experiment reported here the term “bones’ ncludes
everything also the marrow The next experiment has just been done
there we tried as far as possible to take out the bone marrow and we got
exactly the same result I did not, of course remove the bone marrow
from evervwhere but I certamly reduced it

Rogers The majority of that vitamin D or break up product s then,
1n the bone tissues

Rodiceh T would thmk so

Niucolaysen You mught take the marrow fat out

Kodiwcek Yes but this 18 not so easy




THE MODE OF ACTION OF VITAMIN D
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A MoRre comprehensive review was written a short time ago
(Nicolaysen and Eeg Larsen, 1958) The nterest in the prob
lem has inereased, and important adyvances have been made
Here, mostly recent advances will be discussed, although over-
lapping with the recent article 1s mevitable

The absorption of calcium

The absorption of ealelum 1s slow 1n comparison with the
absorption of a number of otherions Vitamin D imereases the
speed of absorption, not only in children and experimental
ammals but also i adults The effect 1s clearly seen mn
osteomalacie patients In adult rats free of vitamin D the
absorption remains low 1n spite of severe Ca deprivation
(Malm, Nicolaysen and Skjelkvale, 1955) When vitammn D
1s next given the absorption reaches the high levels seen n
young rats The actton of the vitamn on the absorption was
observed after only 12 hours i rachitic rats (Lindquust, 1952)

How the vitamimn acts on the absorption remans obscure
There 1s some controversy about where 1n the intestine the
vitamn acts  Harrison and Harrison (1952) suggest, based on
experiments 1n rats, that the effect of vitarmn D 1 ereasing
the efficiency of absorption of calelum 1s observed only under
conditions 1n which the ealctum of the intestinal contents 1s
poorly soluble 1 e, 1n the lower part of the small wntestine
Radiocaletum was grven by stomach tube and no difference
between normal and rachitic rats was seen 1n the first four
hours m which about half of the 10 mg Ca gwven was absorbed
Lindquist’s {1952) results (with the aid of the same techmque
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and a dose of 20 mg Ca) are at variance with Harnson’s
He observed higher absorption after only one hour in the rats
treated with vitamin D Migicovshy and Nielson (1951) gave
1 5mg labelled Ca to rachitic and vitamin D treated chickens
and after only 80 mnutes the serum speafic activity was 2 7
times higher m the vitamin D treated chickens Nicolaysen
(1951) m experiments with 1solated loops of the jejunum
mvariably found a higher speed of absorption i vitammn D
treated rats as compared with the negative controls In
experiments where the lower part of the small intestine was
used for 1s0lated loops, the speed of absorption was found to
be slower, howeyer, the rats treated with vitamm D absorbed
caletum at a higher speed than the negative controls

The somewhat varying results may be explained as follows
VitaminD nfluences therate of absorption of calerum through
out the intestine Calelum 1s absorbed chiefly in the upper
part of the small intestine When Ca salts remain 1n solution
in the lower part of the intestine an mncreased speed of ab
sorption can be found 1n this region too So far, no good evid
ence has been produced 1n fayour of the hypothesis that vita
min D mereases the solubihity of calcium salts

The essential problem 1s how vitamin D promotes the ab
sorption of caleum The hypothesis has been put forward
that the effect 15 secondary to the effect of the vitamin on the
sheleton The present authors have in vain tried to prove this
experimentally
! Phosphates are absorbed quickly and completely i vitammn
D deficient rats given Ca free diets and whatever effect 15
observed of vitamun D on phosphate absorption must be
considered to be secondary to the increased amounts of Ca
remaming 1n the mtestinal contents of rachitic ammals

Tubular reabsorption of phosphates

The theory that vitamin D increases the tubular reabsorp-
tion of phosphates has in fact been very much 1n favour stnee
Harrison and Harrison {1941) observed such an effect when
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vitamumn D was given to rachitic puppies  The present authors
have discussed this problem recently and no new contributions
of deasive value have appeared The reeiproeal influence of
Ca and worgane phosphates on the resultant inorganie phos
phate and Ca excretion 1n the urine 1s well established (Wolf
and Ball, 1049, Malm, 1953} We do not deny that vitamin D
can influence the tubular reabsorption, howeyer, we maintamn
that 1t can only be studied adequatelv when the amount of Ca
absorbed and deposited has been equahized m the ammals to
be compared  Never has a phosphate diaresis been obseryed
m vitamn D deficieney, and never has a depression of phos-
phate excretion tn the urine followsng vitarmn D adrmmstra
tion been reported
Table I

THE INFLUENCE OF VITAMIN D ON T CA AND P METADOLISM IV RATS GIVEN
VARIOUS LEVELS OF CA AND P Iv THE DIET

S1% § WEEK OLD TATS I'¥ EACH CROU®
Dret 025% Ca 035% P 0084C2 035 P
eep At Absorded|  Unne |, Absorbed | Unins

v lday e day v iday e Iday Teck
G P Ca P P P
Without | 1 27 1418 03 68|17 35 0 10 02 1
vitamnD | 2 15 1515 0466|1530 5 5 05 2
3 19 1021 0570 (08 24 5 7 04 3
12228 8 04 2
With 4 12 2250070]05 5817 15 03 5
\tamnD | 5 20 2326 1290 |17 6518 10 05 6
Dt 048/ Ca 035/ P Diet 0494,Ca 057’ P
Without | 1 22 1913 210218 1v25 06 5 1
vitamnD | 2 21 17 10 08 05|28 1680 06 13 2
8 09 1613071312 12327 06 313 3
4 14 19 13 0712/04 1023 06 14 4
Percentage
n diel
With 5 17 302 g2 o
2 2541 2343 1020 020 041
viteminD| 6 21 8320 4026 |22 2043 1420 030 041
7 12 2040 0720 015 0 36

Diet 859 whole wheat 109, wheat gl ¥,
gluten 29, egp albumen 39, b
yeast 19, NaCl 29, Féu,gg < % prewess
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Some experiments performed in this laboratory on rats may
be of some use m the discussion [Fhe results are given m
Fable I

The well known effects of varymng levels of Ca and P as well
s of vitamin D appear clearly In the last series lugh amounts
of phosphates are simply passing through  When vitammn D
1s given, more Ca and P 1s being absorbed, and even more P 1s
excreted mn the urine In fact these observations fit m well
with observations i rachitic children grven vitamin D

The metabolic pattern of Ca and P

The skeleton m the rachitic state contains less bone salts
than normal The problem 1s how this lesion amses So far
conclusive evidence has been produced for rats only A lfe
time study conducted 1n this laboratory on the Ca metabolism
m rats gren a diet allowing of optimal rate of growth
(Haavaldsen and Nicolaysen, 1956) substantiates earlier work
(Nicolaysen and Jansen, 1939, Henry and Kon, 1958)
Vitamin D free rats retained practically all the Ca absorbed
The urinary Ca remained at a low level 1n the vitamn D free
rats and never exceeded that n rats given the same diet and
sitamun D

Defective absorption of Ca 1s clearly the lumting factor
With high Ca/P ratios P may be the limiting factor since its
proper absorption 1s prevented by the excess Ca Urnary Ca
may then ncrease to high values On the other hand, P
absorbed over and above what 1s needed for laying down bone
salts, 1n the proportion Ca/P about2 2,1sexcreted in the urine
There 1s no ndication at all that vanations 1 tubular re
absorption of P are a limting factor in this respect

?It remains to be established if this holds good also for other
species Invitamm D deficiency the net absorption in children
and 1n puppies reaches zero and they succumb to Ca starva
tion if not given vitamin D Parenteral feeding of Ca 1n suf
fictent quantitites to maimntain bone formation 1 proportion
to the rate of growth may, 1f successfully conducted, provide
the evidence needed
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Bone structure

1t has been emphasized (Nicolay sen and Leg Larsen, 1953)
that the mstitution of a vitamun D free state in an ammal
implies the introduction of three vanables at one time
Vitamn D, Ca and P deficiency Nicolaysen and Jansen
{1939) cquahzed the supply of Ca and P to the blood stream1n
rats with and without vitamin D and observed distinct
structural abnormalities 1n the vitamin D free rats  Mellanby
(1949) reached 1n principle the same conclusion mn rachitic
puppies when they recerved just suffictent vitarmn D to pro-
mote sabisfactory absorption of Ca “Fibrosis” of the bones
developed and was cured by igher doses of vitamin D without
more Ca being absorbed

Citric acid in bones

Earlier work has been reviewed recently (Nicolaysen and
Eeg Larsen, 1958) , and Steenboch and Bellin (1958) and
Carlsson and Hollunger (1954) have contributed with exten
sivestudiesinrats Steenbock and Bellinreached theconclusion
Wthat the amount of aitric acid 1n the bones 1s related more to
the caleium nutrition of the amimal than to the rachitic state
per se Carlsson and Hollunger, on the other hand, found
one series of expertments on rats given a diet with 0 04 per
cent Cathat the eitric acid concentrationin the bones mereased
by about 70 per cent in the four days following the administra
tion of vitamin D However, they also found that the Ca level
1n the diet had a considerable influence on the eitric acid con-
centration m the bones Inrats given 0 8 per cent Ca m the
vitamin D free diet the citric actd was at a concentration 70
per cent higher than in comparable rats given only 0 04 per
cent Ca in the diet
The experiments reported by Waasjo and Eeg Larsen (1951,
Scand Physiol meeting, not published m detail) may use-
fully be reproduced (Table 1T)

The more speaific effect of the vitarmn on the aitric acid
concentration m the bones 1 e , independent of increase in ash
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Table II

THE CITRIC ACID AND ASH CONTENT OF TIE FEMUR IN RATS AS INFLUENCED
BY VITAMIN D AND TAC CA/P RATIO OF THE DIET

Preparatory period of 15 days on a rachitogenic diet with ¢ 8% Ca and

0 1% P Vitamm D (101U daly) given to the -+ D group from the 16th day
{zero day or week 1n the table)

Sertes I Continued on the rachitogenic diet

Curnic and Ash of dry Ash
D Y P L
a4s % wl % curic acid
-D +D -p +D ) +D
o0 0 38 0 38 28 28 74 74
5 0 31 0 50 26 30 84 60
10 0 30 0 68 25 a1 83 46
20 028 0 66 24 33 86 50

Sertes I Continued on the same diet but with ¢ 69, Ca and 0 489, P in the
diet

Catric acrd Ash of & Ash
Week: Y —
i % ! % airic acd
—-D +D ~-D 4D -D +D
© 0 38 0 38 30 30 79 79
2 ¢ 81 0 67 53 53 170 79
15 0 54 0 68 63 62 117 04
65 0 54 0 58 62 62 115 107
115 0 53 0 53 62 63 117 118

The figures represent averages of ten

content) appears 1n the early period following the admnis
tration of vitamin D, wrrespective of the Ca and P content of
the diet In the long term experiment the citric acid concen
tration n the vitammn D free rats comes close to the concen
tration found 1n the rats given vitamin D
VIt appears that we face a dual effect There can be little
doubt that the vitamin per se mfluences the citrate accumu
lation 1n the bones However, over longer periods of time a
defect arising out of vitamin D deficiency 1s largely compen
sated for when diets rich in Ca and P are given

On the basis of such a view the somewhat varying con
clusions may be reconeiled without too much difficulty
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Citric acid metabolism

Increase m blood citrate and m unnary atrate following
vtamin D admimstration have been reported lately by
Harnson and Ilarrison (1952) and Bellin and Steenbock
(1952) In their latest paper Steenbock and Bellin (1953) pre
sent o more detailed study of eitrate concentration in various
organs following vitamun D adnumstration to vitammin D free
rats given various levels of Ca and P in tharrdiet  Anincrease
was found 1n the blood, bone, hidney, heart and small intestine,
whereas the level m the Iiver remamned unaffected  These -
observations would indieate a gencrahized effect of the vitamin
on citnie aeid metabolism and may well mark a new and much
more profitable era in the biochemustry of vitamin D

Carlsson and Hollunger (1054) made the following observa-
tion when vitamin D was given to rats on a diet with 0 0t
per cent Ca and 0 5 per cent P, the aitric aeid and Ca 1n the
blood increased in parallel, P remaming unaffected  When the
vitamuin was given to rats on a diet with 2 per cent Ca and
0 5 per cent P the eitric acid and the morgame P in the blood
Increased 1n parallel, Ca remaining unaffected They interpret
these observ ations as indicatis e of a primary effect of vitamin

/D on bone dissolution and feel “forced to assume that citrie
acd 15 produced 1n the bones and that this process 1s acceler-
ated by vitamin D”

In these experiments Carlsson and Hollunger also reported

blood citrate decrease and in some instances Ca and P

decrease in the first few hours after the admmstration of
vitamin D

Calcium and norganic phosphate 1n the blood

The general view resulting from earlier observations has
been that the admimstration of vitamm D 15 followed bv a
fanly rapid merease 1n serum morganmic P In fact this has
frequently been interpreted as indicative of an 1increased
tubular P Treabsorption

In rachitic chuldren serum Ca 1s frequently normal How
ever, when 1t 1s reduced m nichets or 1n osteomalacia (sceeg,
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Orr et al, 1928, Liu ef al, 1941) vitamin D admimstration
appears to result in a slow mcrease only Lately Carlsson
(1952), 1n work with rats, reported contrary results Rats
given a diet with 0 04 per cent Ca and free of vitamn D had
serum Ca v alues of about 5 mg per cent, when vitamin D was
given an merease up to about 8 mg per cent followed m the
course of the first few days The effect was interpreted as due
to an mncreased removal of bone salts In view of the fact that
Nicolaysen (1987) found a distinct decrease of the faecal Ca
following vitamm D admmstration to rachitic rats on Ca
“free” diet, a remvestigation was needed

In experiments 1dentical with Carlsson’s 1n every respect 1t
was found that the rats without vitamin D on the 0 04 per
cent Ca diet absorbed 0 8 mg per day, as compared to 2 mg
per day when vitamin D was given Next, versene (ethylene
diamine tetracetate) was added to the diet n increasing
amounts to counteract the effect of vitamn D Although the
experiments were not completely decisive it was found that
serum Ca always increased 1n the course of three days following
vitamin D administration n spite of very low Ca absorption

The results presented in Table IIT, however, would appear
to give the evidence needed

Table IIT
TEE CARLSSON EFFECT OF VITAMIN D ov sertvM CA
Three weeh old rats for 13dayson Carlsson diet (0 04% Caand 0 5% F)
On the 14thday vitamm D given to group 1 and 0 2% Ca added to the diet
of group 2  All figures are averages per day (10 day period)

Group Num Treatment Intake Camg Serum*
ber Ca
of Food Ca Urine Ab mg %
rats g mg sorbed

1 8 +D001%Ca & 24 0 07 20 78
2 8 ~D 0 23%Ca 62 140 003 638 490

Berum Ca on the last day of the balance study In five fdentlcally treated rats of each
group

The rats given 0 23 per cent Ca 1n the diet, but no vitarmn
D, retained about 40 mg more Ca than the vitamin D treated
rats on the 0 04 per cent Ca diet, however, their serum Ca
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remamed distinctly lower [Scrum Ca was analysed by the
acidimetric method (Nordbd, 1032) which 1s very precise for
small amounts of Ca  The standard error of the two scts of
values was 0 05 ]
 Thus the amount of bone salts increased but the serum Ca
suffered a reduction This might indicate that bone salts of
different solubility were deposited 1n the two groups What-
ever the explanation of this observation may prove to be, the
fact remams that this “Carlsson™ effect lays additional em
phasis on the local action of Vitamin D *

It 1s o common experience that vitamin D free rats given
Ingh Ca levels in their dict do not develop a low serum Ca

The effect of vitamin D on growth

Most experiments 1n rats have been performed with diets
allowing of stunted growth only The addition of vitamin D
has therefore not been followed by any mcrease in the rate of
growth Carlsson (1952)found that his rats on the 0 04 per cent
Ca diet nereased 1 weight when they recerved vitamin D
(1n comparison with negative controls) He felt this might be
referable to the mcreased serum Ca However, 1 our exper-
ments reported in Table ITI, the addition of Ca to the diet had
at least the same effect on the rate of growth as the vitamin D
adminmstration  On the other hand 1n a hife time study on rats
(to be reported n full at a later date) 1n this laboratory on a
vitamin D free diet allowing of optimal rate of growth, it was
found that the rats recerving vitamin D 1n addition at the end

of the experiment (18 months) weighed about 10 per cent
more than the rats given no vitammn D

Summary

The following would seem to sum up our present knowledge
of the mode of action of vitammn D

* In the most recent paper (Bauer Carlsson and Lind:
quist 1955) the view
18 maintained that wvaitammn D actively mduces bone resorption 5)It 18 con
tended that vitamin D does not actively nfluence accretion of bone salt
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The absorption of calcium from the small 1ntestine 1s 1
creased by vitamin D throughout hfe The defective accumula
tion of bonesaltsis chiefly due todefectry e absorption Vitamn
Dalso acts m the tissuesas evidenced by (1)structural changes
m the bones m vitamin D deficiencey, (2) eitrie acid accumula
tion 1n the tissues and in the bones followmg vitamm D
administration to vitanun D free orgamsms, (8) increased
serum Ca mn vitammn D treated rats in spite of a lower Ca
retention than m the vitamin D free rats
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DISCUSSION

Follis 11ow much vitamin D did you give?
Micolaysen \ve give them 10 umts per dny
Follis On this the 1ith day (Table III)?
Nicolaysen We generally give them 70 units either in one dose weehly,
or twice weekly
MNordin Table II mises another intercsting point and that is that the
venal threshold for Ca is quate different in the two cases 1t one case you
have got a much higher serum Ca and the unnary Ca is 1f anything
slightly lower In the other casc you have got the scrum Ca = § 9 and
slightly hugher uninary Ca  That would tie up with the clinical observa
tion that in untreated ostcomalacia you have a high threshold for Ca
One of the first things y ou sce on grving vitanin D 1s an apparent change
1 the renal threshold for Ca Y ou get more Ca appeanng 1 the unneat
the same blood level
Aicolaysen We have to be a hittle careful in interpreting these figures
statistically They are on the border line of being statistically sigmificant
ut you cannot guarantee that i a cage s few pg of Ca are not spilled
nto the unne
Nordin But even if they were the same you have got such g daf
ferences 1n blood level with no difference mn urine  That 1s surcly very
suggestine
Nicolaysen 1 would not hike to discuss Ca exerction in the kidnev
b man about 40 g of Ca 1s circulating through the hidney 1n the course
©of 24 hours and 1 per cent error 1n your estimations will gnve you all the
differences 1n urinary Ca which can be obsers ed betw een normal persons
Dent In the rablnt, but not i the human bemng
Howard 10 g per day, that 15 the calculated amount of glomerular
filtration of Ca per day
Nordin  About 97 per cent filtered Ca 1s reabsorbed
Dicolaysen Yes but the filtrate 1s only one fifth of the total amount
Passing through the hidney and therefore if you find 10 1 mg Can

your blood (or 10 2 1
Qifference {or mg ) and multiply that by five you will get a g

P Nordin The difference between 4 9 and 7 8 1s a tremendous dif
berence in blood level The difference 1n total filtered Joad per day must

e enormous
. hi)tv;\(m 1 was very interested 1n this work on vitamin D and citrate
praad ltgolaysen deseribed It confirms 1n a vague way what we have
cxtngs e(llt that wherever you have Ca transferred across the membrane
memb:l it some form may tell be concerned 1n passing 1t across the
o o::ﬂ??::ther that 15 1n the intestinal membrane or whether 1t 1s
ormone, o the tubules of the kidney and more and more vitamins and
we hiave 1o Tz concerned 1n potentiating the enzymes It may wellbe as
ways the a::et to show with parathyroid and citrogenase that 1n many
bo s point 1ons of vitamin D and parathyroid are similar  That may
I} common the potentiating of an enzyme system producing
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a Jocal concentration at a partieular point where there 1s transport The
data are very vague and it 1s difficult to prove

Perkans 1 did some experiments some time ago and worked on
citrogenase and acomtase and so on I tried companng rachitic and
normal rats none of which had received excessrve doses of vitamin D
to determine the acomtase and citrogenase 1n bones The results we got
were somewhat disappointing 1n that the aconitase was identical in the
two groups and 1n the case of the cttrogenase there was possibly a slight
effect but nothing definite



VARIATIONS IN SENSITIVITY TO VITAMIN D
FTROM VITAMIN D RESISTANT RICKLTS,
VITAMIN D AVITAMINOTIC RICKETS AND
HYPERVITAMINOSIS D TO IDIOPATHIC
HYPERCGALCALMIA

G Fancont
Children s Hosputal, Zunich

¢t Today we are aware of at least 6 different metabolic
processes which are, directly or indircctly, mfluenced by
ritamin D

1 It mncreases the absorption of calcium (primary?) and of
phosphate (sccondary?) in the intestine

2 It mcreases the deposition of caleium phosphate 1n the
bones

8 Itincreases the reabsorption of phosphate in the hidneys

4 It decreases the phosphatase mn the blood

5 According to Jonwis, vitamin D furthers the tubular
reabsorption of histidine and other amino acids

6 It influences citrate metabolism In rachitic children,
the pathologically low blood citrate levels of 1-2 mg per cent
show a rise to normal values of 8-4 mg per cent after vitamin
D admimistration In hypervitammosis D the values chimb to
G mg per cent (hypercitracmuia) The favourable mfluence of
catric acid on richets has long been known It was assumed
that eitric aeid forms a calelum compound 1n the intestine
which 1s easily absorbed

Many facts suggest that i most 1f not 1n all forms of
rickets a functional disturbance of the nephron, particularly
of the tubule, 15 nvolved Sometimes one encounters only
one, at other times a complete range of functional disturbances

187
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of the nephron in various intensities and combinations, as 1n
the followmg illustration of an apparently ordinary vitamin D

deficiency mickets (Fig 1)
Inthis casean ordinary vitamin D) deficiency nichets occurred

together with aminoaciduria and hyperchloraemic aeidosis

SD Mmo 325764 29 NIV 8B 25. 2V 9 16 23
VITAMIN D peros| § ! cooosotu

Serum 90 {qAlkaline Phosphatase
Phase u 70
P mg% 5O
s 30
Ca mg% 7
" 6 10 LSS
9 3 4 AR,
s 3 >
7 4
HCO, Na CI

25 145 106
18 137 96

ki
Mifliequivalents /It

53

Urine pH
Aminoociduria ++ nan {n cormol)
Sulkowifch react |+ n

T1¢ 1 Eleven month old cluld with vitamm D deficiency

nickets amnoaciduna  hyperchloraemic acidosis and hyper
! d with

Al p on
3 X 500000 XU vitamun D given orally

with hypercalciurta  Whether we were dealing with a case of
Lightwood Albright anacidogenesis cannot be confirmed m
retrospect since the orginal pH of the urime wis not deter
mned The aminoacidurnia also disappeared with the improve
ment of the richets Since we were unable to demonstrate

minoaciduria 1n the parents we could scarcely consider fhis
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finding as a test for a constitutional raclutic predisposition as
suggested by Jonxis

One could consider this ease as a transitional form of
vitamm D deficiency richets ina Lightwood Albright syndrome
because of the hyperchloracmic acidosis and hy perealeiuria
On the other hand, the aminoaciduna suggests an insuflicieney
of the proimal tubule But thesc alterations of the tubular
functions are not the rule in vitamun D deficiency richets In
many cases we did not find any aminoaciduria Probably the
ease of alteration of the tubular functions explatns why, 1n our
case, a relatively small reduction of vitamin D support was the
cause of such a severe richets, that 1s, the disposition to richets
consists probably 1n the disposition to tubular mnsufficiency

Signs of reduced sensitinily to vitamin D
1 Famhal disposition to nickets
2 Famlial aminoaciduria (Jonxis)

Signs of icreased sensity
Hypothyroidism
Pecuhiar features of the physiognomy
Retarded growth with hypercaleification of the pro-
visional zone of calafication (Abschlussplatie)
4 Children with tendency to cramostenosis?

[

&

The great range of variation mn hypersensitivity to vitamin
D on the one hand, and the vanation n therapeutic efficacy
on the other might be accounted for by the fact that the meta-
bolic pathways which are chiefly affected vary from one
imdividual to another Clmicians have long recogmzed (1)
that there 15, on the one hand, a familial disposition to rickets
and that on the other, some children never become rachitic,
(2) that hypothyrordism and rickets are mutually exclusive,
and (8) that rapidly growing children especially, are predis
posed to meckets Jonxis recently proposed that amino
aciduria may serve as an indication of a predisposition to
richets since he has found aminoaerduna not only 1 children
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having vitarin D defictency rickets but frequently also m
therr healthy parents, amnoaciduria would represent a sign of
tubular nsufficiency

However, 1t also appears that there are children with a
predisposition to hypervitaminosis D Rachitie children toler
ate rather large doses of vitamin D and rarely become hyper
vitaminotic In contrast, there are infants who are very
sensitive to vitamin D and easily develop symptoms of toxie
ity—loss of appetile, constipation, dystrophy, hypercal
caemia, hypercaleiunia and finally severe ludney damage In
our early work with de Chastonay we tried to emphasize
signs of a predisposition to hypervitaminosis D, as such we
recogmzed hypothyroidism Tnghsh authors hay e also noticed
pecuhar features of the physiognomy of children with 1dio
pathic hypercalcaemia, namely a saddle nose and low placed
elrs

On the basis of our experzence 1n recent years, I should like
to assert further that children with delayed growth, especially
those who demonstrate a check line, an Abschlussplaite at
the epiphyses, that 15, an intensive caleification of the cartil
agmous ground substance, are hypersensitive to vitammn D
It would be important 1f this assertion were confirmed by
further examples, for in these small chuldren compounds con
tamning vitamun D are often admimstered with the mtention of
increasing growth

Furthermore, 1n a classical case of hypercaleuria we found
a closed fontanelle at 10 months and an eminence over the
frontal suture In another case—this time a primaryidiopathie
hy perealcaermia—we encountered a craniostenosis upon which
1t was necessary to operate I cannot decide whether the
premature closure of the sutures occurred as a result of
hypercalcaemia or whether 1t was an mdication of a con
stitutional predisposition to vitamin ) hypersensitivity

For a long time we have known that certain children become
hypervitaminotic and therefore hyperealcaemic when given
large doses of vitamn D However, not until 1952 did we
recogmze that there are children who show an idiopathic
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hypercalcacmia  In collaboration with Schlesinger and co
worhers from the London school (Fancom et al, 1052) we
have described two cases of chronic hypercalecacrma which
show the following characteristics

Symploms of Chronic Hypercalcacma
Dwarfism and mental retardation, cony ergent strabismus
Persistent hypercalcacmia
Normophosphataemia or moderate hyperphosphat-
aemia
4 Renal disturbances (moderate albuminuria, persistent
azotaemua, lowered urea clearance)
5 Hypercalciuria and moderate hyperphosphaturia
6 Osteosclerosts
7 Alkah reserve shightly lowered
8
9
Q

R L

Cholesterol shghtly elevated
CI and Na normal
Asymptomatic congenital malformation of the heart

Table I
CHRONIC HYPERCALCAEMIA WITI OSTEOSCLEROSIS

Pl
Date Age ZLength NPXN Ca P B%Agf: g
unus
19151 2years 78cm T0mg% 18 5mg Y 6 3mgo, 59
20355 6lyears 103 5cm 27mg%, 89mg% 48mg9% 1890

In a follow up of the Zurich case i the spring of 1955
(Table I) 1t was found that hypercalcaerma and hyperphos
phataemia as well as hyperazotaemia and osteosclerosis had
disappeared The mental retardation was not improved,
however, and, remarhably, the phosphatase measured
Bodanshi units remained elevated The systolic murmur was
still present In both the Zurich and London case histories
there 1s no mention of normal vitamin D admmstration, much
less of excessive admimistration

At about the same time, n London, Lightwood described
the milder form, “1diopathic hypercalcaemia of infants with
falure to thrive” Here, also, we are probably dealing with
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chldren who are extremely senmtive to vitamin D Since
then, we n Zurich have seen several similar cases of transitory
idiopatine hypercaleaerma which cannot always be distin
g%ushed easily from cases of simple D hypervitaminosis
(Fig 2)

B 'S 10 Monate puss mss| [zam AN
R i ! et -
HERAPI| 0
THERAPIE | Taglich CORTISON 1g1375mg HEOTON
Vi De
Tropfen
gy S L
Korper 8000_]Soll Gewddoo o menml=mz o= b et N
Gewicht 750
7000. P
—
§500_|S¢ n-Gew. -P__—-\,__.._./
NAHRUNG FRAUENMIL 7 i e
Stuht Cer Nf{E ELE T t0 g gneene
Urin Sukowiez | [+ + H n n| n n hd
Serum  Caleim
13 O,
fhose | P “
10E LS S 7
Phasphat 775
aet 4] o_{Ehogpore] Sz
STt S L
g b o
Blut Senkung mm/h 25 7 J

Fi1c 2 Ten month old snfant swce birth she recerved approximately

3000000 [ U witamn D orally Following small pox vaccination she

P all the of 1diopatiuc hyp and was there

fore given a Ca hoor diet (human milk) and cortisone after which alf the

symptoms disappeared but 3 months later the Sulkowitch reaction was
agan positive and the serum Ca was 11 5 mg per cent

There are, probably formes frustes of transitory 1diopathie
hypercaleacmia also with only moderate serum ealerum ele
vation, but with all the symptoms of the child with failure to
thrive, ncluding a posttive Sulkowitch reaction
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We have also observed the favourable effect of cortisone
on hypercalenerma 1n a 2 year old boy with severe leuhnemia
accompamed by widespread bone destruction (Fig 3)
Cortisone not only alleviated the severe pain in a short time,
but quichly restored the serum calerum value to normal, only
8 weehs later the Sulhowiteh reaction which was imtially

GNg 23] wyss . sw |
1
CORTISQN 100mg/die

o
P |Ca Co—ay
9] 14 oy
7 n N\
S| 10_EZ% 7z
8.
mg%o
Sutkowitch 1+t S n n

Fic 8 Two year-old boy with hypercal
caemua treated with cortisone See text

strongly positive had become normal  In this case the site of
action of cortisone was chiefly the bone itself, in that the
severe bone destruction was cheched through inhibition of the
proliferation of paraleucoblastic cells Anderson and Dent also
conclude that cortisone improves hypercalcaemia as, for
example, 1n sarcoidosis, through whibition of caleum re-

absorption i the mtestine They consider cortisone, therefore,
as a vitarmun D antagomst
EONR
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We now recognize a series of pathological conditions mn
childhood which are differentiated by their completely dif
ferent reactions to vitamin D (Fig 4) At one cxtreme lies
vitamm D resistant rickets, at the other, chromec hypercal
caemia It would be false to conclude, however, that the spec
trum of vitamin D sensitivity 1s continuous, that 1s, that all
transitional stages between the various clinical syndromes
exist  We must rather conclude that the pathogeneses of the

© HYPER
RACH (YPER(
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PHOS PROXIMAL TUBULAR
PAATE  TUBLLAR | CHLOR ORDINARY
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CIENCY

IDICPATHICA  cyyronic
[tRANSITORY

US CAUSES

E NDOGEND
[EENNERNT]
|
|

-
-
EFFfICACY - SENSITIVITY

.—-/

Fic 4 Spectrum of varymg reactions to vitamn D

various forms of vitamin D resistant rickets as well as of
ordinary rickets are also varred Likewise, various mechan
1sms Tmght play a rdle in the oceurrence of transitory hyper
calcaemia and 1n the still rarer form of chronie hypercalcaemia
e have seen that vitamin D works 1n at least six different
places 1n metabolism It 1s possible even probable, that the
sensitivity of these various end organs differs from one
individual to another

It 15 further concervable that there i1s an affinité majeure
for vitamin D which manifests itsclf 1n a prompt elevation
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of the serum phosphate level and that there are several
affimités mineures For mstance, in vitamin D resistant rickets
the affinuté majeure 15 eliminated and therefore hypophos
phataerma persists, the vitamin can only work through the
affimités myneures, whereby much larger doses are necessary

We recogmize at least four forms of vitamm D resistant
rickets of renal actiology (Table IT)

1 The glomerular hyperphosphataemic form, which soon
leads to secondary hyperparathyroidism In childhood,
espeaially, one finds osteomalacia secondary to the acidosis m
addition to fibro osteocJasia  Vitarmmn D seems to be contra
mdicated 1n these cases

2 The forms of tubular aetiology are

(a) Insufficiency of the proxamal tubule, which 1s character
1zed by aminoaciduria, relative phosphaturia and glycosuria
Often, but not always, this proximal tubular msufficiency 15
associated with cystinosis  Also, a disturbance of acid pro
duction 1s the rule

(b} Primary vitamm D resistant richets, or phosphate
diabetes, 1 which only the tubular retention of phosphates 15
disturbed The characteristic feature of both forms, (a) and
(b), 15 the low blood phosphorus which 1s very difficult to
raise

(¢) Rickets i Lightwood Albright’s hyperchloraeme renal
tubular acidosis Here the serum phosphate 1s normal and,
m contrast to forms (a) and (b), the Sulkhowitch reaction 1s
strongly positive In the progressive form nephrocaleinosis
develops

One can also attempt to define the various forms of renal
rickets on the basisof disturbed partial funetions of the nephron
From a scientific pomnt of view this would be more correct,
for 1n a concrete case the intensity of disturbance of the single
partial function varies, and combinations other than those
shown m I'able XII may be present

In a case of eystinosis, we succeeded not only 1 1mproving
the general condition by vitamin D, 2 Cl poor diet and alhali
therapy, but the tubular symptoms also became normal with
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the exception of the ability to concentrate In contrast, we
did not mmprove the cystinosis or the hyperazotaemia, the
bone marrow, before and after treatment, was rich in cystine
crystals With the intention of combating the continung
severe anorevia, constipation, and poor weight gamn we
tried treatment with cortisone m qnalogy to idiopathic
hypercalcacmia which causes the same clmical symptoms
This reasonmng was wrong because cortisone worhs as an
antagonist to vitamn D and the vitamun D mjections had
influenced the proximal tubular msuffictency and the bone
changes veryv favourably in this case Accordmgly, the
condition 1 no way improved and the child died suddenly
Autopsy revealed a severe cystinosis

Another child was considered for years as a case of atypical
phosphate diabetes without other kidney symptoms until
Xray evunmnations disclosed a severe nephrocalemosts
Exact analysis revealed that we were dealing with a Light
wood Albnght syndrome of anacidogenesis with hypercal
curin The fact that vitamm D quickly raised the serum
phosphate level to 5 5 mg per cent and that the Sulkowitch
reaction was positive suggested that this was not a case of
phosphate diabetes With a Cl poor diet alkali therapy and
vitamin D the child mmproved greatly (Table IV)

In proximal as well as in distal tubular insufficiencies the
combination of alkali therapy with 1-2 injections of 600,000
IU sitamin D per month has been sufficient to improve
considerably the rachitic bone changes In contrast, mn
phosphate diabetes much larger doses of vitamin D must be
adminstered e g, 1-2 mullion I U per week Here only the
ability to maintain a normal value of scrum phosphate 1s lost

Symptoms of Renal Phosphate Diabetes

(Primary Vitamin D resistant rickets)
Familal, usually with dominant genetic pattern
Chronicabsolute vitamin D resistant hy pophosphataema
Phosphatase elevated before vitamin D therapy
Normo or hyperphosphaturia

o O 1D e
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Table IV
NFEFUROCALLINGSIS
BW 5jyears JN\o 63%1fo0, Luse No

]
LowNaCl+-G,
et Normal Low NaCl ‘Na eutrate s
Date 233., 2313355 19 4 55 20 335
NPN mg% 29 20 —~— 20
Ca mg % 1n 7 20 107 102
P mg % 43 52 48 45
Ptase mg % 98 — — 67
Na m equv [ 146 140 140 144
K m-equiv f1 60 45 390 47
Cl ™ equiv L nz 110 102 103
€O, m equv i 13 16 27

Phosphate clearance high The Ellsworth Howard phos
phatuna test shows only mimmal increase i phosphate
excretion

5 Pronounced hypocalemna

6 Appearance after the first vear

7 Retarded growth, sturdy body configuration

A persistent hypophosphataemia 15 remarkably combmed
with a normo or indeed hyperphosphaturia, so that the
phosphate clearance 1s very high This was the basis for my
having spoken of “phosphate disbetes” Since our first
patient which I deseribed with Girardet n 1952, we have
studied 11 additional cases  Tn 8 famihes we found a domnant
hereditary pattern where the mother and one or two children
were affected

To obtamn a richets healing effect much higher doses are
necessary  Yet vitamin D antoxication 1s also possible
phosphate diabetes This was the case n a 4% year old girl



200 G Fawconr

whom we ebserved Itis, therefore, urgent in the treatment of
vitarmn D resistant richets to carry out the Sulbowiteh test
regularly m order to interrupt the vitanun admmstration at
the proper time

The name “renal phosphate diabetes™ suggests that the
bastc disturbanee rests 1 the mibihty of the renal tubules
to respond to vitamun D and possibly also to parathormone
In fact, we found in our fust case that Ellsworth Howard's
phosphaturia test 1s practically negative as i pseudohypo
parathyrodism  While, however, too httle phosphate 15
exereted m pseudohy poparathyroidism so that a hyperphos
phataemia and a dary hypoeal oevur, 1 phosphate
dinbetes the hidneys allow much too much phosphate to pass
through, so that hypophosphatacmua results  In contrast to
our viewpomt, Zetterstrom conjectures that the disturbance
m primary vitamin D resistant richets hies 1n the absorption
of Ca phosphate in the mtestine This would explam also the
greatly deercased caletum exeretion i the urine, but the
restricted absorption of Ca in the gut could also be a con
sequence of decreased caleification of the bones eaused by
the constant hypophosphataerma

The familial medence of phosphate dinbetes ndicates
that we arc dealing with a hereditary disease, but the dis
turbance often mamfests itself for the first fime some years
after bith  We have at our disposal an observation of a easc
of phosphate disbetes which was first noted after puberty and
which reacts very well on 1 2 mullion Y U sitamin D per weeh
(Fig 5)

The intermst would speak in this case of adult osteormalacta
(Wernly, 1952) X postulate thatitis apparently, « phosphate
diabetes which first became mmfest sn puberty I venture to
suggest this even more strongly since the mother of our first
studied casc of phosphate diabetcs had michets as o small
child but developed scvere osteomalacra first in puberty and
agam during pregnancy At times when caleium and phos
phate metabolism 15 not mnereased, phosphate dibetes can
occur without mamfest symptoms
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Aequired hypophosphatacimic osteomalacia

Phosph?:tase
Bodansk: umts
NPN mg

1331154 17 1% 54 23 \u 54
93 11 4 10 5
13 14 31
59 93 16 2

18 -6
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DISCUSSION

Rodiceh There are two pomnts which I would like to mention in con
nection with osteomalacia

The first arose from discussions with Dr Dent in which we wondered
what happens to the large doses of vitamin D given to patients with
osteomnalacia YWhere does the vitamin go? It was 1n the beginning of our
mvestigations on the fate of administered vitamin D and we did not
know then that the vitamin 18 not excreted mn urine On chromato
graphing fractions of ether extracts of unnes of subjects dosed with
20 mg witamin D no vitamun D or related sterols were found But
mstead, 1n urnes of patients suflering from vitamin D refractory osteo
malacia whether dosed with vitamin D or not several abnormal sub
stances were observed i the chromatograms two of which appear
to be A%-3 ketosteroids not 1dentical with cortisone cortisol cortico
sterone orits 11 deoxy 11 dehydro 11 deoxy 17z hy droxy derivatives
testosterone or progesterone So far urines of 7 patients were mvestigated
and compared with those of 7 normal subjects 1n every case the ab
naormal spots were noticed in the urnine of the patients

The following pracedure was used urines collected for 24 hours were
extracted repeatedly with ethylether the hipid extracts were sapomfied
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and fractionated by passing through a MgO Kieselguhr column using
0 75 per cent acetone i hight petroleum as the solvent The unab

sorbed weakly polar

fraction was collected and put on paper the

absorbed polar fraction was eluted with acetone and ethanol and
also chromatographed Fig 1 shows a representative example of the

R -
b WEAKLY POLAR” FRACTION
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Tic 1 (Kodicek) Reversed phase paper chromatograms
of fractions of ether extracts of urines of normal subjects

and patients suffering from osteomalacia

W eakly

polar  fraction not adsorbed on MgQ Kieselguhr
column Polar fraction adsorbed onMgO hieselguhr

column

Both fractions run on paraffin impregnated paper with
methanol n propanol water (80 15 5)
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The paper cl phy was performed on paraflin
mmpregnated filter paper, Whatman No 2, the developing solvent was
methanol 1 propanol water (80 15 5) lhe paper was sprayed
with SbCly 1In the * weakly polar® fraction the abnormal spot W3
and 1n the polar fraction the nbnormal spots P2 P38’ and Pt were
visushzed Spots W t and P# gave a brown colour on SbCl, spray, were
fluorescent 1n longer wave ultraviolet and dark absorbent in short wave
ultraviolet hight (256 mp) They gave a strong p phenylene dinmine
reaction and a yellow fluorescence nfter \aOIl spray, sll of which are
characteristic of o  unsaturated hetostermds Spots W4 and P4 had
an Rp of 0 94 and 0 16 respectively, 1n Bush s system using alumina

P d paper withk methanol water (10 5 5)asdeselop
g solvents

These spots thus give all the reactions of A'-—3 hetosteroids they
may be identical with some of the unhnown adrenocortical steroids
desenibed by Gray and Lunnon (18533 Aem Soe Endoctin 2 G4)
It1s of course tempting to speculate 1nview of the elinieal interaction of
cortisone and vitamin D that there 1s some disturbance of adreno
cortical function at any rate in the osteomalacic patients examined

This brings me to my second point Dent suggested that the bene
ficial effect of cortisone mn patients with hypersensitivity to vitamm D
could be considered as an antimetabolite effect But I am afraid that the
structure of vitammn D 15 so diferent from that of cortisone that one
could not speak of cortisone as being an antimetabolite in the con
ventional sense To test experimentally the possibility of an interaction
we have 1n collaboration with Dr Crurchshank produced by dmly
doses of 1 mg vitamn D a hypervitammnosis in young growing rats and
treated one group with 1 mg cortisone acetate intramuscularly
daily Table I shows that cortisone treatment did not ameliorate the

Table I (hopicen)

ErrEct oF Cortisont ov Toxicrty or Vitasuvy D, 1v Rats
(Cruickshank and Kodiceh unpublished)

Groups (8 rats each)
I
Hypertita Hypertita Cortisone
minofic manofic conirols
+
corfisone

Treatment 1mg vita 1 mg wita 1mg COAC*

mn D, 1 D, daily

daily 1mg COAC*
daily

Number of amimals died 1 8 [}
Caleifications in organs ++ ++ 0
Uninary P mg (day 30 27 014
Ash content of bones (fat free) 419, 43°%, 48%

COAC = cortisone acetate
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weight loss climeal appearance histological lesions or the mcreased
urinary phosphate excretion of the hypervitamimnotic rats It 15 quite
true that rats may differ from man in their behaviour towards cortisone
also that the ratio of doses of vitamin D to cortisone acetate was1 1
while 1n patients greater quantities of cortisone are given  We were
not able to increase the dose of cortisone because of tovic effects in
the rat However we believe that the results indicate that there 1s not
a direct “antimetabolite * effect of cortisone towards vitamm D

Nassum One pomt was rased on the treatment of these people with
vitamin D resistant rickets  We found similarly that it 1s very diffieult
to get growth because the amount of vitamm D vou have to give leads
to toxaemic symptoms before you have managed to raise the serum P
to childhood growing levels and so they do not grow In metabolic
balance studies upon six patients with nickets we d ted
(Savile P D Nassim J R Stesenson F H Mulligan laly, and
Casey, Margaret (1956) Chin Sct, 1n press) that AT10 has a Ca and
P retamng effect 1n active cases It 1s concluded that its action 1s
qualitatively and quantitatively simlar to that of caleferol The
addition of large doses of sodum phosphate to the diet ncreased the
Ca and P retaming effect of AT10 1n all cases and lowered serum
levels In one case added dietary P alone appeared to improve intestinal
absorption of Ca

Black 1 would like to go back to the hypercaleaenua that Prof
Fancon: mentioned Recently Hallman and Yippo (Hallman N and
Wippo A (1951) Acta Paediat 43 Suppl 100 p 382) have thrown
some light on 1t from a chnical point of view 1n that they have shown
that this hypercalcaemia syndrome has dev eloped 1n 2 number of children
who wete ongmally premature and who developed interstitral plasma
cell preumonta and were treated with vanable doses of vitammn D
They all developed exactly the same symptoms that Prof Fancom has
deseribed  We have also been very mnterested m the question of mental
defect Some of Hallman s cases were mentally retarded up to many
months after the origmnal iliness and after the Ca had returned to normatl
That 1s something we have observed in sumilar cases without any pnet
moma 1In this colintry Vve followed some of the children up to the age
of 4 or 5 they were still mentally defective (Schlesinger B E  Butler
N R and Black J A (1856) mn press) and we have no adequate
explanation for 1t

Dent It looks as 1f there are going to be many more syndromes 1n
wineh sensitan ity to vitanun D playsapart  Thusis acompletely dufferent
disease I myself cannot see any metabolic difference between vitamin
D ntoxication and the syndrome which 1s described as the hypercal
caerma syndrome

Nassim Inregard to the mfants who get better quickly 151t true that
practically all of those haye been ar Iy fed?

Dent Most but not all The one you showed :n Fi,, 2 was breast fed
wasn t he Prof Fanconmi?

Fancom No he recerved human milk only n the hospital and was
not breast fed before Ve give breast food because mother s milk has a
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low Ca Al our children were treated at home with cow s milk, whereas
the Helsinki cluldren were breast fed But these recesved very high
doses of vitamin D for the presvention of richets and I believe that most
premature infants are hypersensitive to vitamin D Perhaps you sce
hypercaleaenma much more in England than i Ameniea because the
milk 1n England contains 1000 per quart, and in Amenca only 400

Nassim  [hat 1s what I was thinhing might be a possible cause

Dent Presumably when they are weaned they dey elop hyperealeacmin

Black We have had some cases 1n which the symptoms appeared to
develop while the children were still breast fed

Blarter It s nteresting that in young suchling calves we have come
across a yery small number of cases wluch I think are quite comparable
They habitually showed a fatlure to thrive and grow, the serum Ca was
elevated to 15 or 16 mg /100 ml At postmortem there was some high
degree of metastatic caleification and the hidney s were grossly abnormal
Ve have done no metabolic work on them but I think the condition 1s
probably comparable These cals es were receiving their dams' milh and
‘were out 1n the sunshine so presumably if 1t 1s a vitamin D effect there
must be individual sensitivity m the calf also

Tollis T think Dr Kodiceh’s experiments ought to be done on other
ammals for we know the rat responds 1n a unique way to cortisone,
unlike any other ammal I know

HKodiceh, Which ammal would you suggest?

Follis As a matter of fact cortisone has very httle effect on any
anmmal except the rat the opposite to what you would expect

Kodicek The pomnt 1s that we were after a direct antagomism between
vitamin D and cortisone If there 1s a direct antagomsm 1n terms of an
antimetabolite action we should have seen 1t



PRESENT KNOWLEDGE OF PARATHYROID
FUNCTION, WITH ESPECIAL EMPHASIS
UPON ITS LIMITATIONS

J E Howarp

Department of Medicine Jokhns Hopkins Hospual Ballimore
Maryland

As I understand 1t, conferences of this kind have been
designed to bring together individuals of widely diverse
scientific diseiplimes, but each participant 1s interested 1n that
compartment of brological economy to be under discussion
At such a gathering the contribution of a climcian cannot
be so precise or mathematically documented as those of hus
confréres i the spheres of anatomy, chemustry or biophystes
Nevertheless, before a physical or chemical econcept can be
accepted as applicable to a problem n the hving man, 1t must
be found not to run counter to observations on the natural
listory of disease states and on the anatomical and chemical
observations which accompany natural phenomena From
his observation post the clinician has sometimes been able to
offer useful clues which have helped 1n the final understanding
of a physiological process It 1s1n this spirit that the following
remarhs will be made, based for the most part on inferences
derived from the simplest sorts of observation, deduction and
experiment

The Instorical evolution of our current knowledge of para
thyroid function may be said to rest on three major steps

(1) The tetanic spasms and convulsions which sometimes
follow thyroidectomy were observed to occur only when the
parathyroid glands had also been removed (Gley, 1897)

(2) MacCallum and Voegthn (1909) discovered that the
serum caleium falls after parathyroidectomy, and that the

206
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symptoms of parathyroid insufficieney ean be prevented and
alleviated by admimistration of caleium salts, as well as by
mjection of erude extracts of parathyrod glands

(8) Colip (1926) prepared a stemle, reasonably stable,
physiologically active extract of the parathyroid glands which
ean be used for experimental purposes

Our current hnowledge of what réle the hormone (or
hormones) of the parathyroid plays in biological processes
stems mamnly from three sources The first of these 1s para-
thyroidectomy, experimental or madvertently produced by
surgery mman  The second 15 spontancous hy perparathyroid
1sm, either adenoma or primary hyperplasia, the two bemng
distingwishable elimeally In accepting data derived from
spontaneous hyperparathyroidism for use in defimng normal
parathyroid function, one must of course make the premise
that the parathyroid adenoma sceretes merely an excess of the
hormone(s) produced by the normal glands It scems likely
that this 1s so sinee the biochemical changes in hyperpara
thyrordism are stnhungly the converse of those found after
parathyroidectomy The third source of information stems
from experiments using parathyroid extract Though this
substance 1s extremely crude and highly impure, there 1s
good reason to believe that 1t contans one or more principles
which have the same physiological activities as does the
secretion of the normal parathyroid gland, for, in man, large
doses produce the same symptoms and the chemncal changes
In the serum as those found mn spontaneous hyperparathy-
rordism (Johnson and Wilder 1981), and 1n the experimental
ammal there also results osteitis fibrosa indistinguishable
from that which accompames parathyrod adenomata
Furthermore, the biochemical changes of hypoparathyroidism
can be restored to normaley by appropriate doses of para-
thyroid extract It seems justifiable, therefore, to deduce that
parathyroid extract contains the active prineiple of the normal
parathyroid gland

From the sources mentioned above 1t 1s concluded that
parathyroid hormone operates mn three biological areas
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I Phosphorus Metabolism

Before an audience of this kind there 1s no need to discuss
the transport mechanisms of calelum and phosphate m the
body flmds (Howard, 1958) For purposes of stmplieity serum
protein will heremafter be considered to be normal, hence
hyper or hypocalcaerma will be presumed to mean higher or
Iower than normal concentration of calclum mn the mter
stittal flud Serum and urnary phosphorus will mean
organic phosphate of these fluids and the phosphorus will be
considered to be wholly diffusible

The first functional alteration to be noted after admims
tration of parathyroid extract 1s phosphorus diuress (Albright
and Ellsworth, 1929) In the normal man or ammal this
phosphorus diuresis may be shght and largely accounted for
by mereased glomerular filtration rate (Jahan and Pitts,
1948, Handler, Cohn and de Marta, 1951, Milne, 1951),
but in the hypoparathyroid subject the degree of mecreased
phosphatuna 1s far greater than can be aceredited to this
source (Ellsworth and Howard, 1984, Handler, Cohn and de
Maria, 1951) One gains the distinct impression that tubular
phosphorus resorption 1s sharply influenced by normal
quantities of ewrculating parathyroid hormone, and that
quantrties of hormone above the normal are relatively much
less effective 1n this regard (Howard, 1953)

It seems quite certain that the hormone 1s one of the
factors 1n determining the concentration of phosphorus n
the serum In hyperparathyroidism the serum phosphorus 1s
lower than would be the case under otherwise similar cir
cumstances, 1n hypoparathyrordism serum phosphorus 1s
higher

II Action on Calcium Metabolism

Hyperparathyroidism 1s associated with hypercalcaerma
(as previously defined) or at Jeast with a serum caleum higher
than 1t would otherwise be But the most dramatic evidence
stems from the prompt fall m serum caletum which follows
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parathyroidectomy  Hyperealewna  usually  accompanies
Iy perparathy roidism and hy poealeturia 1s seen in hy popara-
thyroidism, but whether this 1s only a reflection of corre
spondmg serum changes or a dircct effcet upon renol
excretory mechamsms scems doubtful at the moment  The
former possibility appears to us the more Iikely

III Action on Bone

It was at one time suspected that the effects of the hormone
on both serum caleium and on bone were produced indirectly
through the changes in phosphorus metabolism  These
suspictons were dispelled when 1t was demonstrated that both
hyperealeaemra and osteitis fibrosa resulted from administra-
tion of the extract even when urimary excretion was prevented
and the serum phosphorus was consequently rising steadily
(Ellsworth and Tutcher, 1935, Ingalls, Donaldson and Al
bright, 1948) But most convincing of a direct parathyroid
action were the evperiments of Barntcot (1948), confirmed by
Chang (1951) Transplants of parathyrowd tissue beneath the
pertosteum resulted 1n local areas of osteitis fibrosa

Stimulus to Parathyroid Activity and the Réle of the
Parathyroid in Calcium Homeostasis

It appears that the level of serum ealeium 1s an 1mportant
governor of the rate of parathyroid hormone secretion
Expenimental rickets (normocalcaemic) produced 1n the usual
fashion by igh calewum and low phosphorus drets 1s not
accompanted by parathyroid hyperplasia, whereas hypocal-
caemue richets resulting from low calcium diets does cause
parathyrod hyperplasia (Ham et al , 1940) Enlargement of a
gland does not of course prove increased secretory activity,
but Patt and Luckhardt (1942) provided direct evidence by
perfusing 1solated thyroid parathyroid preparations and found

that low calclum
perfusions produced perfusates with greater
Pparathyroid activity P greste
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Indirect evidence that the serum caleium level controls
parathyroid output m man was afforded by experimental
hypercaleaerma induced bv injection of caleium salts Serum
phosphorus rises as a result of this procedure (Baylor et al,
1950), yet in the normal individual urinary phosphorus
excretion falls (Howard, Hopkins and Connor, 1953) An
increased serum phosphorus together with reduced urinary
phosphorus 15 characteristic of hypoparathyroidism, and the
tentative conclusion was that hypercalecaemia reduces para
thyroid secretion This conclusion was fortified by finding
that, when simlar injections of calerum salts were given to
patients harbouring parathyroid adenomas and to hypopara
thyroid subjects, the serum phosphorus also rose but mn these
cases phosphorus diuresis occurred Nordin and Fraser (1954)
provided corroboration for these deductions by mnfusing el
cum and parathvrod extract comecidently nto normal sub
Jects and finding that under these conditions phosphorus
diuresis accompanied the serum phosphorus rise

There are those who believe elevation of serum phosphorus
1s 2lso a stimulus to parathyroid function (Crawford et al,
1950) Our present view 1s that this mechamsm need not be
postulated to explan currently available facts Though many
persons dying of chronie renal msufficiency and hyperphos
phataemia are found at postmortem to have enlarged para
thyroids (Pappenheimer and Wilens, 1985), we have not yet
encountered primary renal msufficiency aceompamed by
hvpercaleaemia, a situation which ought to have been met if
hyperphosphataemia were a potent parathyroid stimulant
for hypercalcaemia, 1s seen with parathyroid adenomata even
in the face of renal msufficiency and hyperphosphataemia
(Elsom, Wood and Ravdin, 1936, Baker and Howard, 1936)

The evidence, therefore 1s that hypercalcaemia reduces or
turns off parathyroid seeretion, and that hypocalecaemra 15 2
stimulus to parathyroid activity, ablation of these glands
results 1n hypocalcaemia and their overactivity in hyper
calcaemia The deduction naturally follows that the para
thyroids play an important rdle 1n calcium homeostasis which
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McLean and Hastings (1935) have deseribed as “one of
Nature’s physiologic constants’

Limitations of our Knowledge Regarding
Parathyroid Function

Some thoughts will be offered later as to where and how the
parathyroid hormone may act mn carrying out its calerostatic
function, but at the moment 1t 1s fair to say that we do not
hnow the chemical structure of the active principle of para-
thyroid extract, we do not hnow the preaise site or sites of
its action, we do not hnow whether there may be one or
multiple actiye components, and we do not hknow whether the
material as secreted must be changed in some way by the
body 1nto an actrve form No enzyme system has, to our
Lnowledge, ever been shown to respond to the extract n
nitro, a field well worthy of study and one in which we our
selves have been makmg, so far, futile attacks Chemical
dissection of parathyroid extract has been attempted The
efforts of Handler, Cohn and Dratz (1953) by chromatographic
methods were met by the puzzling finding that all five of their
nitrogen containing fractions possessed activity and were
more or less quantitatively the same Unfortunately Handler's
only test of activity was the capacity to produce hyper-
calcaemia There have been repeated suggestions that more
than one hormone 1s produced by the parathyroids, but to
date, evidence for this has certamnly been far from conclusive

Perhaps one of the complicating factors in this regard has
been made visible by the intravenous caleum experiments
mentioned previously From these 1t would appear that
hypercaleaemia per se causes a mse in serum phosphorus,
totally apart from its effect 1n ““turning off” the parathyroid
glands, for quantitatively the reduced urinary phosphorus
n the normal person 1s mnadequate to account for the nse
in extracellular water phosphorus (Howard, Hopkins and
Connor, 1958) furthermore, serum phosphorus rises under the
stimulus of serum caleium elevation even in hypoparathyraid
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patients and i other circumstances where phosphorus
dwrests 15 comeident It appears that elevation of serum
caleum, which 15 one action of parathyroid hormone, tends to
raise serum phosphorus, whereas another action of parathyrod
hormone tends to depress it Thus parathyroid secretion has a
double effect on serum phosphorus—one results 1n increase,
the other 1n decrease, the latter of course 1s the stronger force
1 the long run

Some Thoughts on the Mechanism of Calcium
Homeostasis and the Rdle of the Parathyroid 1n 1t

The stability of the serum calerum concentration m normal
persons has been previously mentioned Negative caleum
balance can be withstood for long periods without sigmificant
hypocaleaemia, as witnessed by diarrhoeas and by lactating
Chinese mothers (L et al, 1940) Rats have survived for
several generations on minimal quantities of dietary caleium,
each succeeding generation having more rarefied bones but
without sufficient hy pocaleaemia to preventsurvival Huggins’
and Hastings’ (1988) dogs, bled at five minute intervals and
replaced with caletum free blood, lost more caleium over a
two hour period than was mmtially present m ther entie
extracellular compartment, yet soon after the experiment
ended were normocalcaerme

Studies on the carcass of normal man indicate that, of
some 1,200 g of caleium present, all but 12 g 1s resident n
the sheleton (Mitchell et al, 1945) Thus from purely quan
titative caleulation any long term defieit must be made up
from the bones 1f caletum coneentration of the serum 1s to be
mamtained Calcium of non skeletal tissues, which can be
caleulated to be approximately 7 mg per 100 ml of mntra
cellular water, can hardly be visualized as partiapating to
any extent n homeostasis since radiocactive caleinm studies
have shown exchange to be mmmal, and furthermore many
important enzyme systems are inhibited by small coneentra
tions of 10nic¢ calerum (Lehninger, 1950), indicating that most
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intracellular caloum 15 probably “bound™  In states of
defieit, therefore, the caleium of the bones must be the source
of homeostatic mamtenance (Iloward, 1933) IHistologrenl
evidence has disclosed losses from the sheleton after hewy
caleium deficit, and 1t 1s from the newest or most recently
formed bone that the loss has occurred

It has presously been pointed out (Howard, 1958) that the
Nidneys and intestinal tract play relatnely passive and
mconspicuous roles i calesum homeostasis, when compared
with the bones This 1s not to deery or muumize the great
losses that can result from these structures i drarrhoes or
acidosis, the pont 1s that m preserving the stabibty of
concentration of calcium n body fluids their eapacities are
relatively imited and slow as compared with those of the
sheleton’s erystalline surfaces

The bones are admirably adapted anvtomieally for func-
tional service in homeostasis, for 1t has been estimated that
the trabeeule (Hendrichs and Ihll, 1951) provide acres of
surface 1n contact with extracellular fluid, where forces
capable of changing the moy ement of calelum to or from them
could operate There 1s no need here to reduplicate comments
on the structural characteristics of bone, but 1t 1s worth a
reminder that 1t 1s a ltving tissue, that the youngest (newest
formed) crystals are smaller and that the water contentis
greater than that of more mature bone (Robinsen and Watson,
1958) The crystal elements hav e been shown to be 1n constant
exchange with those of the extracellular fluds and reery stal-
hzation may be a normal feature of skeletal metabolism
(Neuman and Neuman, 1953) From both histological and
clincal evidence 1t 15 elear that the metabolism of bone 1s
subject to a vanety of influences Physical forces affect basic
sheletal processes, the lumberjack’s bones are thicher and
radiographieally denser than those of the sedentary worher
The lack of such physical forces 1s even more strilangly
manifest 1n the rapid loss of size and density of a bone when

put at absolute rest, m a cast or during paralysis from
neural mjurv
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The growth and resorptive mechamsms in bone are subject
also to influence by nutritive factors both local and systeme
During periods of rapid growth of bone and also in richets,
where the extracellular fluids have a reduced concentration of
phosphorus, calcium, or both, the presence of matrix not yet
clothed with erystals 1s readily vistble to the microscopist
But during even the most rapid resorption from whatever
cause, one does not see matrry, 1e osteoid, from which the
crystals hav e been remov ed (Park, 1954) Apparently nature’s
method of resorption 1s to “dissolve” simultaneously both
matrix and erystals, whereas in the build up process, matrix
clearly antedates the crystal agglomeration

It has been previously pointed out that in times of defiert
the calerum of the sheleton meets the homeostatic need, and
1t 1s probably also the sheletal surfaces which are the major
acceptors of calerum 1n times of an overabundant supply to
the circulation  If these premises are granted, one cannot
then escape the fact that 1t 1s the overall relationship between
the crystals of the bone and the calerum of the extracellular
fluds which 1s the major determmant of the serum caleium
concentration The homeostatic mechanisms which control
serum caleium must operate then primanly at this interface
f serum calcium 1s moving mnto the bones at a faster rate than
1ts exat (and 1t 1s to be recalled that histologically bones never
look everywhere to be 1n the same state of activity), and this
difference 15 not made up by that which enters the system
from the gut—then serum calctum will fall Vhen more
calelum 1s moving from the bones than to them, and the
excess loss 1s not met by increased loss through the kidneys or
ntestines, then serum caletum willrise  Thus when hvper or
hypocalecaema exist there 1s either a change 1n the capaaity
of the skeletal structures to respond to normal stimuli or one
or more forces which constitute the normal homeostatic
mechanisms have gone awry The secretion of the parathy
roid glands 1s an mmportant one of these homeostatic forces,
and hence must carry out this function at the sheletal
extracellular fluid interface
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It was previously emphasized that removal of the para-
thyroid results in a prompt fall i serum calem  No comnci-
dent removal of ealeium from the blood by way of urine or
stool has been observed Loss of parathyroid hormone has
suddenly changed the relationstup between mterstitial flud
and skeletal caletum 1in such a way that serum caleium 1s now
3to 5 mg lower than its normal status, and, more interesting
still, the fundamental relationship between the two phases has
not changed, only the superficial relationship has altered
Tor, 1n hy poparathvroidism a drain upon the serum caleium
such as removal of blood and replacement with caleum free
blood 1s still met by a prompt restoration of the serum calerum
level, but now only to its subnormal pomnt Contrariwise,
mjection of ealeium salts 1s soon followed by return to the
same hy pocalenemice level when admimistration of the caletum
ceases There 1s still & basie relationship existing between the
sheletal tissue salts and the serum caleium, absence of the
parathyroids has altered 1t only to a degree In hyperpara
thyrodism, where an adenoma 1s hypersecreting presumably
atafarly fived rate, onc can ikewise further elevate the serum
caletum by injection of calelum salts, only to find prompt

return to the presvious hypercaleaemic level when the proced
ure 1s stopped

Hjypothetical Deductions

From these data just reated, together with the many
other types of environmental changes, both local and general,
which can alter the relationship between the sheletal erystals
and the extracellular fluids, 1t 15 difficult to escape the coneept
that this relationship 1s guarded or supervised by a lhiving
mechamsm, and that 1t 1s upon such a biological system that
the parathyroid hormone among other forces acts One
Visuahzes therefore, 4 Iiving barrier between the mterstitial
flud and the tissues of the bone where the hme salts are
resident  And across thus barrier there would necessanly be a
gradient—a higher propensity to crystallization on the inside,
greater solubility on the water or extracellular water side
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The tendency for movement of the elements controlled by the
gradient would be m one or the other direction, depending
upon the height of the gradient at the given place and moment

This picturization 1s purely a conceptual one but has served,
for us at least, as a useful working hypothesis to explain
presently known facts and as an 1dea for future experimental
testing From the ustological point of view an actual mem
brane can be postulated as existing between bone crystals and
mterstitial fluid, composed of osteoblasts and protoplasmic
strands between them, not unhike the endothelal layers of
vascular channels Trabeculae, and even the inner surfaces of
compact bone, would thus be pictured as encased, as a sausage
1n 1ts shin, by what Dr Park has described as “the periosteum
of the trabeculae” With such an 1dea the parathyroid
hormone and other forces are viewed as directly affecting
cellular function

A summation of this concept might be made as follows
the bones have been shown, beyond reasonable doubt, to be
the site of operation for a buffer system which stabilizes the
concentration of caleium 1n the body fluds One conceives
of the bone crystals as a gigantic pile of mineral matenals,
controlled locally by an active barner, this barrter having an
mherent or basic level of operation The parathyroid hormone
15 one force which affects 1t and alters its basic rate Struc
turally the barrier could be a membrane derived from
endosteal cells or their proliferatives, and, therefore, changes
m 1ts properties would be due to cellular activity of the
bone cells

In this visualization the bone cell has been given still
further duties—those of the porter and the jamtor, 1n addition
to being the architect, the bulder and the demolition squad
of the sheletal mansion
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DISCUSSION

Duron I have been struch for many years by the duliculties and
confusion that arise when one tries to correlate the effects of parathy
raidectomy and parathyroid grafts and the wnjection of parathormone
and the vanation among different species I have always felt that it 1s
due to the fact that when we make the parathyroid extracts we break
down the hormone as 1t exsts 1 tio  Usually we extract by bothng
the tissue with dilute acid which seems a very violent procedure Many
years ago I was making some parathyroid extracts hy this acid extrae
tion of the parathyroid tissue and I happened to get the acid concen
tration wrong Vihen I tested the extract by injecting it into dogs after
48 hours nothing happened but after 96 hours the blood Ca m the same
dogs was up to about 80 which should not have been so That was a
delayed action because I had got the acid wrong and I had not broken
down the hormone to the small fragments that we normally get in com
mercial parathyroid extracts, which shows that the extract we use 1s by
no means the natural parathyroid hormone

Honard 1agree with that But I think 1t 15 fair to conclude that when
we use those extracts we get effects equnvalent to those which are pro
duced by the spontaneous occurrence of hyperparathyroidism Vve get
ostertis fibrosa 1n the animal we get hyy 1 hypophosphat
ma and the same renal changes m both situations  When we give this
extract to the human who 15 hypoparathyroid m proper dose and
before the antibody formation takes place we can Diochenueally at
least reverse all the changes due to hypoparathyrordism Admittedly
this 15 a crude extract but we cannot say that 1t does not induce at least
many changes 1dentical with changes from the hormone that is pro
duced by the normal gland

Duron The rat 1s particularly resistant to parathyroid extract and
although parathyroidectomy produces 1ts usual drop 1n serum Ca and
pgrafts restore the serum Ca to normal parathyroid extract as wemake 1t
does not I think there 1s a fundamental difference

Nordin No that cannot be right there 1s a perfectly good assay
based exactly on this m parathyroidectornized rats

Dixon You have to use comparatn cly Iarge doses about one hundred
tunes the physiological amount even though you use the parathyroid
ectomized rat

Howard The rat 15 less dependent on 1ts parathyroid hormone than
the dog or man If you parathyrordectomize the rat and give it a Iittle
Ca 1 the diet 1t does not usually go into tetany whereas the dog and
man do

Follis If you tide the rat over the postoperative phase he can stalnl
1ze himself 1n a hittle while

Nasstm Dr Howard do you think this endosteal membrane of yours
1s 10 a ca.e of severe hyperparathyroidism destroyed in most hinings of
the trabeculae?

Howard That 1s the most diflicult situation of all in which to detect

a membrane histologically
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Aassim et s soon as you remosve the adenomy back comes your
homeostasis and you have got an Immedinte effect

Lisco What makes you think that it is gone?

Masum When vou look for it are the trabecule not being nctively
destroyed ®

Itsco Iave people really tried to look for it?

Horard Y ou ean sul] guicss that there mi ht be steands along there
enzymatic action was on the destructive side It was reversing itself
and being a demolition agent rather than a construction a ent  DBut the
membrane nught perfeetly well still be there it must be there

Lisco 1should thinl it must be there

Aediee! Y our postulate about n membrane, or rather your postulite
of & physicochemieal mechanism 19 most welcome to me It would very
nieely support the fict that there are quite a number of Netors which are
mvolved in the minernl turnover AT10 six vitamuns D parthyrod
hormone Tlus low spectfieity would be explained if a physicochemieal
mechamsm were operating ~When you then go on to a lustologien!
basis to try to show a membrane, I am not with vou The membrane
m1y come in at a cellular level that s 1t would be the function of the
cells whatever function they have in producing the orginic matns on
which muneralization then occurs more or Jess by physieal factors
governed by physical laws

Hotard Tihink that ‘membranc may e the wrong word but that
there must be a gradient across this barmier  IPhysieal fictors seem to
influence 1t too the erystals and matrix are proteeted from the outsiude

Physical factors but the barrier 1s nlso influenced by those outside
factors

Rodicel
one?

Howard 1 do not say what hind of a membrane 1t1s but something is
diferent, on one side where the crystal exists and on the outside On
;eweml occasions when we were doing win tiro experniments on calct

ieation of cartilage we did not stopper the hottle and just shook it up with
:ln ultrafiltrate of serum and there was a precipitate at the bottom of
B ie bottle in the morning  All that happened was that the pH changed
to 8 6 50 that in normal serum ultrafilteite we hate an apatite precipita
lonat pH 8 6
"“{xodml I still have one point when you implint say  bladder
. .-,fm? 1n muscle or liver you get ectopic bone formed I have scen no
:,"0 a membrane there and 1t 19 proper bone
At:;ard You do not sec 2 membrane 1n the cartilage
ot ek Xam not aganst the idea of a membrane except at this gross

Honard 1 called 1t 2 Larrier
thx:zcob Itl}me no thesis to defend n this discusston about the mem
clant. t}:‘ t\vcmder whether the following observation might help to
ln]ectyan elm uation Suppo e this 13 a trabecula of bone and suppose we
e element such as #5r or 4Ca soon after injection we will find an

ation of radxoactwlty 1n the mineralized portion of bone These

You still maintain that there 15 a membrane around the
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DISCUSSION

Dizon I have been struch for many years by the difficulties and
confusion that arise when one tries to correlate the effects of parathy
roidectomy and parathyroid grafts and the injection of parathormone
and the vanation among drfferent species I have always felt that 1t 1s
due to the fact that when we make the parathyroid extracts we break
down the hormone as 1t exsts 1 1o Usually we extract by boiling
the tissue with dilute acid which seems a very violent procedure Many
years ago I was making some parathyroid extracts by this acid extrac
tion of the parathyroid tissue and I happened to get the acid eoncen
tration wrong When I tested the extract by mjecting it into dogs after
48 hours nothing happened, but after 96 hours the blood Ca 1n the same
dogs was up to about 30 which should not have been so That was 2
delayed action because I had got the acid wrong and I had not broken
down the hormone to the small fragments that we normally get in com
mercial parathyroid extracts which shows that the extract we use 1s by
no means the natural parathyroid hormone

Howard 1agreewiththat But I think it s fair to conclude that when
we use those extracts we get eflects equivalent to those which are pro
duced by the spontaneous occurrence of hyperparathyroidism Vve get
osteitis fibrosa 1 the ammal we get hypercal hypophosphat
ma and the same renal changes i both situations VWhen we give this
extract to the human who 1s hypoparathyroid, 1n proper dose and
before the antibody formation takes place we can Drochermieally at
least Teverse all the changes due to hypoparathyrordism  Admittedly
this 3s a crude extract but we cannot say that 1t does not mnduce at least
many changes 1dentical with changes from the hormone that 15 pro
duced by the pormal gland

Duron The 1at 13 particularly resistant to parathyroid extract and
although parathyroidectomy produces its usual drop mn serum Ca and
grafts restore the serum Ca to normal parathyroid extract as we make 1t
does not I think there 1s a fundamental diiference

Nordin No that cannot be nght there 13 a perfectly good assay
‘based exactly on this 1n parathyroidectomized rats

Duron Y ou have to use comparatively large doses about cne hundred
times the physiological amount even though you use the parathyroid
ectomized rat

Houward The rat 1s less dependent on 1ts parathyroid hormone than
the dog or man If you parathyroidectomize the rat and give 1t a little
Ca m the diet 1t does not usually go into tetany whereas the dog and
man do

Follis If you tide the rat over the postoperative phase he can stabil
1ze himself 1n a httle while

Nasstm Dr Howard do you think this endosteal membrane of yours
15 1n a case of severe hyperparathyroidism destroyed in most hmngs of
the trabeculae?

Howard That 1s the most difficult situation of alt in which to detect

a membrane histologically
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port ns it were, and the other school which say+ that it acts on bone and
that the result of the nction on bone is the Ingh level Now it scems to
me that Dr Ioward kins offered us the oppottunity of bringing together
these two conflicting ideas, and might I interpret his v1ew 3 ns suggesting
that according to the amount of circuliting parithyroid hormone the
mineral will come off bone into the eirculation at different levels If
there 13 very hittle parathyroid hormone or none there it will not come
off until the Ca goes down, to belaw 7 for Instance and 1f there walat
circulating it comes off until the level is say 16 In other words n the
presence of & parathyroid tumour with a arculiting Ca of 16 of you
pumped 1 enough Ca intrasenously to mantamn that level artifierally
you should be able to stop the Ca comng off the bone  Is that right?

Hewward 1 would so concenve 1t

Blazter If you regard the serum Ca as homcostatieally mauntaned
that must represent a steady state between bone the small uptake from
musecle tissue and renal excretion  Those processes, from what 1s known
of Ca metabolism are rate control processes They are resersible andaf
those rates arc rapid then you would get low levels of serum Ca I think
there 1s no need to postulate any membrane whatever One could say
quite simply that the diffusion pressure of the extracellular fld 1n the
bone substance changes

Howard How would the parathyroid hormone manufacture such a
thing 1n an hour or two*®

Blaxter That I do not know

Tlowward Well 1t affects the rate and the rate 1s an enzyme system
¢ Membrane * may be the wrong word to use the fact 1s that you have
got a fundamental rate and you affect that rate up or down

Van Siyhe Dr Howard mentioned the fact that kidneys play rather
a small réle in the serum Ca concentration which 1s governed chiefly by
equilibriutn betsween bone and serum  Some of the cases of nephrosis
that we have had at the Rockfeller Hospital entirely support this con
cept Yve have had such cases with only 6 mg of serum Ca consistently,
and when we examined the unne they were excreting only a few mg
per day The kidney tubules were reabsorbing Ca completely but
equilibrium with the bones still gave the low serum Ca that 1s nssoe1
ated with a lack of parathyroid hormone The low serum Ca was not

caused by loss through the kidneys but occurred 1n spite of almost zero
excretion
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substances are soluble and they readily enter into the mineral metabolism
of the trabecula  On the other hand 1f you inject an element lthe %Py,
you find that 1t 15 def d all de the t asif d from
bone by some endosteal barrier whieh it 1s unable to penetrate Might
there not be a membrane Iike structure 1n thrs region?

Engstrom I thinh other membranes in the orgamsm are highly
organized lipoprotein structures What Dr Lasco said 1s not surprising
that very young structures take up 1sotopes very quickly and that old
ones do not take up 1sotopes at all Generally when you give large doses
of parathyrord hormones you will get a great number of resorption
cavities both in young and i old structures and these resorption
cavities are often Iined with a very thin layer of lowly mineralized tissue
and these layers have a large uptake of 150topes

Lacroiz Dr Howard did not state expheitly that there was a dual
mechanism in Ca homeostasis but 1t seems to me that 1t was implictt 10
Ius presentation I feel from the anatormeal standpoint that there 15 a
dual mechanism one which would aceount for the 7 mg /10 mg which
you have mentioned and another which would account for the other
8 mg the first mechanism being an equilibrium between part of the
bone and the blood and the second being accounted for by the action of
parathormone

Ioward Let us talk of 1t 1n terms of mterstitial flind and say that 1t
starts a2t 6 5 or 7 and that in the parathyroidectomized ammal 1t 15
down to 4 1n the extracellular water Now that 15 a basic relationship
If you want to talk about 1t 1n terms of whole blood serum let us talk
about 1t 1n terms of ten and six ten ordinanly and six 1n parathyrord
ectomy

Lacrorz What 13 3 our opimion about this basic mechanmism? Is 1t an
equlibrium?

Hozard Yes I think 1t has got to be because when you add or
detract Ca from the blood this same mechamsm must support 1t

Lacrowz Do you think that 1t 1s an equilibritm with the whole of the
skeleton or with part of the skeleton?

Howard X thnk various parts of the sheleton may react to it more or
less mside of the bone less the outside reacts more simply because an
nfluencing agent has the capacity anatomically to get there and work
faster

Nordin I would like to thank Dr Howard for what I think 1s a
tremendously helpful concept Could we not imngme however that this
15 a theoretical membrane and that 1t exists at the sort of crystalline
level that Lngstrom discussed? It seems to me that the problem of the

1s that the d of the b Yyou can actually see
—that Dr Howard mentions—are of the order of 2 or 3 1 whereas the
Jevel at which the thing 13 actually tal ing place as Lngstrom shows 1s 1
matter of A Itisa different world Surely 1f there 1s 2 membrane 1t 13
not going to be at this big level but 1s only a theoretical membrane

The sceond point I would ke to make 15 that there has always been 4

conflict between the amount of evidence which suggests that the para
thyrowd hormone regulates the actual level of circulating Ca the trans
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deviation of the clearante ratio along tus line1s 0 06 Ing 2
shows the relevant part of Milne, Stanbury and Thompson’s
chart, with the mean regression hine and the 95 per cent
huts drawn in by us
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Fi6 1 The rel 1p of the ph I 1ne el ratio to the

serum phosphate level as derived from ph
phosphate infusions by Milne Stanbu
and Thompson {19.2) and Lambert van Kessel and L}c,plat (1947) ~

th:vehrcl)owht“m to our own observations We have measured
ferex!:t czpdate/creatmme clearance ratios 1n a number of dif-
o nditions, and 1n ¥ig 8 we show the results obtamed

cases of osteoporosts, 10 cases of osteomalacia, 4 mild



THE INDIRECT ASSESSMENT OF PARATHYROID
FUNCTION

B E C Norpiv and Russpil Fraser
Posigraduate Medical School of London

THE phosphate diuretic action of parathormone 1s not
easy to measure, for even when phosphate excretion 1s
expressed as a clearance this clearance still varies with the
serum phosphorus level The object of this paper 1s to show
that changes i the activity of the parathyroid glands are
associated with changes in phosphate clearance and how these
are related to the serum phosphate concentration

Milne, Stanbury and Thompson (1952} have already shown
that when the serum phosphate 1s raised by the mfusion of
morgame phosphate solutions there 1s, 1 normal subjects,a
r1se 1n the ratio of the phosphate clearance to the creatinine
clearance (C,/C,) They have assembled their data and those
of Lambert, van Kessel and Leplat (1947) into & composite
chart (Ihg 1) which shows the normal relationship between
the serum and urinary phosphate We have selected all the
ponts on this composite chart up to a serum phosphate level
of 8 mg per 100 ml and have taken the hberty of assuming
that the regression 1n this part of the chart does not depart
significantly from lLinearity On this assumption, we have cal
culated the regression equation of these 117 points and found
that 1t ean be expressed as follows

C,/Cer = Serum P _ o o5
20

In other words for each rise of 1 mg per cent i the serum

phosphate level the clearance ratio rises 0 05, and the regres

sion hine mtercepts the Cy/Cy axis at —0 05 The standard
222
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clearance ratio that would be expected normally for the serum
phosphate level from the obsersed value  This ean be done
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Fic 8 Relationship of the phosphate/ereatinine
clearance ratio to the serum phosphate level 1n
normal subjects and in patients with osteoporosis
osteomalacia hyperpara thyroidism and hypo

b line

cases)
and 95 per cent lumts as n Fig 2

with the help of the regression equation, since 1n normal people
the following equation should hold

c,,/cc,—:’_o=_ 0054012
OTCp/Cu“,,P—O'FO 05=0-0 12

zzhen this 15 done, the results shown m Fig 4 are obtained
e have called this measure of the abnormahty of the C,/Cee
9

BOYE
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cases of hypoparathyroidism, 4 cases of parathyroid tumour
and 24 normal subjects It will be seen that the data on our
normal and osteoporotic subjects (with one exception) he
within, or on the edge of, the 95 per cent limits which we have
calculated from Milne, Stanbury and Thompson’s data

RATIO OF URINARY CLEARANCE OF PHOSPHATE & CREATININE

4 8
SEPUM INORGANIC PHOSPHORUS (mg per 100 ml)

Fic 2 All data from Fig 1 up to a serum phosphate level
of 8 mg /100 m] The mean regression hne and the 9o per
cent hmits have been calculated by the present authors

All the cases of osteomalacia and primary hyperparathyroxﬂ
1sm have higher clearance ratios with low serum phosphate
levels, and 3 of the hypoparathyreid cases have abnormally
low clearance ratios with high serum phosphate levels

Our next step has been to caleulate the departure of each
pomnt’s C,/C; from the normal mean hne by subtracting the
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The Ingh values in Cushing’s syndrome are of interest and
suggest that the low serum phosphate of this condttion 1s
associated with impatred tubular reabsorption of phosphorus
Could this be due to potassium depletion?

Now I wish to turn aside for a moment to remind you of the
effect of intray cnous caleium on phosphate excretion (Howard,

The effect of LV Cacwm on

Serum  Phosphate (meanz se)
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A 4 hour mfusion of ealaium gluconate 1s associated with a rise in serum
phosphate level (5a) followed by a steady fall in phosphatefereatimine
clearance ratio (55) p 228

Hophins and Connor, 1958) We have already published our
findings on this subject (Nordin and Fraser, 1954) and Figs

5a and 5b are taken from our previous paper They show that
a 4 hour mfusion of caleium gluconate (15 mg Ca per Lg

body weight) 1s followed by an immediate mse 1 serum
phosphate and a progressive fall i C,/C;. the latter reaching
1ts lowest pomnt about 12 hours after the commencement of
thenfusion  We have already reported our reasons for believ-
ng that these reverse changes i serum and urine phosphate
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(and so of renal phosphate excretion) the “ Phosphate Excre
tion Index” (PEI) A figure above + 0 12 or below — 0 12
should then sigmfy an abnormal phosphate/creatinine clear
ance ratio, rrrespective of the serum phosphate level, and 1t
“will be seen that this single figure separates patients with
abnormal parathyroid function from normal subjects The

PHOSPHATE EXCRETION INDEX
1 & J t + + + * >
5 8 8 5 o 5 8 8 &5 8
PASAT YAGID ToKOUR . B
e O

QSTEORALALIA

NORNAL

MISCELLANIOUS

05TE0POROSES

HYPOPARATHYAOID

—

F16¢ ¢ The mean expected phosphate/creatinine clearance ratio for the lﬂDDd
level 1s defined as zero The normal range emb;
ahove and below zero 1e — 0 12 to + 0 12)

10 cases of osteomalacia (with presumed secondary hyper
parathyroidism) and the 4 of parathyroid tumour all lie above
the normalrange and 8 of the hypoparathyroid cases fall below
1t Most of the ‘miscellaneous’ cases fall within the normal
range, but there are 9 above it made up as follows

Cushing s syndrome
Renal stone

Vitamin D mtoxteation
? Parathyroid tumour
My<oedema

EICRNECES
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E1c 6 Two 8 hour infusions of sodium aitrate 1n normal subjects In each

case the serum phosphate urine phosphate output and phosphatefcreatinine

clearance t1tio on the control day «nd the mnfusion day are shown The dif

ferences n serum level may not be sigmficant but infusion of citrate is

followed by a matked rse 1n phosphate output per hour and m the phosphatef
creatimine clearance ratio

anumals leads to a rise 1n serum calesum whieh 1s behies ed to be
due to stimulation of the parathyroids, but to the best of our
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are due to suppression of the parathyroid glands by the ele
vated serum caletum As Dr Howard has Just stated, there
15 a good deal of evidence that the activity of the parathyroid
glands 1s controlled by the concentration of caleium i the
body fiwds, presumably 1t 1s, n fact, the concentration of

The effect of !V Calcum on

Phosphate Creatinine clearance tatio
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\/{omzed caletum which 1s the important factor Since elevation
of the serum calclum apparently leads to suppression of para
thormone secretion, we thought that reduction of 1omzed
calcium by infusion of sodium citrate might have the opposite
effect Other workers (Stewart and Bowen, 1952) have already
shown that the injection of oxalate and atrate salts into
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the scrum phosphate, the unine phosphate in mg per hour,
and the C,fC,, arc shown The shight differences between the
serum phosphate levels on the control days and on the eitrate
days are probably not sigmficant, but i cach subjeet there
was a substantial rise 1n total phosphate output and n C,/C,,

P G HYPOPARATHYROIDISM
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16 e elfect of calcium gluconate and sodium eitrate infusions in a pat:
sent
mzl‘:ahypopamthym[dnsm Neither infusion was associated with the ;;u erse
nges in serum and urine phosphate which occurred 1n normal subjects

following the eitrate mfusion A little tinghng around the
mouth was the only sign that the 10mzed caleim level was 1n

fact being reduced
In Fig 7 we have compared the effect of caletum gluconate
;ng sodum citrate infusions on the Phosphate Excretion
“:\lt ]:‘c \t\xth the dirnal changes seen n three normal subjects
out any infusion This method of presentation shows
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knowledge no similar observations have been made 1n man
Milne (1951) observed a rise 1n urine phosphate after mfuston
of sodium ettrate, but he did not attribute 1t to parathyroid
gland stimulation

CHANGES IN_PHOSPHATE EXCRETION INDEX”
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Fic 7 A comparnison of the effect of caleium gluconate and sodium
citrate mnfusions on the phosphate exeretion index By contrast
the diurnal variations 1n 3 normal subjects do not extend outside the
normal range

e started by infusing farrly small amounts of sodium
crtrate (12 5 g 1n 4 hours) and observed a shight phosphate
diaretic effect  As the dose was increased the effect became
more marhed and the result of two 8 hour infusions (87 G and
50 g respectivelyn8 hours) are shown in Fig 6 In each case
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phosphate descnibed by Dr Novdin that were caleulted by intmven
ous infusion when the blood was brought temporarily to a ugher level
than the tissues the phosphate then went tno wavs some went out
cleared by the hidney and some went into the water of the other tissues
The picture was not quite so clear ns if vou caleulated the clearance with
everything nbsolutely constant on n fixed diet Ve have had patients
who hayve been for experimental purpases on widely varying phosphate
intakes on which the blood levels of phosphate were not materinlls
affected and yet there were very wide variations indeed 1n the phosphate
clearnces when caleulated from 24 hour unine phosphate divided by the
blood level givng ml /oun of phosphate cleared By doubling up the
phosphate intake for instance yott could get an apparent doubling up
of the phosphate clearance and yet the blood Ievel remamned constant

e actual glomerular filtration rate was cheched now and agun by
mulim clearances not by ereatinine clearances It 14 very diflicult to
estunate plasma creatinine at the ordinary endogenous Jevel The
uptake 1s 50 low that 1t 13 difficult to get any nccurate creatinme clear
ance Have you measured plisma creatimine in your caleutations on
clearances

Nordin This 1s a basic point T do not feel that you can call & 2¢ hour
collection with the blood taken some time during 21 hours a clearance
The whole essenee of the clerrance phenomenon is that you tahe a period
of time you take your blood T the middle of that, and jou assume that
your blood level 1s not changing We hnow that there are big dwurnal
‘arations 1n the phosphate and I consider that even 4 hour clearance
15 a bit too long to be quite nght Ve now do the base hine clearance 1n
the morming whuch 1s our standard We do that on a 2 hour basis and I
think 2 hours 1s about as long as you can reasonably do a clearince on a
blood Iev el which you hnow 1s fluctuating  So I would bereluctant to call
those data of y ours clearances Ve have Jooked into the question of the
effect of diet ‘and have given a normal subject vary ing amounts of P 1n
the diet The serum phosphate Ievel varied from 2 5to4 5and asit did
59 the Cp/Cey went up ag predicted so that all the obserations were mn
the ‘I:mm:a! range of Milne Stanbury and Thompson You cannot talk of
a 1 without 1 ly referrmng to the serum
phosphatelevel Idonot think that one observation of serum phosphate
1n 24 hours can meet that point
aﬂDmmn If you mve diets lgh 1 phosphate you will not materially
offect the serum phosphate levels but you will shoot out enormously
have go;e S of phosph That means your phosphate clearances

ll\r)ardm The pomnt 1s that you do change the serum phosphate level
1zon Not so marhedly 1s the increase n urine phosphate  You
Taight alter it by 10 or 20 per cent but not more
genl That depends on the slope of his curve
b m;im hAs your blood level goes up you divide by that blood level
s ﬁl{l osphate exeretion goes up so much that the clearance rises too
phed T as the blood creatinine 1s concerned I igree I think 1t 1s a very
nicky thing and I wish we did not have to estimate 1t but methods are
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more clearly the significance of the changes that are occurring,
and demonstrates that caleium infusion reduces the C,/C; to
defimtely subnormal levels, while citrate infusion rases 1t
mto the hyperparathyroid range By contrast, the drnal
varations mn Cp/C,, and serum phosphate level m 3 normal
subjects are related in such a way that the PEI remaimns
within the normal range throughout

It 1s difficult to prove that the effects we have described
are due to changes 1n parathyroid activity, but their fatlure to
occur 1n hypoparathyroidism offers some support for this
hypothesis Fig 8 shows the effect of calesum gluconate
and sodium citrate 1nfusions on the serum phosphate, C,/Ce
and PEI 1 a case of postoperative hypoparathyroidism
The case was 1 mild one and was fairly well controlled on
caleiferol when the citrate mfusion was performed However,
1t 15 clear that no significant change occurred 1n the tubular
reabsorption of phosphate after either caleium or atrate
nfusion

In conclusion, our observations suggest that abnormalities
1 renal tubular reabsorption of phosphate, including vara
tions 1n parathvroid activity may convemently be expressed
by the Phosphate Excretion Index
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DISCUSSION

Duron At Stanmore we calculated our phosphate clearances by
reference to a 24 hour period when a patient was in the metabolic
ward on an absolutely constant mntake 50 that all the tissues blood and
urme were 1 equibbrium as at were I felt that mn the clearances of
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Aordin No 1t nught have been so, but so far it has not turned out
Lhe that They are all over the normal range, and the mean and
standard deviation of the ostcoporoties and the normals caleulated
independently are the same

Nassim My collengues Drs P D Sauille and Laly Wathng and X
have studied this  As1s well recognized the serum phosphate in post
menopausal osteoporosis tends to be lngh normal This we feel may be
due to an anterio~ pitwitary effect When patients are treated with
stilboestrol the serum phosphate tends to drop Phosphate clearances
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have been performed on three wwomen using the techmque of Anderson
(15)55 'J Phg'/mol 130 268) All three studlges show clea(}Iy the mcreas?ed
phosphiate ¢ after ad ration of stilboestrol (Igs 1--3)

. m-hm t 1s not easy to convert these figures straight over this 1s
Phosphate excretion 1n mg /min It requires a bit of mathematics to
convert that to a clearance ratio I think there 15 obv wusly a shight
change mn tubular reabsorption but I suspect that the biggest change 1
lt?o;hlial:.lg:(til lev ell)and that the consequent change m tubular reabsorp
owbei e both still within the normal range Do you think that s

Dent ‘Yes, there 1s such 1 wide range
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getting better and I think we are accurate within 10 per eent 1n our blood
creatinme levels Vve have done a lot of duplicates and tripheates at dif
ferent times of the day and they certainly are wathin 10 per cent 1f done
by Roscoe s method There are other methods which we hope to use
But I think even if you take 1nto account the errors in the blood creatin
melevel the differences that I have shown you remain aghly sigmficant
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Figs 1 2 and 3 show studies of plosphate clearance 1n 8 women before and
after treatment with stuboestrol
Points to be noted are that on each occasion there has been no change 1n
glomerular infiltration and that after treatment the slope has been shifted to
the left showing lowering of tubular phosphate re absorption
In Fig 3 the clearance was done on stilboestrol first and a fortmght after
withdrawal and therefore the oestrogen effect 13 probably persisting

Nassim Vvere the osteoporotics which you showed i Iig & post

menopausal women?
Nordin Most of them were There are four cases of what we call preg
nancy osteoporosis and Dr Dent calls idiopathic osteoporosis included
that
mNamm It seems to me that those levels were getting on the lower
side of normal towards the hypoparathyroid level
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Nordin Yes, I suppose that 1s really a better term than the term
phosphate excretion index’ I do not know 1f one can caleulate the
ratwo by rad pic difution t 1

Nicolaysen Did you measure the citrate output mn the utine?

Nardin Mo we did not measure the citrate output 1a the unine we
measured the blood citrate level i two of them It went up t0 12 my,
per cent w one and 17 mg per cent in the other

Awcolaysen Alkali ingestion may have an nfluence

Nordu I have tried brearbonate and if biearbonate does anytinng
1t does the opposite 1t puts down the serum phosphate and the urine
phosphate at the same time  As far as the base 1s concerned our standard
dose 15 now 500 ml of 5 per cent sodium ertrate given 1n four hours that
15 about 100 m equiv

Nieolaysen Are you sure that your ereatimne clearance s not mflu
enced by this difference?

Nordin Dr Dent raised this question on our Ca infusion work, so we
did a few mulin clearances at that time but they did not make any very
useful contribution  We have pubhshed (Nordin B £ €, and Y raser,
R (1954) Chn Sa 13 477) the creatinine output per-hour after Ca
infusions and we think 1t 1s unchanged although there 1s a tendency for
people to put out slightly less creatinine in the mght than they do 1n the
day T have not worked out the same thing after citrate infustons but
st would have to be 8 very b, rise in GFR to account for this sort of rise
1 phosphate output

Blaxter If you give the hidney more phosphorylating work to do
that 1s 1f the hidney has to do more n the way of talung up 1norgame
phasphaté for phosphorylating purposes does that change y our clearance
ratio and can thit account for the effect of citrate?

Nordin Why does 1t have to tahe up more? The citrate has not put
the serum phosphate level up Ve are not using anything that influences
the phosphate level itself As Ishowed you the serum phosphate on the
citrate day 1s a Iittle Iower than the serum phosphate on the control day
So you would expect that the urine clearance should be lower if any
thing but in fact the urme clearance 15 always higher

Blaxter T was thinhing of the phosphorylation 1 the wall of the
tubule on reabsorption

Nerdin But why should there be a change in phosphorylation if there
1s 1o change 1n blood level of phosphate?

Blaxter That s a systemic blood level 1sn t1t? It tells one little about
the phosphate levels mn the renal cells

Armnstrong May I put a general question that has to do with the
subject of mechanism of action of parathormone? X think we all are con
vinced that the parathyroid hormone does demonstrably have an effect

directly on the bone and that 1t also alters phosphate reabsorption by
the renal tubules The evidence for both of these pomnts 1s very clear
My queshonis howisitthata single substance can affect vastly different
physological processes n ways that produce the same result that1s the
mobihization of the sheletal elements? Can anvone pomnt out 1o me an
analogous circumstance 1n the case of some other substance?
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Nassum There 1s no doubt about the fact that phosphate clearance 1
altered with stilboestrol

Follis Dr Nordin are your cases of osteomalacia histologieal or
radiological ?

Nordin The osteomalacias are absolutely water tight The osteopo
roses are Just what people at the moment ordmanly call osteoporoses
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But for the purposes of this presentation here they include what Dr
Nassim calls grades I ITand III In other words they are people whose
bones look thin and who have got back ache and those who have cod
fish vertebrie and those who have got crush fractures We try to confine
ourselies to the ones with cod fish vertebrae and crush fractures

FRodiceh. Vwould 1t be possible to estimate the clearance ratio by
sotopre dilution techmques or has tins been done? Another pomt
could you not call your index a variance?



VASCULARITY OF BONL IN RELATION TO
PATHOLOGICAL STUDILS

(Paget’s Disease, Sudeck’s Atrophy, Osteoarthritis of
the Hip)

E RUTISHAUSLR
Institule of Pathology Genera

AN exarmmation of the creulation of blood in bone has
confirmed the results obtamed by a number of authors, 1e

(1) the arterial supply 1s multiple,

(2) the capacity of the venous system 1s very large,

(8) the respective vessels of each kund of bone tissue (bone
tissue proper haemoporetic bone marrow, fatty marrow)
form an entity in the adult hone, which can be divided
schematically into territories opening one into the
other (Rutishauser, Rowller and Veyrat, 1954)

Experience with epiphyseal necrosis has shown that
msufficiency of the collateral cirewlation frequently occurs
Three types of capillaries are found in bone marrow

(a) arterial capillaries, which are narrow and straight, and
have few ramifications and which are less numerous
than venous capillaries,

(b) peripheral venous sinuses (sinus of the third order),
which are numerous, large, and have many anasto
moses they form blood reservoirs 1n bone,

(¢) parrow dormant capillaries, 1e Doan’s intersinusoidal
capillaries which form a compact networh at the cel
lular level (Doan 1922¢ and b 1923)

We think that this networh 1s parallel to that of peripheral
sinuses (see Fig 6 1n Rutishauser, Rowller and Veyrat, 1954)
239
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Kodiceh, Vitamm D

Armstrong How?

Kodwcel. Agan 1t 15 rather vague vaguer than parathormone but
there 1s a suspicion that vitamin D exerts 1ts influence not only on the
mtestine, but has also a loeal action 1n bone and possibly affects the
reabsorption n the kidney tubules

Fancon: If Dr Nordin s paper 1s right we must avoid giving citrate
m osteomalicia and on the contrary, we now gve citrate in the treat
ment of osteomalacia

Nordin I do not believe that the oral admimstration of eitrate
causes anything hike the rise in blood level which we are getting with our
mfuston

Nacolaysen T think you should differentrate very sharply between the
solubilizing effect of citrate on Ca 1n the intestine and the postabsorp
twve effect
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[facing page 210
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Rast has examined these sinusoidal structures by mnjecting
Indian mnk mto the adipose tissue of the breast, into the
adipose tissue of the human mesentery, and also into the
mesentery of the rat (Rast, 1955) On a morphological basis,
our observations have demonstrated that these capillaries are
1dentical 1n all localizations of adipose tissue

The results obtamed by other authors by means of electrome
microscope examination give no further information on this
particular pont

Even 1f the morphological aspect seems 1dentical there exist,
however, considerable functional differences between ntra
osseous adipose tissue and the adipose tissue at other sites
The most 1mportant of these differences 1s the ranty of the
haemopoietic function 1n the extra osseous adipose tissue To
cite another difference plasmostasis 1n the intersinusoidal
capillartes of ostecarthritic bone marrow frequently occurs
(Rutishauser ef al , 1952, Rutishauser and Grasset, 1954)

Ratzenhofer’s work (Ratzenhofer and Propst, 1953)
raised the hope that the same phenomenon mght appear in
adipose tissue of the breast and that this phenomenon mght
imtiate the sclerosis of this gland  However, Rast (1955) did
not defimitely find erther plasmostasis or Ratzenhofer’s
Oedempfutzen (Ratzenhofer and Propst, 1958) mn adipose
tissue of the breast but he observed the formation of pre
apitated hyalin after shight fibrocy tic proliferation

The precise pomts to be discussed now are as follows

(a) arteriolar and venous hyperplasia 1 certamn osteo
pathies,

(b) plasmostasis 1n relation to fibrosis

(c) certain aspects of fibross

(a) Vascular hyperplasia 1n Paget’s disease has been
studied {Rutishauser, Veyrat and Rouller, 1954) However,
1t 1s important to stress that while the physiological reper-
cusstons of this hyperplasia have been demonstrated in Paget’s
disease (Edholm, Howarth and McMichael, 1945, Edholm and
Howarth, 1953, Schwiegh and Lang 1951), therr precise



Fic 5 T 00¢3/52—Pressure area of osteoarthntic femoral head—M 3 vr
Mallory x 57 6 Marhed fibrowis and venous congestion in the pressure area

Sk a0 e, W
Fig 6 T 2576/o3—TRught osteoarthntic femoral head—F 66yr HF x 77
Vascular proliferation in a mesh hke form This ternitors 1s very close to a
\ necrobiotic cvst 1n the pressure area
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kic 3 T 1320/47— Left istragalus—M 88 yvr H L x 46 Dystrophic

Stage [Tofthe Causalginof Sudech  presents retieulosss and plasmostasis

Dr appearance of adipose tissue and its replicement by didated swuses
Vascular neoformations originating, especially m the sinuses

Fic 4 A 3792—Middle phahinx of the fittie hn,er of the feft hand—

Fisve HF x 15 Atrophie Stage IIL of the Causilrt of Sudeck

Specrmen mjected with Indin ank the vasculanzitron 1s poor the
phenomena of reticulosrs have dssappeared
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nature 1n Sudech’s atrophy 1s unknown  In osteoarthntis of
the hip, Trueta and his associates (Harrison, Schajowicz and
Truetn, 1053) think that this phenomenon has, as an end-
result, an active hyperacmia, but we arc mehned to believe
that the end result 1s a venous congestion of the epiphysis
(Rutishauser et al, 1952, Rutishauser and Grassct, 1954)
Obseryations made during resection of osteorthritic femoral
heads seem to support this pomnt of view

(b) Morphologieal defimtion of plismostasis < substance
which stamns like blood plasma and dilates the sinusoidal
capillartes The mnjection of Indian ik into the bone marrow
shows that wntersinusoidal capillaries form a closed system
Therefore, these must not be confused with Ratzenhofer’s
Oedempfulzen

In the intersinusoidal capillaries, three overlapping possi
bilities exist areas of plasma alone, areas of whole blood, and
areas of plasma with oceasional blood cells Plasmostasis 1s
thus a particular functional state, localized 1n the mtereellular
system The physical and chemmical qualities of this mass in
the intersiusordal capillaries which we believe to be blood
plasma (purely on a morphological basis) have not been
exammned This plasmostasis 1s often found also 1 the region
where the peripheral sinuses are dilated, but this relationship
1s not always evident Serial sections of these territortes of
stasis have not been made, and would, perhaps, lead to a
better understanding of the relation of plasmostasis to sinus
stasis Plasmostasis 1s a common phenomenon 1n the circula
tory pathology of bone It has been observed 1n the pressure
area of ostecarthritis of the hip and Stage IT of Sudeck’s
disease but has not been defimtively studied elsewhere (Figs
1 and 2)

It 15 necessary to examme the pathogenie réle of plasmo
stasis in the probferation of the reticulo endothehal cells

Such an examination reveals, in certain cases, reticulosis and
fibrosis of bone marrow

(c) Certain aspects of fibrosis
The cytologieal study of medullar fibrosis 1 bone 1s not
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The data now presented concern these last three forms,
none of which tend to develop hyalinosis

Paget’s discase of bone m 1ts active forms accompamed by
important hacmodynamie modifications, comparable to those
produced by an arterioycnous fistula the vascular resistance
of a Pagetic hmb 15 duminished, its blood flow 1s aug-
mented, the oxygen tension ind the venous blood pressure
are abnormally ncreased, as 1s the cutancous temperature at
the level of Pagetic bone  In the active polyostotic stages the
cardiac output 1s greatly increased (Edholm, Howarth and
McMichae), 1945 , Edholm and Howarth, 1958, Schwieghand
Lang, 1951)

Comparison of healthy and Pagetic tibae of the same sub
ject shows an extraordinary growth in the number and
calibre of blood vessels 1 the cortex and periosteum (Rutis-
hauser, Veyrat and Rowller, 1954)

The proportion of different types of blood vessels 1s also
modified 1n the Pagetic bone artenoles and artenal capillaries
are proportionally much more numerous In several regions a
proliferation of arterial capillaries can be observed It was not
possible to demonstrate a direct commumecation between the
arteries and venous sinuses

The study of vascularization 1 a focus of osteoporosis
arcumseripta crann—early stage of Paget’s disease—permts
the 1dentification of the same vascular transformations and
the recogmtion of theiwr precocity, the first vascular trans-
formations even precede the remodelling of bone

These mmportant vascular transformations, which seem to
explamn the haemodynamic rodifications n Paget’s disease,
are all reversible In the stabilized forms of Paget’s disease—
when the quantity of serum alkaline phosphatase 1s hardly
avgmented-—vascularization of the bone 1s agamn normal
(Rutishauser and Veyrat, 1954
Rouiller, 1954)

Eleven cases of Sudeck’s atrophy have been examimned
m the dystrophic Stage IT of the disease, reticulosis was
observed ongmating 1 Doans mtersmusodal capillarzes

Rutishauser, Veyrat and
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easy, perhaps the decalcification of bone may render more
difficult the use of the necessary stains, e g May Grunwald
Giemsa’s stain Erdheim (1935-1936) has alreadvy mentioned
the problem nvolved m celiular differentiation of the marrow
in Paget’s disease

In order to demonstrate fibrosis of bone 1t 1s necessary to
give it a proper place i the outline of fibrosis 1n general
Therefore, to reach an all embracing defimtion 1s quite
difficult

The authors whom we have consulted do not define the
nature and Iimits of fibrosis, sclerosis and hyalinosis (Anderson
1953, Roulet, 1987, Ratzenhofer and Propst, 1953) The term
“hyalin” applied to the connective tissue, 1s used to define a
homogeneous fissue, which 1s more or less structureless, this
term corresponds purely to an optic property and does not
suggest the chemical composition of the modified tissue

Some types of hyalmosis are of a metabolic nature
Amyloidosis 1s the only type of hyalinosis whose metabolic
nature 15 certain The others are apparently due to local
causes

(1) Keloid tissue 1s perhaps a hyalin modification

(2) Fibroblastic hvalinosis ¢ g, the tendonlhke cords
m Dupuytren’s contracture (Rutishauser and Lagier,
1955)

(3) Hyahnosis m adipose tissue has been exammed by
Ratzenhofer and Propst (1058), and others Rast (1955)
has studied hyahnosis in the breast TLaposclerosis
which s characterized by 4 neerobiotic component, must
be considered separately (Blane, 1951)

In the adipose tissue of bone marrow, there can be dis
tinguished

(a) Angofibrosis i the active stage of Paget’s disease

(b) Angioreticulosis 1n Stage II of Sudeck’s atrophy

(¢) Frbrosis with osteogemc potentiality developed in the
pressure rea of osteoarthritis
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original articular cartilage  The superior layer 1s the scat of
vascular resorption and ossification  In the non pressure arca
where the cartilage 15 split mto two layers, there 1s neither
stasis nor vascular hyperplasia  Fibrosis does not oceur at
this level, nevertheless, one can find areas of plasmostasis

The ntermediate arca (area between the non pressure area
and the pressure aren) 1s rclatively narrow It 1s thought that
the v essels which sphit the cartilage into two layers are capsular
m orlgm
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Prolferation of the arterioles and venulae was evident
The venous smuses were dilated (Fig 8) In the atrophic
Stage III of the disease, the airculatory pattern has become
normal again (Fig 4)

Osteoarthritis of the hip Figs 5 and 6 show a pressure
area and a non pressure aren 1n the pathological femoral
head Vascularzation of the osteophytes and sphtting of
the cartilage will not be discussed here (see Rutishauser and
Grasset, 1954)

The pressure area 1s a region of bony sclerosss, of wear and
tear of the cartilage, and contamns cysts At this level the
remodelling of bone reflects the active pathological progress
of osteosclerosis There 1s an mtense stasis, which can even
produce haemorrhage Howenver, the presence of hemosiderin
1s rare In the areas of plasmostasis two phenomena can be
observed 1in the adipose tissue haemopoiests 1s displaced by
plasmostasis and fibrocytosis appears m its place The
fibrils are coloured yellow by van Gieson’s stain  The presence
of fuchsinophil fibres 1s exceptional Silver impregnation by
the Tibor Pap method reveals a very loose reticular network
This fibrosis 1s derived from the mntercellular reticulo endo
thelial cells However, the sinusoidal wall contributes mn part
to this fibrosis since 1t originates mn this regron At a later
stage the arterial adventitia may contribute to 1ts formation
This fibrosis replaces the adipose tissue Peripheral sinuses
appear dilated and 1njection of Indian ik no longer 1dentifies
the sinuses This fibrosis has potentialities of undergomng
either cartilaginous metaplasia or osseous metaplasia Often
1t 15 diflicult to decide upon the real nature of the tissue, 1e
chondro osseous area The artenoles and more especially the
venulae give rise to vascular proliferations which begin with
full vascular budding (Figs 5 and 6) This vascular hyper
plasia 1s less intense thanan the active stage of Paget’s disease

In the non pressure area, which reveals a pecular atrophy,
the cartilage sphts into two layers separated by spongy bone
with fatty or mixed marrow The inferior layer which 1s
embedded 1n the spongy bone shows the basopllte ines of the
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distnibution of smneral salts 1 Paget s disease, as judged from the
microradiogram shows a great number of lowly mineralized arcas which
could account for Stanbury s lugh amount of cxchangeable Ca The
strange thing about all the diseases mentioned 1s that when you study
them at the molecular level the relation between minerals and ground
substance seems to be flected 1t 1s at the level that
the organization seems to be disturbed

Blach Prof Rutishauser have you done similar experiments with
the bones that are osteoporotic after prralvsis?

Rutishauser In the case of paralytic atrophy, which I examined by
means of injection the atrophy was simple

Lacrotx You have shown us a shde of osteoarthritis of the hip witha
Iig hole filled with fibrous tissue near the articular cartilage It has been
stated 1 this country that 1n such cases there 1s always a tunnel between
the fibrous tissue and the artieular space

Rutishauser Lmploymng the senal section techmque we found that
this 1s not alwajys the case

Pancom: Prof Rutishauser we know the Albers Schnberg disease
with mncrease of bone structure 1s that also caused by an augmentation
of vasculinization?

Rutishquser I do not have enough personal experience with this
subject

Nordin 1think I am right in saying that the term  Sudeck atrophy
15 used rather loosely 1n this country Prof Rutishiuser Iwonderifyou
would be kind enough to define exactly what you mean by Sudeck s
disease ?

Rutishauser  Sudeck’s atrophy affects all the tissues (bone
muscle shin) of 8 segment (generally an extrermty) In the ease of bone
three stages are seen The second stage 15 an exaggertion of certain
aspects n physiological healing of bone fractures L he termnal phase 1s
wirophic and completely d from physiolog! d

Nordin S0 1t 15 really the atrophy that Lacrorx showed us 1n X rays

Lacrowr That would be what we would call the first stage

Nordin The question of the reversibihty of the vascular changes 1s
very fundamental to this argument and T did not guite see that they
were reversible Did you have successive pieces of bone at the same site?

Rutishauscr The question ashed by Dr Nordm s vers difficult to
answer On the other hand the reversibility of the circulatory modifica
tions 1 the remodelling of bone may be followed easily 1n Pagets
disease My colleagues and I studied several cases of Paget s disease
from therr very begmmng through their evolution to stabilization At
this latter stage the medullary vascularization had returned to normal
(Rutishauser £, Veyrat R and Routller Ch 1954 loc it )

galhsl Doy olll';eg-xrd Paget s as pumanly vascular?

e lar t fi 10NS Appear very earl;
the other hand dogs with artificial artenovenoll?; ﬁstularg, devei)p ?12
histological prcture which suggests any of the characteristic morpho
logncal elements seen 1n Paget s disease (Rutishauser and Veyrat 1954
Rowll
R Veyrat and 1954 loc cit)
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DISCUSSION

Stanbury Yvehave certamn data which may relate both to the problem
of the vasculanty of bone and to the problem of the interchange of Ca
between the extracellular fluids and bone We have grven #5Ca to a series
of patients and measured the specific actrvity of blood and urine curves
with respect to tume for up to 3 weeks Table I 1s a fragment of data

Table I (Stanbury)

Name Age  Sex Dragnosis 9 Day Ca
pool g
RP 50 M Coronary heart disease 99
Wa W 26 M Triedrerch s ataxia 17 2
FWwW (1) 18 M Hyperthyroid 245 7
@ 19 Euthyroid hypoparathyroid 1year 84 6
following thyroidectomy
LS (1 31 ¥ Hyperthyroid 681
2) 31 Early myxoedema 4 months follow 229
1mng thyroidectomy
cL 8 I  Hyperthyrord 460
JB 26 M  Hyperthyroid 83 6
W W@ 42 T Myxoedema 42
(2) 42 Euthyroid 4 months on treatment 121
BM (1) 8 F  Myxoedema 44
(2) 39 Euthyroid 5 months on treatment 72
AW 67 F Paget s disease of bone 102 1
oOH 59 E Paget s disease of bone 1 2
EN 41 F Hypoparathyrord 4 years following 35

thyrodectomy

which I would like to show Vve have calculated the 9 day * pool * of
Ca by dividing the quantity of retamed 4Ca 1n the body by the speaific
activity at 9 days Ve studied two normal subjects At 9 days there
was 9 9 and 17 2 g of exchangeable Ca In the patients with thyro
toxicosis you will notice the remarkably high figures Myxoedematous
patients have a small pool of exch ble Ca The my
patrents when treated and restudied have a lugher pool value
One of the things we speculated about was whether the observed
phenomenon mught represent vascularity of bone We studied two
patients who had Pagets disease In these patients the 9 day Ca
pool was very igh bemng 103 1and 332 9g One of the things which
these figures appear to mean 1s the remarkable exchangeabihity or
dynamic state m which the bones exist and this seems to be particularly
true m those patients who have thyrotoxicosis and Paget s disease
Folhs Dr Stanbury have you any data on hyperparathyroidism?
Stanbury Not that I know of There was one patient to be studied
after I left home These studies tahe a long time
Engstrom Ve have studied several of the bone diseases Pagets
disease osteogenesis imperfecta marble bone disease and others The




SOME OBSERVATIONS ON EXPERIMENTAL
BONE DISEASE

Ricmarp H Foriss, Jr
Armed Forces Instute of Pathology, Washinglon 25 DC

TuE normal sequences encountered m endochondral bone
formation can be divided into thrce maun categories (1)
growth of cartilage, (2) maintenance of a fine balance between
osteoblastic and osteolytic activities of the bone cells and (3)
deposttion of morganic matenals m cartilage matrix and/or
bone matrix (osteoid) Derangements in each of these three
categories may be observed in bone disease naturally oceurring
mn the groning clild or m the ndult In the experimental
animal one can produce at will changes which precisely
duplhieate many of the alterations seen in the human Onecan
sometimes go even farther and create changes which have no
counterpart in human disease

‘We should like to present some mnteresting, though divers:
fied, examples of experimental bone disease which fit mto
these categortes The changes which we wish to discuss will
ndicate a few of the large number of unsolyed problems which
concern the growth of normal cartilage and bone This pre-
sentation might better be entitled A miscellany of unrelated
and peculiar changes which may be produced experimentally
m cartilage and bone and which may some day throw light
on the biochemcal activities of these structures »

‘When the dietary of an animal, or a human, too, for that
matter, 1s restricted calorically or by the removal of one or
more of any of the essential elements, amino amds witamins
or fatty acids, growth of cartilage stops, sometimes very
abruptly The cells cease proliferating, 1n particular the
zone of hypertrophic cells becomes narrower and narrower
(Tg 1) Of course, the influence of the dietary restriction 15

249
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Lacrowr Doyouknow of any posstbility of reproducing experimentally
something which might be hike Paget s disease?

Rutishauser Bone grafts of Pagetic bone m full activity have never
given the expected results in rhesus monkevs When transplanted to
the temporal region of the cranmum these grafts are always absorbed
and often there 13 bony scar formation

Nordin Dr Follis 151t a fact that vitamin A deficiency m rats gives
a bone picture that 1s superficially not unhke Paget s disease?

Follis Grossly superfieinlly

Nordin There 15 an increased turnover of bone, 1sn t there?

Follis I do not know what Prof Rutishauser may feel the Boston
people think that the primary defect 1n Paget s 1s increased destruction
and I thunk that with the exception of the vascular changes that is the
first thing one sees The earliest changes in Paget s are really ostettss

fibrosa

Rutish We may sch 1ze the devel of Paget s disease
for a given area and divide 1ts evolution into four phases phase IV
corresy to a sta of dell The morphology of the

bone proper remams pathological

Follis I agree with you that if you look at enough sections you will
find 1t going on but I think the destruction predominates 8 1, or in
some fields 3 0

Rutishauser 1 do not think 1t 1s possible to mahe such oversumplt
fications
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Fic 1 A Lpiphyseal cartilage of normal rat to show width and

orderly row formation of hypertrophic cells R Fpiphyseal

cartilage from rat on a protein deficient diet for 3 weehs (same

magmihication as A) to show great reduction in width of eartilage
All types of cells are affected
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also apparent on the activities of the osteoblast This 1s
particularly true in ascorbic acid or copper deprivation
Ordmarily, though, the effects on cartilage are often much
more pronounced Certain sumple histochemical procedures
indicate, for mstance, a decrease mn glycogen and allalme
phosphatase activity (Follis, 1955a) As 1s well known, when
the dietary becomes adequate agan, growth of the cartilage
begins anew and there results an overprohferation of new bone
on the framework provided by excessively produced caleified
matrix of the cartilage

The ease with which one can study alterations in the growth
of cartilage by this means has prompted us to investigate the
effects of purified growth hormone of the antertor lobe of the
hypophysis* on the epiphyseal cartilage of rats which had
completely stopped growing as a result of dietary restriction
(Follis, 1955a) The problem, of course, was to find out if this
disturbance of growth was primarily due to lack of growth
hormone, since the change 1s 1dentical with what 1s seen 1n the
hypophysectomized ammal It was found that when the
hormone was administered 1 amounts more than necessary
to promote growth in hypophysectormzed rats, no effects
could be elicited in the ammals whose dietary had been
restricted It 1s thus apparent that the missing calortes or
specific nutrients are necessary for the cartilage cells to repro
duce and form matrix It will be recalled that from the very
beginnings of the modern science of nutrition, growth and
reproduction have been used over and over agan as yard
sticks for an optimal dietary

A second and particularly intriguing alteration i the growth
of cartilage results when sweet pea seeds (Lathrus odoratus) are
meorporated mn the diet (Ponsetr 1954) It has, of course,
recently been shown that the active principle 15 § ammo
proplomtnle (Bachhuber, Lalich and Angevine, 1955) When
actively growng rats are placed on a diet containing 50 per
cent ground sweet pea seedst within 24 hours changes appear in

+ Kindly supplied by Armour and Co Chieago TII
+ kandly supphied by Derry Morse Sced Co  Detroit Mich



Fic 3 A Portion of metaphysis from control pi, to show spreules of eal

afied cartilage matrx upon which bone 1s being deposited  Note large num

bers of osteoblasts B Same region from A copper deficient pig to show
thin spicules of matnx devo:d of bone Note alvo the lack of cellularity
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ground sweet pea secd dict for 48 hours “ote clefts in cartilage
matrrx between cartilage cells B 1 piphvseal cartilage after 8

d1ys on the diet There 1s complete disorganization of the cartilage
with large numbers of sceminzly hy pertropluc cells
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the epiphy seal cartilage (Follis, 1955a) There1s aninerease in
the zone of hypertrophic cclls, and as time goes on a thick
jumble of such cells 15 found (Fig 2) “Jumble” 15 used
becnuse the cells lose their orderly arrangement and form a
thick band of large structures whose normal interrelation-
ships are totally disorgamized Irom the begmming, too, a
change 1s found 1 the matrix of the less differentiated cells
Clefts appear and the columns are spread apart As time goes
on the adherence of the cells to one another scems to become
less and less so that when one cuts through the epiphyseal
cartilage with a sharp razor the normal resistance 1s completely
lost The epiphysenl plate has become a sort of pulpy mass
which appears 1n the fresh state, under the microscope, so
lacking in cohesion that individual cells are found floating
about by themselves We are at the present time studying
certain histochermical aspects of this problem The change
should interest certain members of this group who are investt
gating the deposition of 33S in various areas, particularly
cartilage

When one comes to take up the many alterations which
may result from disturbances in the fine balance between
bone formation and destruction there are any number of
experimental situations which might be discussed We shall
restrict our remarks on this subject to one the very interesting
reaction of the osteoblast to a deficiency of copper Certamn
changes 1 the sheleton have been noted n ammals grazing
1n areas whose soil 1s deficient n Cu  Gross alterations desig
nated as “osteomalacia” had been reported (Davis, 1950)
We were much ntngued several years ago when Drs James
Baxter and Judson Van Wyk brought us some bones from
dogs which had been on a Cu deficient regimen (Baxter and
Van Wyk, 1958) Clinically the disease was characterized by
multiple spontaneous fractures with resultant deformities
X ray studies revenled extreme rarefaction of the sheleton
Grossly, at autopsy, the cortices of the long bones were
extremely thin the epiphyses appeared wider than normal
When the cortex was studied microscopically (Baxter, Van
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Fic 4 lortion of cortex of tibia from rat which had recened parenteral
St (18 mg /100 g ) each dax for 8 days ote large amount of light stamming
material (osteod) surrounding trabeculae of hone
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Ca low diet stimulated growth in their rats More recently
Shorr and Carter (1952) have used Sr as an adjuvant to Ca
n the “remineralization” of the shelcton in various bone
diseases In man

In some prelmmary studies on rats, SrCO, was incorporated
at a level of 4 per cent n a diet of adequate Ca and P content
We were impressed by the relatively shght changes at the
cartilage shaft junction though the amounts of osteod 1n
the shaft were prodigious This prompted us to admimster
various amounts of Sr intrapentoneally The ostcoid con-
tmued to appear {Follis, 19555) When the ammals were
starved and bone growth had ceased, parenteral Sr stimulated
the formation of new osteord (Fig 4) In healing fractures
and 1 old ammals Sr administration led to the appearance of
excess osteord.. It thus became apparent that Sr seemed to
stimulate new matrix formation This may have therapeutic
mmplication and may explain some of the chinieal results of
Shorr and Carter (1952) The lack of caleification of the osteord
formed may be due to some inherent abnormality n 1t or to
some nterference by Sr in the calefication mechamsm, per
haps by competing with the metal complex of the enzyme
systems of cells concerned with caletfication

Studies of certamn chemical constituents of the serum of
ammals given parenteral Sr and showing excessive osteoid
reveal no changes in Ca, P or allalme phosphatase concentra
tions The effects of Sr are to be investigated 1n several direc
tions 1n the near future

The second puzzhing situation which we would like to men-
tion 1s found 1n rats to which toxic amounts of vitamm D are
gven  Ihis state has for many years been known as ™ hyper
vitammosis D nickets” (Ham and Lew:s, 1934) and has been
an enigma to a number of mvestigators ncluding ourselves
No changes are found 1n the epiphyseal cartilage, 1n fact, asa
result of the toxicity there 1s cessation of growth of this tissue
There 15, however, new formation of osteoid which fals to
caleify in the face of hypercaleaerma and hyperphosphataemia
(Follis, 1955¢) In the rat when levels of Ca and P are up to
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Wyk and Follis, 1958), a marked decrcase m thichness was
found n the Cu deficient amimals There was apparently 4
definite decrease mn osteoblastic activity in the endosteal
areas where destruction appeared to be proceedmng in normal
fashion At the eirtilage shaft junctions of the Cu defictent
amimals the epiphyseal cartilages were increased m width as
compared with controls The reason for this 1s not clear and
need not detamn us here  In the metaphyseal regions an excess
of ealerfied cartilage matrix upon which bone matrrx was not
being deposited was found Our interpretation of this was that
the matrix formative functions of the osteoblast were impaired
+ by Cu deficiency, while those of the eartilage cell were not

This dissociation 1s frequently scen, for instance, m scurvy,
osteogenesis imperfecta, ete

More recently (Follis et af , 1955) we have studied a senes of
Cu deficient swine Changes in the cpiphyseal cartilage were
not pronounced in the swine Howes er, a promment “lattice”
of calerfied cartilage matrix was present and was unsupported
by bone (Fig 3) There was a definite reduction 1n osteoblastic
activity This led to fractures quite remumscent of scurvy,
though unlike this disease there was no osteoblstic prolifera
ation From these two series of chservations mn dogs and
swine it would appear that Cu has 2 specific effect on osteo
blastic activity Like ascorbic acid defictency, a Inch of Cu
does not appear to affect chondrogenic activity

We should now like to turn to two puzzling situations 1n
which there 1s excess production oi bone matrix which does
not readily caleify The first of these occurs when strontium
15 given to ammals You are all farmhar with Lehnerdt’s
(1910) observations on the appearance of a rickets lthe cond
tion when exeess Sr was administered to animals on a low cal
cium diet  This stimulated the Johns Hophins group (Shipley
et al , 1922) then worhing on richets and vitamin D, to restudy
Sr admunistration and to conclude that the chinges observed
by Lehnerdt had resulted from 2 low Ca, high P, diet and were
not due per se to any action of St The Baltimore iy estigators
(Shipley et al , 1922} did note that the inclusion of Sr n the
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DISCUSSION

de Bernard Ve did some experiments on the alteration of growth
cartilage in thiamn deficiency, and found that the phosphatase content
of this tissue was lowered

Rogers 1was fascinated by your results with Lathrus odoralus Prof
Folis Are they due entirely 1o the absence of glycogen?

Follis There must be something wrong with the matrix because the
thing just goes to pieces Some of the disorganization that you see m
Fig 215 due to mechanieal compression  Tt'1s just a mass of pulp

Rogers It 15 not only 1on of the of cells
There 15 something wrong with the behaviour of the cartilage cells Isit
possible that the B amnopropionitrile interferes with the formation of
ground sut mueopol, harides? A failure to form polymernized
chondroitin sulphate fmght well lead to tissue disorgamization under
stress such as you have desenbed Have you tried anything other than
B aminopropiomtrile?

Meyer I have heard that it can also be done with aminoacetonitrile

Bélanger With Drs Comar Lotz and Viseh of Oak Ridge we have
Just ted a series of exy on chronie fluorosis in pigs  In
this case we observed hypertrophy and also dissociation of the plate
which are quite similar to that particular type of thing and also compar
able to the lesion of vitamn D defictency ~ Thus condition 1s apparently

related to a defi of the poly J;
Blaxter In cattle m the county of Caithness n the north of Scotland
d of Cu defi d with peatlands occurs 1n which

a
there 1s a marked lightening of the black coat colour which s presumably
an nterfe witl 1 bol One thing which has not been
studied up there s the fact that these amimals develop very thin bones
and always walk with a very charactenistic stilted gait This same
disease oceurs also 1n certain parts of New Zealand I wonder whether
Prof Follis has had any to bones from which
have been suffering from these so called defective bone conditions due
to Cu deficiency 1n cattle or indeed the Cu deficiency syndromes which
oceur 1n sheep and which are with y el 1on and Ioco
motor ataxy

Follis This has been described 1n Florida also and has been called
osteomalacia erroneously I think because the bones were not studied

chemucally and one should not use the term  osteomalacia mdiserimin
ately even amongst ammals
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16 mg per cent and 10 mg per cent, respectively, and mor
gamc matenal 1s being deposited 1n many areas myocardum,
kidney, ete , this newly deposited organic matrix fails to show
deposition of inorganic material in 1t! We have found that the
serum of vitamin D poisoned rats with hypercaleaemia and
hyperphosphataemma will readily caleify rachitic rat cartilage
wn witro So, too, 1f the osteoid 1s incubated with normal rat
serum, at Ca and P levels of say 10 0 and 9 0 mg per cent,
respectively, after 24 hours there appears to have been a
deposition of inorganic materal m 1t when compared with
controls We have detected this change hstologically
Obviously, a more precise method would be to determine if
there were a difference 1n ash content Another pecuharity in
hypervitaminosis D 1s the occurrence of alkalosis during a
stage of toxicity Usually at death the whole blood pH 15
relatively normal, but several days before, we have en
countered pH levels of 7 8 at 87° C with the Beckman blood
pH electrode Another pecularity 1s a fall i _serum athaline
phosphatase activity ~ For example, a decrease from a normal
figure of 18 to a terminal value of 5 may be encountered
This 15 of mterest 1 view of the feeling that osteoblastic
activity 1s going on at an accelerated rate

These then, are some examples of certamn problems which
have interested us 1n the past and which continue to intrigue
us What Iittle we have told you should further indicate how
much there 1s to be learned about cartilage and bone
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Kodicel Reports have ocensionally appenred in the Iiterture that in
hg’];:)m!nmmosu, people have found oy erproduction not of osteoid but
of bone

Follis Ttlunk the Iength of time that the ammals hive may be a matter
of dosage This 15 the most extreme when the ammals die in six d1ys

Aodiceh, Could 1t be that there are two stages?

Follis Posubly ond you ean give an onimal o course of vitamin D
nnlzlupog Iet lum die The osteord wlich T showed in g # has now
calcilied

BOXE
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Armstrong  How would you explain the evostoses and the osteo
sclerosis of chrome fluoride 1ntoxication? Do we have to imagme that
these are a result of overproduction of matrrx?

Folis 1 would think so  Of course a Iot of this oceurs at the sites of
msertion of tendons and museles and one looks upon that as perhaps
being analogous to this 1 that an area of lowered resistance to stresses
and strains with perhaps healing and overproduction of bone such as we
mentioned might be the explanation of the changes Kodiceh discussed
n seurvy

HRodicel, 1 take 1t that these hypervitaminotic amimals were rats, you
find about 60 per cent ash in normal rats and this seems rather ugh

Follis You can get 1t a ittle lower It depends on which bone—this
was fat extracted bone

Kodicel Our results were on a fat free basis and we did not find
lowering of the ash content mn hypervitaminosis D

Tollis Have you found a drfference between hypervitamnosis D and
cortisone?

Aodicek Not much the ash content was 41 and 48 per cent respec
tively 1 do not think the d 15 it Histoll Ny your
picture and ours agree

Dwuon Can you reconcile the rickets producing action of Sr with
Shorr s mereased mmeralization by Sr in human osteoporosis?

Folhs Shorr gives fairly Iarge quantities of Ca with the Sr and what
we have to do now perhaps 1s to give Ca and not Sr and see whether the
excessive amounts of Ca will deposit 1 matrix

Nucolaysen Sr has a dual effect 1t goes 1nto the erystals and it inter
feres with metabolism at the cellular level

Follis A third effect perhaps may be interference with the caleifica
tion mechanism which has been demonstrated wn vitro by Sobel

Nrcolaysen This is a physicochemircal concept

Fancon: 1 have seen many cases of hypervitamnosis D with osteo
sclerosis of the metaphysis on the one hand and decaletfication of the
diaphysis on the other Ve always have hypercalcaemra 1n some cases
a low or normal phosphate level 1n others a lugh phosphate level Very
severe cases die of Ca poisomng

Follis These ammals probably die of renal insufficiency, the kidney
tubules become congested

Nordin The alkalosis 15 interesting  What about K levels?

Houard I cannot tell you how it 1s produced but we get a high CO,
and 2 low chloride 1n D mtoxication just the same as one sees 1 In
depletion  Yve have studied one person during D poisoming for a weeh
He was excreting more K 1n the urine than he was takung 1n m the diet
but whether that was a typreal week or whether K loss 1s the cause of the
alkalosis I do not know It 1s most nteresting

ANordin Dr Howard did you say there was uraerma there with a high
phosphate?

Howard They had uraemia There 15 sometlung in uraeme serum
that prevents bone and cartilage caleification at much higher levels of
Caand P Ve could not find what 1t was 1t was not Mg or urea
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seen because of the great vamation n mnecralization of
different parts of the tissue

Among the bone disorders we have studied, there 1s one
which shows certain typieal morphologeal features not pre
viously deseribed (Engfeldt and Zettcrstrom, 1954) The
disease 1 question 1s termed hypophosphatasia n the
Iiterature The findings 1n this discase have such a character
that they mght be of general importance for the under-
standing of the process of minerahization 'We will give here
a short description of the chmeal and morphological findings
i such a case This report concerns a 10 month old g,
the second child of healthy parents She weighed 4,200 g
atbirth She developed satisfactorily until the age of 83 months
when anorenia and vomiting appeared Since birth she re-
cerved 1000 units of vitamun D daily At the age of 5 months
physical examination 1 a children’s hospital revealed a
genernhized sheletal disease resembling richets  Signs of renal
damage were found At the age of 6 months she was trans
ferred to the Children’s Chinic, Karolinsha Sjukhuset On ad
mussion she weighed 5,380 g The fontanelle was bulging, there
was a moderate rachitie rosary and swelling of ankles and
wrists There were diastases of 2-3 em between all bones of
the calvarrum The heart was of normal size The systolie
blood pressure was 205 mm Hg There was no other clinical
abnormality The child was hospitalized for four months
until her death at the age of 10 months The condition was
rather stationary during the first two months of her hospital
stay, during two months prior to death she became progres-
sively more 1ll, and the child expired with symptoms of
pulmonary and cardiac failure

Laboratory investigations showed a shght normochromie
anaerma  The urine was generally acid A trace of protern
was almost constantly present No mucroscopte haematura,
no casts, no abnormal excretion of ammo acids or Letone
bodies were found The excretion of calelum was somewhat
higher than normal with a serum calelum concentration of
12 0mg per100ml The blood chemstry 1s grven 1n detail in
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A newly discovered characteristic skeletal disease
showing low serum and tissue alkaline phosphatase
activity (hypophosphatasia)

BeENGT ENGFELDT AND ROLF ZETTERSTROM
Department of Pathology and Pediatric Clinte Rarolinsha Syuhkuset Stockholm

A NUMBER of recently developed biophysical methods have
been shown to be of great value mn the study of mineralized
tissues In our studies we are using X ray absorption and
diffraction, micro interferometry and 1sotope labelling along
with various histological techmques Using these methods, 1t
has been possible to obtain certamn quantitative data, and also
to get new information concerning the properties of minera
lized tissues Thus, 1n these investigations we have obtained
quantitative information on the distribution of mimeral
salts, and the rate of rebuilding of bone could be estimated
Further, the ultrastructure of the organic and mnorgame
components of mineralized tissue could be studied

Normal and abnormal bone and dental tissue have been
studied m this way Thus, we have been working on bone
disorders produced experimentally, such as hy perparathyroid
1sm, richets and scurvy Various constitutional diseases of
bone have also been examined, for instance Paget’s disease,
osteogenesis imperfecta, osteopetrosis and others No details
of the results of these studies will be given here To 1llustrate
what has been said we should like to present a microradiogram
of 2 ground section of compact bone tissue 1n Paget’s disease
(Fig 1) In this microradiogram the difference in mineraliza-
tion shows up as different shades of grey, thus hight areas
have a higher content of mineral salts than dark areas
The charactenistic mosaic pattern of the bone tissue 1s clearly

258
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Table I ‘There was a constant but muld hy perealeacrua The
level of serum phosphate was on the whole normal - Alkaline
phosphatase activity of serum was determined according to
Buch and Buch (1039), with this method the normal activity
throughout nfaney 15 10-20 umts In the present case the
alhalne phosphatase actiaty of the serum was lower than
normal..

In order to exclude a phosphatase mhibitor in the serum of
the patient 1t was mixed with serum from another ease with
high scrum phosphatase activity I'rom Table 111t 1s evident
that there were no substances present that might have
mhibited the phosphatase activity

Table IT
ALxavive Szrust Prospuatask ACTIVIT
dratel Tested afier 3 days
Ezxperymental Tested storage
Unts Unuts
Patient 4 2
Control case 45 14
Patient + control case 24 o

The same yolume of serum from the patient and from the control case
(vitamin D refractory mickets) were mived inmediately following drawing of
the blood samples The samples were stored mn a refngerator

There was a considerable increase of the «, globulin  Such
an merease 15 a common finding 1n various renal lesions

The patient reacted 1n a normal way to the subcutaneous
mjection of parathyroid hormone

X ray examimation of the sheleton showed low mineraliza
tion throughout At all metaphyses considerable fraying
fragmentation and deformation were seen  There was 2 normal
number of bone centres There was no evidence of renal
calafication

The postmortem exarmnation revealed 2 poorly developed
and poorly nourished gurl measurnng 65 em 1n body length
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Fic 1 VMicroradiogram of ground transverse sectron of compact bone
of femoral diaphs sis from 1 case of Paget s disease

[facing page 262
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The bones of the shull were soft and thin The bones of the
face were unremarhable The thorax was small, and there
were marhed swellings of the costochondral junctions, espec
1ally of therr interior aspect The long bones were distinetly
shorter than normal and the diaphyses were thin Of the
nternal organs the hdneys attracted special mterest Therr
total weight was 54 g and the outer surface was rregularly
granular The parenchyma was firm and buff coloured The
cortex was moderately reduced mn thichness Microscopic
examination of the lidneys showed marked interstitial
fibrosts with quite abundant infiltration of inflammmatory
cells, mostly lymphocytes Sesveral shrunken and atrophc
glomeruli with thichening, fibrosis and hyalimzation of
Bowman’s capsules were observed The tubules were atrophie
Frequently the convoluted tubules were widened and m
several of them calcium casts were encountered Interstitial
deposits of caleium salts were demonstrated i addition

Microscopic examnation of the endocrine organs mcluding
the pituitary, thyroid, adrenals, ovaries, pancreas and 1l four
parathyroids revealed normal findings

Microscopic examination of the skeleton showed pro
nounced widemng of the epiphyseal growth zones The pro
liferating cartilage was irregularly caleified, the boundary
towards the bone tissue being very irregular In the meta
physes, subperiostally, there were abundant broad streaks of
fibrous, partly hyalimzed tissue with the appearance of osteord
The morphologieal findings 1n the epiphyses were thus of the
same type as those seen 1n severe rickets The compact bone
tissue 1 the diaphyses was of an 1mmature lamellar type
Rebuilding of the compact bone tissue with formation of
Haversian systems was only occasionally observed

The bone tissue from this case was also subjected to the
special examnations mentioned 1n the introduction Concern
g the technical data no account will be given here

Microradiographic exammation of the bone tissue from
this case showed that its development did not correspond to
the age of the subject Inthis10 month old child the diaphyses



Fic 5 High magnification from an area of the same specimen as in g 4
The microradiogram showss resorption cavities and the formation of Haversian
systems wiich appear however to be abnormal in many respects see text

Fic 2 Mcroradiogram of transverse ground section of femoral dizphysis

{x 38 reduced 8/7) From a 10 month old 1nfant with no signs of skeletal

disease at death At this age there 1s a relatively broad outer cireumferential

Jamella Most of the primitive bone 1s replaced by a bone tissue conwisting of

Haversian systems of different degrees of mmeralization  Owing to the high

Tebwlding intensity at thos age a farrly large mumber of resorption cavities are
observed

¥1e 8 Microradiogram of transverse ground section of femoral diaphysis
{x 36 reduced 3(7) From a newborn wfant The bone tissue consists of
prmitive Jamellar bone Note the broad highly caleified cementmg lines
arranged crreularly to the bone aus In this penod of development no

distinct Haversian systems est

Fic 4 licroradiogram of transverse ground section of femoral diaphysig
(x 86 reduced 3/7) From the patient The bone tissue 15 1n the main af the
same type as in the newborn infant but poorer 1n cells

A few resorption
cavities may be seen
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of the long bones by and large had the same appearance as 1s
normilly cncountered at birth  Ihis 1s true of the structure
as well as of the degree of mimeralization (ef Figs 2-4) g 2
15 1 mucroradiogram of compact bone tissue of a 10 month old
child without sheletal disease, 1ig 3 1s from a newborn baby
and kg 4 from the patient A divergent feature from what
15 observed n the microradiogram of the compact bone of o
newborn baby 1s the absence of distinct cementing lines 1 the
immature bone of our ease Instead of the lighly minerahized
cementing lines found n normal bone the corresponding
areas from this case are clearly visualized on the microradio

graph beeause of n lower mineral content than that of the
swrrounding tissue  The bone tissue of this casc consists
almost exclusively of prinitive, quite umform and highly
mineralized bone Haxversian systems and resorption cavities
are found only occasionally The scanty, newly formed bone
tissue also lachs the cementing hines that otherwise normally
mark off old bone tissue from newly formed bone The
recently ealeified areas i the compact bone are also markedly

less cellular than normal bone tissue of corresponding age
(g 5)

In transmitted hight, ground, decaleified sections of corapact
bone tissue examined 1 certun areas showed charactenistie
Haversian systems In polanzed light the circular arrange
ment of collagen bundles 1s typical for normal osteons The
microradiograms obtained prior to the decaleification showed,
however, that the systems had a low degree of mineralization
and lach the normal gradient for caleium density Some
Haversian systems were, mndeed, entirely without mineral
salts (cf ¥ig 6) Occasionally one finds systems n which only
a sector of the system s mineralized  These findings are never
observed 1n normal bone tissue  Nor does one find 1n cases of
severe richets Haversian systems with a complete collagen
pattern but with a total absence of caleium salts

Exammation of the ultrastructure of the bone tissue from
this case has been performed ustng X ray diffraction
techmques The mneral salts 1n this case showed the same



Fio 6 Transverse ground section of a speeimen from th

of the case described (X 80 reduced 2/s) a Decalclﬁefi fsegcla?ri ‘11;1;]::—3::
mitted hight b Microradiogram of the same section before decaleificat

T The same scction tahen m polarized hight after decaleification. The Iiaser
s1an systems formed have a normal collagen pattern Some of the sy stel aver
caleafied others however are erther y leified or ystems are
Galv 1 a minor sector The collagen pattern in the pnmitive bone 1

and the content of collagen 19 low

s irregular
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of 2 ease which he termed * hy pophosphatasia™ In Rathbun’s
case, a male nfant who died at the age of 9 » echs, there were
metaphyseal changes resembling scv cre richets In the blood
serum there was a shght hyperealercnua  The alhaline
phosphatase activity was extremely low 1n the serum, bone
tissue, hidneys and 1n the intestmes  In 1953, Sobel and co
worhers described a case exlibiting some of the climeal
features reported by Rathbun In a 19 monthold girl
severe rachitie changes and premature loss of deeiduous teeth
were observed There were no signs of renal disease The
serum caleium Jevel was normal and low serum alkaline
phospbatase activity was found In the same communication
preltminary mcomplete data from five additionnl eases were
gven, all having roentgenological signs of severe richets and
low serum alkaline phosphatase activity At the meeting of
the American Roentgen Ray Society in September 1954,
Neuvhauser and Curranno presented four stmilar cases which
chimeally, histologically and roentgenologically exhibited
changes closely resembling rickets but which all showed an
abnormally low alkahne phosphatase actinity of the serum,
bones and other tissues  Diet and vitamn intahe wecre normal
These authors state that the skeletal disorder 1s characterized
by defect1v e bone formation and involves a few or all areas of
endochondral or membranous bone formation while non-
osseous growth processes continue It 1s of spectal mterest
that the parents of these cluldren show ed no osseous leston but
an abnormally low level of serum phosphatase in one or both
In the present investigation 1t has not heen possible to
establish any definite aetiology of the disease There are
strong indications that the enzyme alkaline phosphatase 1n
one way or another 1s concerned with bone formation It 1s
still unknown, however, whether the enzyme acts upon the
muneralization process or if 1ts action 1s coupled to the forma
ation of the organic matrix  The low alkaline phosphatase
activity of serum and certain tissues may either be 2 sign of a
generally disturbed cellular function or the enzyme deficienev
may be the primary cause of the disease
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crystallographic pattern as does normal bone The alkaline
phosphatasc activity was determined n autopsy specimens
from the skeleton and the kidneys, and the activity was found
to be low both m the bone tissuc and n the kadnevs

Discussion

The most characteristic features of the sheletal disease
described are mhibited skeletal development, considerably
reduced rebuilding of bone and deficient mmeralization of
newly formed organic matrix  The retarded growth of the
extremities, the small diameter of the diaphyses and the wide
diastases between the bones of the calvarium are signs of
general inhubition of bone development

The cause of the renal lesion cannot be fully established
It was present at the first examination, and at autopsy the
Lidney showed changes of nephrocalemosts  In infaney, this
type of renal disease may develop as a result of different
disease processes Chronie acidosiss one but the case presented
did not reveal any signs of acidosis Primary hy perparathy
roidism 1s another possible cause of renal calerfication
However, the parathyroids did not show signs of primary
disease The persistent hypercalcaerma can hardly be the
result of bone destruction, since the microradiographs show ed
bone resorption to be inhibited The renal calafications were
most Iikely the result of the hypercalcaemia This, 1n turn,
was probably a consequence of an excessive resorption of
caleum from the gastro intestinal tract excessive mn propor
tion to that deposited in the sheleton

Since the mvestigation did not reveal any evidence of the
skeletal changes being sccondary to renal damage, the
sheletal abnormalities may be considered to be primary This
conclusion 1s 1n harmony with the findings that the sheletal
disease exhibited charactensties suggesting that it was of
foetal ongin

The case described here revealed clinical and pathological
results resembling those of Rathbun (1948} n his investigation
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The sheletal disease described shows on special examimation
of the bone tissue tvpical features lowing a differentiation
from other diseases of bone, for instance richets Therefore,
we have suggested that 1t be termed osteodysmetamorphosis
foetalis Tt seems reasonable to assume that the disease
described 1s of foetal onigin It may be considered to be
genetically determined and to be caused by disturbed cellular
function The disease can thus be referred to the same group
of sheletal diseases as osteogenesis imperfecta and osteo
petrosis The disorder appears to be a well dehmted climcal
and pathological entity which can be mld or severe It seems
probable from the collection of cases reported recently that
the condition may be more common than 1s generally assumed
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DISCUSSION
Dent Mr D C Cusworth and I hive analysed the urine from si¥
typical cases of hypophosph 1 childhood * These all showed the
same gross abnormality namely greatly inereased output of phospho
eth Paper ch ograms from the unne of one of these
cases and from her father who 1s normal eliscally but has a low phos
phatase level are shown in Figs 1 and 2 respectively

* Wa are most grateful to Prof R A McCanes for havingsent to us for ammo aord
enalysus the first urme from & case of hypophosphatesta

PLATE I

Fias 1 and 2 (Dent) Paper chromatograms of urmme from a case of hypo
phosphatasia (Fig 1) and from her father (Fig 2.

The urime taken for each chromatogram contained 1 25 mg of total mtrogen

1t was placed on the cross at the right hand bottom corner and run first with

ol from night to left and then with lutidine 10 an upward direction The

hen
le)ﬂra spot nearest the ongin in Fig 11s tha due to phosphoethanolamine
whichis ted n grossly ‘The spot 1n the top left hand

corner 18 due to an added marher The remaimng Spots in the central part of

the chromatogram are the ammo acids always re1dily detectable in normal

urine namely serime glycine taurme alanme, glummnne histidine and
n\q\hylhisud.me
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1t 15 quite remarhable how the chromatograms from sarious affected
cases from both sules of the Atlantie resemble each other (see anlso
Fraser D,Yendt T R, and Chnstic I H 1 (10,5) Laneet 1 286)
We are espeenlly intrigued by the fuct that the unne sent to us by Dr
Henneman (Boston) from a patient who scems to be an adult case of
hypophosphatnsia, nlse shews nn identical amino acid chromatogram
Generally speahing the chnically normal relatives who have low phos
phatase levels do not show an increased phosphocthanolamine output
as marhed as that shown 1in Lig 1 but we have reported among the
relatives of one of Dr Schlesinger s cases an apparently normal brother
with low phosphatase who shows the typical hypophosphatasia excre
tion pattern on the first specimen to be tested (Schlesinger, B Luder,
J ~nd Bodian M (1035) Arch s Cluld 30 265) We have not con
firmed this unexpected finding on further specimens, so we think the
first result was due to an error of collection
Another possible abnormality in these urines 1s that the total amino
nitrogen excretion 1s a httle less than normal both in the chnieally
affected cases whom we presume to be homozy gous for the abnormal
gene and in the unaflected relatives wath low phosphatase levels whom
we presume to be heterozygotes \\e orngmally suspected tlus from
nspection of the paper chromatograms The quantity of urine analysed
on the chromatograms shown in Iigs 1 and 2 1s that which contains
1 23 mg of total mtrogen which 1s five times the quantity we normally
take At this averload we expect the spots from the urinary amino acids
of normal people to be stronger than those shown it Digs 1 and 2 We
have now confirmed this by amino mitrogen determmations
‘With regard to the identification of the phosphoethanolamine this 1s
now almost certamn although we haye not yet succeeded 1 1solating and
analysing, a pure sample The paper chromatograplic analysis shows
identity with synthetic matenal so also does the paper electrophoretic
separation which depends on entirely different principles and for which
wehave to thanh Dr H Harnis Also 1ts behaviour on the 10n exchange
resins used for its 1solation has been exactly that anticipated for pure
phosphoethanolamine
Ve wonder what this means The most exeiting possibility 1s that
phosphoethanolamine 15 indeed the true substrate for bone alkaline
phosphatase and that 1t 1s appearing 1n the urine because of msufficient
enzyme 1n the manner one anticipates for the metabolic block from
an inborn error of metabolism However we must not jump too quickly
to such conclusions for there may be other more important phosphate
estersalso mvolved and these may also be accumulating in the body and
beng got nid of in various ways It may be that we have only detected
the phosphoethanolamine because we happen to be domng amino
acid chromatograms on a routine basis
There are two interesting clinical points to discuss The first 1s that
the children are severely affected 1n the first years of hfe by the bone
disease and that they get better spontaneously We think it 15 more
than likely that the survivors will again present later in hfe with spon
taneous fractures after the manner of the most interesting case which
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their \itanun D sensitinaty it s the fact that these people seem to start
oft with a low phosphatase Beeause they are D sensitive, they then may
get hypercaleacmia  Now der a normat person who 13 intosicated
with a large dose of vitamin D, or equally well consider onc of these
people who are sensitive to vitamin D and who has been intoxicated
with & small dose In either case he ends up with a high plasma Ca and
low alhaline phosphatase  Now 1if you do not tahe a history or know
anything else the biochemistry 18 the same 1n hypophosphatasia and m
D poisoning namely, high Ca’ Jow phosphatase In the latter case the
vitammn D lowers the phosphatase m the other the low phosphatase
comes first and makes lum sensittve to vitamin D There 1s some con

nection there but the actual mechanism 1s obscure

Tolis Then the low phosphatase m vitamin D poisoming 13 well
recognized ?

Dent 1 think it 1s well recognized It 13 mentioned in a paper by
Fancom and de Chastonay (1920, Helv Paed Acta,5 5) on vitamin D
mtovication three out of six cases had pathologically low phosphatases
In 1diopathic hypercaleaemia we frequently have low phosphatases
this 1s one of the defimte pieces of evidence for D intoxication 1 this
syndrome (Bonham Carter Dent, Fowler and Harper (1953) Arch Dis
Child 30 399)

Nassim Why do you think these are D sensitive?

Dent 1do not really know None of them had been properly metabol
1zed yet Prof Engstrom thinks it 15 over absorbing Ca  We have got
to explain a hugh Ca with normal parathyroids It 1s difficult to think of
other explanations than those based on vitamin D action

Blacl 1 would hike to show a few shdes of a child with hypophos
phatasia  This case 15 the same as that mentioned by Dr Dent a full
description of this chuld and of the slides I am showing has been published
(Schlesimger B Luder, J and Bodian M (1935) Arch Dis Child
30 265)

The first slide d 3 the bulging f le due to a subdurat
haematoma The next two shdes of A rays show the extremely deficient
mineralization 1n the shull bones and the considerable widening of the
suture lmes the latter due partly to the subdural haematoma and partly
to madequate muneralization in the region of the sutures The X\ rays of
the long bones show, m addition to the features previously mentioned
by Dr 1dt (disordered at the hy with
cupping} some periosteal new bone formation The last shide shows the
changes 1n the blood chemistry during 16 months observation The
main changes on admission were (1) a low alkaline phosphatase (9 0
bung Armstrong units) (2) a rased serum Ca  (3) a raised blood urea
{70 mg per cent) (4) a mild transient hyperchloraemia with a Jow nor
mal plasma bicarbonate During the period of observation the serum
Ca gradually fell to normal 1n spite of treatment with large doses of
yitamin D (up to 50 000 umts daily) but began to rise again at the end of
the pertod after a further short course of vitamin Dn g dosage of 50 000
unils daily During the whole period the blood urea was raised at all
except four esimations The blood norganic P was normal except for a
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Dr Henneman kindly reported to me and has given me permuission to
quote here A similar case was reported by H B Macey (1940, Proc
Staff Meetings Mayo Clime 15 789)

Ve do not know why they should present twice like this with bone
disease but we recall that this happens with certain other bone diseases
such as various forms of refractory richets of hereditary origin - Another
curous feature 15 that some of these children have hypercalcaema and
renal damage a situation strongly suggesting sensttivity to vitammn D
Could 1t be that they lack the ‘apo enzyme which 1n normal people
hinds the vitamin D as  prosthetic group and thus keeps 1t out of
mischief? Whateyer may be the meaning of all this 1t 15 interesting that
we now seem to have another disease which ¢an be diagnosed by paper
chromatography

Armstrong Dr Divon and I were wondering whether phosphoethano
lamine 1s hydrolysed by phosphatase and, 1f so what the rate of hydro
lysisas

Dent T do not know the rate It 1s hydrolysed qmte readidy by
alkaline phosphatase Dr Bourne 1s already workmg on 1t from 2
histochemical aspect using phosphoethanolamine as a substrate for the
alkaline phosphatase staiming

Blach A bone biopsy was done on the case which Dr Dent just
mentioned the phosphatase was reduced as shown by histochemical
methods and also by quantitative methods (Bessey and Lowry tech
mque) The number of osteoblasts and osteoclasts 1s also thought to be
reduced

Perhans Vias the phosphatase lowered in other organs as well and
if so 1 which organs?

Dent Yes 1n the mtestine kidney, liver and bone not so much m
other organs

Nassim When you say the children get better Dr Dent doyoumean
that 1if they survive they have normal development? Do they grow?

Dent They are radiologically better and they grow This adult which
Dr Henneman told us about 1s now 5 1” tall which 1s reasonable

Massum Does the alkaline phosphatase increase?

Dent No It 15 only the climeal medicine that 1s really difficult to

derstand i these h v d

Nordin_Have you looked for ths in 1diopathie hypercaleaemia?

Dent No

Blach There 15 no correlation between the presence of the spot and
the low phosphatase n what you might ecall carriers 1s there? In some
of the cases 1n the hiterature the parents or siblings have been described
as having abnormally low phosphatase

Dent No there 15 not We still think there might be a very slight
inerease 1n the carmer but certamnly nothing Il ¢ these chromatograms
from cases with the disease That first one I showed was m fact a carnier

Blach So this child s brother has a normal urine and a low phos
phatase?

Dent Yes he1s a carrier  His brother 1s healthy I am most grateful
to Prof McCance for pomnting out to me a very strange thing concerning
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Dent Jonxas has sent us one or two urines from cases of scurvy and
has analysed many more hirasclf, and we have not noticed 1t I should
think 1t 15 not present in scurvy Y ou do get thus spot 1n other diseases
for instance you get 1t as o temporary phenomenon in hiver disease  Itis
the constancy of this thing in hypophosphatasia that 1s so interesting
Thss should hink 1t very closely with the abnormal genc action, especiatly
since we have now also found 1t in an adult
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ghort period during the first course of treatment on vitamin D when 1t
rose for o short tine to 6 mg per cent The alkaline phosphatase re
malned at a very low level throughout, never rising above 9 units and
sometimes dropping to 1 umt

1t is o it puzsling that the Ca appears to come down I do not know
how we can explun that  In justice to Dr Dent T think the Ca went up
later Lhere were toxic symptoms of hyperealeacmia and 1t had to be
stopped  One other ting pomnt is this develor t
o819 In n very large number of these patients, not all It was so severe
that this child had to have surgreal interference in order to prevent the
onset of optic atrophy

Nordin What was the evidence that the alkaline phosphatase was
low before the Ca was high, Dr Dent? You gave this very nice contrast
that in the hyperenleaemia you had o high Ca, perhaps due fo D
sensitivity, cousing a low phosphatase and then you said 1t can be the
other woy round you ean have o low phosphatase state and it lendstoa
hyperealcaemia Flave you actunly seen the low phosphatase before the
hyperealeacimia?

Dent No I don't think so

Nordin 5o they might really be the same thing?

Dent All you can say about the hyperealeaemin 1s that it 1s incon
stant, wherens the low phosphatase 1s much more constant  Some cases
do not have hyperenlenermia Hypercaleaemia scems to be an acerdental
thing, thrown in for Lood measure It does not scem to be actually
necessary  likewise the renal d 1he cluld d d by Dr
Black is much better now ehimeally

Nordin _lhe two conditions are very similar apart from your phos
phoethanolamine, is that nght?

Dent Yes

Nassun Do the idiopathic hypercalenemie children show these very
flond rickety changes?

Dent No, they show overcaleifieation

Nordin Lhat is a very good pont

Armstrong Only a part of the serum phosphatase 1s derived from the
skeleton s that right?

Blach I imagine so

Armstrong 18 it possible then, that the very low amounts of phospha
tnse which you find in the serum are denived from say the Iiver and not
at oil from the sheleton?

Dlacl  If you anslysc all the organs mvolsed as has already been
mentioned, they are all low  Lhere 1s some nctivity

Dent 1 think Irof Armstrong wns suggesting that there m ht be
more than one phosphatase and i€ we could only analyse for the real
phosphatase from bone we might find 1t completely absent in the serum
ond In the organs

Perlans It would be rather interesting to know whether in a condl
tion like scurvy, where you get low phosphatase in the bones and in the
serum but not in the other organs, you get phosphocthanolamine in the

urine
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Dent Jonvxus has sent us one or two urines from cases of scurvy and
has analysed many more himself and we have not noticed it I should
think 1t 13 not present in scurvy  You do get this spot in other discases,
for instance you get 1t as a temporary phenomenon in liver discase Itis
the constancy of this thing in hypophosphatasia that is so Interesting
This should hink 1t very closely with the abnormal gene action, especially
sinee we have now also found 1t in an ndult.



BONE AS A CRITICAL ORGAN FOR THE
DEPOSITION OF RADIOACTIVE MATERIALS*

Hervany Lisco

Dunsion of Buolog al and Mediwcal Research Argonne Nationel Laboratory
Lemont llhnos

T range of the topic that has been suggested for this paper
15 so great and the Iiterature pertinent to the subject has
become so volurmmous 1 recent years that, in a short com
munication of this type, 2 few cardinal examples must suffice
to 1llustrate the thesis that bone 1s 1in fact a entical organ
for the deposition of certamn normally occurring radroactrve
elements and of others that have been rendered radioactive
by artifieral means The term ‘critical” as used m this paper
refers to the preferential deposition and retention of any
radionctive substance in bone and especially to the fact that
such retention may constitute a hazard by virtue of the ems
sion of radiant energy into the tissue i which 1t 15 deposited
and the subsequent production of undestrable and serious
morbid processes More specifically, I should like to describe
briefly the general character of the skeletal abnormalities
produced by radium and mesothorium in man, abnormalities
that, with minor variations, are charactenistically produced
by bone scehing radioelements and that can be readily repro
duced 1n the experimental ammal Although much has been
written on radmum poisoning 1n man during the past thirty
years, 1t 1s surprising to discover that very httle has been said
about the lstopathology of the skheletal lesions m this disease,
which are generally and somewhat vaguely being referred to
as “radiation ostertis

Knowledge of the harmful effects of bone seehing radio
active matenals has accumulated during the last three de

« W ork performed under the auspices of the Atomic Energy Commussion
72
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cades, &y ersinee Blumin 1924, Hoffman in 1925, and especially
Martland 1n 1925 and in subsequent classic publications, called
attention to the oceurrence of a peculiar hind of bone disease
m the celebrated dinl punters of New Tersey  These dual
punters, 1t will be reealled, used a self luminous punt con
taming zine pyrosulphate and small amounts of radium,
mesothorium and radiothorium  In the early years of this
dustrial process many dial punters succumbed to a progres
snve and often fatal 1liness, resulting from the ingestion, over
peniods of months and yenrs, of considernble amounts of this
pamt through the notorious practice of tipping the brushes
with their hps  The more fulminating ty pe of illness of some
of the dial panters was charnctenized by rrefaction, neerosis
and fractures of bone, combined with severe damage to the
bone marrow which resulted 1n profound anaemia, leucopema
and agranulocytosis, the patients usually dicd from over
whelming infeetions  There hay e been relatively few mstances
of this comparatively acute or subacute type of tllness, which
was caused by the mgestion and deposition of relatively large
quantities of radioactin e matenals in the sheleton  The more
common picture of radium poisorung 1s that of an msidious
and chronic disease, the symptoms of which as a rule do not
appear for many years following exposure These chrone
cases are the result of the fixation 1n the sheleton of relatively
small quantities of radioactive materials The clinical course
of patients with chronic radium poisoning 1s characterized by
slowly progressive sheletal lesions appearing first as discrete
and later as confluent areas of bone destruction and rare
faction, these m the fully developed cases give to the roent
genograms therr charactenstic mottled appearance These
sheletal abnormalities may or may not be associated with
abnormalities 1 the pertpheral blood It 1s a distinctive
feature of chromic radum poisoming that malignancies are
Iikely to develop in the damaged skeleton and many mstances
of such oceurrence have been recorded 1n the hterature
A e e e g oo
patients who, during the



274 Hrermany Lisco

second and third decades of this century, had been treated
with such compounds for a great vanety of illnesses Over
enthusiastic but misgmded therapy of this type had become a
well established procedure shortly after the discovery of
radium, as pomnted out by Looney and assoctates (1955)
Sheletal lesions and blood dyscrasias 1dentical with those of
the dial painters have been observed m many of these patients
Thus radium poisoning, although a rare disease, 1s now a well
recogmzed climical and pathological entity The climical syn
drome of the disease has been described recently mn great
detail 1n two exhaustive studies by Aub and associates (1952)
and by Looney and his associates (1955) In each of these
papers there are examples of dial pamters as well as of
patients suffering from “therapeutic” radium poisomng
These papers should be consulted for study of the pertment
details of the elmical course of the disease as well as for an
appraisal of the numerous physical, chemical and metabolie
aspects of the aetiologic agents

This shetchy outline of radium poisoning has been given as
an introduction to the description and illustration of a few
pertinent histopathological observations on the bones of a
radium dial pamter The tissues, which have been made
available to me through the hindness of Drs R J Hasterlth
and C H Hatcher of the University of Chieago, were obtamned
from patient 818 in the series of cases recently reported by
Looney and associates (1955) A more detailed description of
the pathological anatomy of the bones of this and other patients
with chronic radium poisoning 1s 1n preparation

Clhinacal hastory This patient had been a dial pamnter for 28
years when she died 1n 1954 at the age of 48 with a local recur
rence of a fibrosarcoma of the right 1schium  She had begun
work as a dial pamter 1n 1924 at the age of 18 For the first
two years of her employment she was i the haht of tipping
the brush with her lips  She had been in good health unti
1948, when 1n two separate falls she twice fractured the shaft
of the left femur within four months However, both fractures
healed satisfactonly and the patient was able to return ta



DerosrrioN oF Raproactivt MATFRIALS v Bone 275

work In 1651, mn the course of s routme examination, a
rocntgenographic surt ey of the sheleton was made, dnd shele-
tal lesions typical of radmm posomng were found in the
shull and 1n several long bones  There were no lesions in the
pelvie bones Ilacmatological examination show ed no ab
normahties In 1953 a carcmoma of the cervix utern was
diagnosed  Thus was treated with radium and Xe-rays and a
total hysterectomy was performed shortly thereafter There
was no further exidence of this discase However, a month or
two later o roentgenogram of the pelvis showed o large osteo-
lyticlesion 1n the nght 1schual tuberosity and in the pubicbone
This was treated with 2000 rep of X rays on the basis of o
presumptine diagnosis of earcinomn of the cervix uten,
secondary 1n hone However, the lesion persisted and the
patient was transferred to the Umiversity of Chieago Clines
for study and further treatment Biopsy of the tumour mass
revealed a well differentiated fibrosarcoma arising 1 bone
Local resection of the tumour was impossible and a nght
hemipelvectomy was therefore performed by Dr C H
Hatcher 1n November of 1958 The specimen obtained at
operation showed a tumour 11 em X 15 em 1n size which
completely replaced the ischium and protruded into the pelvis,
1t also invaded parts of the acetabular fossa The patient
recovered from the operation but ré entered the hospital
several months later with a local recurrence of tumour at the
site of operation She died eight months after the operation
The total body radium burden was 1 8 yc at death
Iistopathology As was to be expected from the appearance
of the roentgenograms, the lestons 1 the sheleton were found
on tustological examinationtobe distributed widely throughout
many of the bones that were available for study There were
considerable differences 1n degree of bone mvolvement not
only from bone to bone, but also within different parts of the
same bone Severe abnormalities were seen mn the bone tissue
itself as well asin the bonemarrow, 1n the former theyinvolved
dense cortical bone as well as the spongrosa  Lesions in the
bone marrow were focal 1n character and generally restncted
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to the portions of the bone marrow immediately adjacent ta
the trabeculae, or to bone surfaces mn the diaphyses and else
where

The cortex of the shafts of the long bones varied con
siderably m thickness, 1n fact there were some areas withouk
any cortreal bone at all, as i the metaphysis of one tibit
Numerous small cavities or holes were distributed 1rregularly
throughout the cortex, they measured from fractions of a
mm to as much as six mm 1 a longitudinal section This
fenestration or porosity of the bone was a very character
1stic feature (Fig 2) Some of the smaller defects undoubtedly
represented old resorption cavities with failure of new bone
to be laid down on them All of the defects, small and large,
were now filled either with fat tissue or with a mixture of fat
cells and a relatively acellular and often oedematous connective
tissue 1 which a few small vascular channels were found on
occasion  Active resorption cavities containing a number of
osteoclasts but relatively few osteoblasts, were seen here and
there 1n all of the bones

A second and equally strihing feature of the sheletal
pathology consisted of a highly atypical and pecular osseous
tissue that was found deposited mn many parts of the cortical
bone This differed from the surrounding normal bone not
only 1 1ts distinet basophilic staming qualities of varying
mtensity, but also and especially in the highly irregular manner
in which 1t was deposited Occasionally, a concentric layer of
such atypical osseous tissue was seen to alternate with a
layer of more normal appearmng bone m a single Haversian
system (Fig 8) Extensions of this atyptcal material were
often seen as small plugs in the Iumma of Volkmann eanals,
a sunslarly abnormal &3 pe of bone was also obsery ed in parts of
the pertosteum

It was difficult to ascertain the degree of viability or non
viabihty of these bones Careful examnation has shown, how
ever, that no major portions of the bone tissue were completely
devitalized 1e clearly necrotic On the other hand, many

empty lacunae were noted 1n parts of the dense cortical bone
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and cell ghosts were scen in others  Lacunae with and without
osteocy tes were apparently distributed at rindom, although
one had the impression that there were fewer intact osteocy tes
1n those parts of the bone that showed other evidenee of njurs

A third, and perhaps the most sigmficant component of the
sheletal damage consisted of a very conspieuous fibrosis
mvolving bone and bone marrow  This was charactenstically
loealized around bene trabeculae and along endosteal surfaces
of cortical bone (Ig 4) In the most severcly aflected hones,
as 1n the femur and the 1sehium, large numbers of trabeeulae
were completely surrounded by several lnyers of dense and
often hyalimzed connective tissue, whereas m other parts of
the sheleton the fibrosis consisted only of thin patches of a
more cellular conneetiy e tissue covering not more than small
fractions of the surface of otherwise mntact bone trabeculae
Curiously enough, there was no correlation between the extent
of fibrosis around a given bone trabecula and damage 1n the
osseous tissue of the trabecula itself In fact, most of the
trabeculae showed intact and viable bone tissue The old,
hyahmzed foc1 of fibrosts frequently showed ealefieation and
metaplastic bone formation This had led to an accumulation
of heterotopic osseous tissue, often of imperfect quality,
between and 1n apposition to hone trabeculae and on the
endosteal surfaces of the cortex In the latter location such
heterotopie bone was often mtimately mterwoven with pre-
existing cortieal bone

The tumour mass 1 the 1schium was a well differentiated,
very cellular fibrosarcoma (Tig 5) composed of interlacing
bundles of very small cells showing a fair degree of pleomor
Phism of nucler and cytoplasm and very little mtercellular
substance There was no bone formation It 1s hkelv that the
tumour ongimated from cells of the old peritrabecular fibrous
tissue that was so abundant mn the ischium

Thus three principal morbid processes dominated the
preture of the sheleton of this patient after many years of
exposure to radiations from radium and mesothorum (and
therr decay products), fined 1n the bone tissue firstly, a
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widespread osteoporosis of a peculiar type, secondly, the
deposition of atypical osseous tissue which was formed (2) in
the course of the normal processes of reconstruction of bone of
the Haversian type and (b) as a consequence of metaplastic
and heterotopie bone formation n fibrous tissue, and thirdly,
a fibrosis of the bone marrow, characteristically restricted to
the endosteal surfaces of trabecular and cortical bone but not
necessarily related to bone damage per se This reactive
fibrosts of long standing has been considered to be of special
significance, since 1t 1s thought to be the source of the malig
nant tumour that eventually developed in the 1schium of this
patient

It 1s clearly impossible to reconstruct from a few specimens
of one patient the pathogenesis of so complex a lesion as has
jJust been described, a lesion which 1n the final analysis 1s the
end product of a long series of acting and reacting forces of
mjury and repair which have occurred continuously for 28
years, as 1n the present instance These lesions obviously
are the result of damage to all component parts of sheletal
tissue, mcluding osteocytes and osteoblasts, the vascular
system and the organic matrix of bone, not to mention bone
mneral itself It would be presumptuous to try to single out
damage to any one of these numerous components as being
primarily responsible for the total picture, although 1t 1s
probable that there are individual differences m susceptibility
to damage by romzing radiations among cells 1n this system,
just as there are 1n other systems Unfortunately, 1t has not
been possible to correlate the pathology as seenin this patient,
with the distribution of radioactivity n various parts of the
skeleton The elueidation of the relationship of hot spots
(Aub et al, 1952, Looney and Woodruff 1958) to the degree
of damage must therefore be left for further studies

.
Discussion

A large body of evidence has been brought forward m
recent years to show that other foreign elements 1n add:tion to
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radum and mesothiorium are deposited and fixed n the shele
ton Of special interest n tins connection are (1) the heavy
elements uranium, plutontum and other transuranie clements
of the actimide serics, and (2) the raionctive 15otopes of a
number of elements 1n the mddle of the periodic table which
are formed in abundance 1n the fission of uranium or pluton
aum The metabolism of transuranie elements and of fission
products has been a matter of mtense study n reeent years,
and the subject has been reviewed by Iamilton in several
publications (1948, 1940) There are fourteen fission products
which represent almost all of the radionctivity of a fission
product mixture when 1t has been allowed to deeay for o week,
1t 1s apparent from the experimental work of Hamilton and of
others that bone 1s the prineipal organ of retention for nine of
these The half lives of eight of these elements range from
twelve days to twenty five years Bone 1s also the principal
organ for the deposition of plutomum and a number of other
elements of the actimde serics The outstanding metabolie
charactenisties of the fourteen fission products and of some
members of the actimde series are summnrized 1 Table 1
which has been reproduced from one of the papers by Hamilton
(1948) Physiologienl and physicochemical factors govermng
the incorporation and pattern of distribution of radioelements
1n bone have been discussed in detail by Neuman and Neuman
(1958) and by McLean and Unist (1955) A few of the essental
points that have emerged from the numerous studies on the
metabolism and retention of radioactive substances 1n bone
may be summanized as follows
1 Elements which have an affimty for the sheleton may be
divided 1nto two categories, namely those like caleium,
strontium and radium which are known to be associated with
the mimeral phase of bone tissue, and those Like yitnum,
Plutonium and the rare earths which have a different pattern
of deposition
2 Bone growth and reconstruction largely determne the
Ppattern of deposition of caleium and phosphorus and they also
govern the pattern of deposition of foreign elements such as
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Table I
SUMMARY OF THE METABOLISM OF THD PRINCIPAL MEMBLCRS OF THE LO\G
LIVED FISSION PRODUCTS AND CERTAIN OF THE FISSIONABLE LLEMENTS IN
THE RAT FOLLOWING PARCNTCURAL AND OT AT ADMINISTRATION (HaMILTON 1948)

Per cent
FPuson  Per cent Rate of elmanatuon
adio accumulalion in
Half I e1pal orgIng
element I bfe e abagp o ,7;;};?5% groan Jrom gfwm g
Sr 534 40 5-60 70 bone bone >200d
0Sr 25 yr
10Ba 12 8d 61 5-60 60 bone bone >50d
11y 80d 28 100 20 thyroid thyrod >30d
BiCs 33 yr 100 45 muscle  muscle 15d
uy 57d 59 <0 03 65 bone bone >500d
MiLa 40 hr 61 <0 05 70 Iiner Iiver 10d
30 bone bone >25d
urCe 28 d 57 <0 05 50 hiver hver 104d
14Ce 275d 53 <0 0o 2o bone bone >100d
Wpy 13 8d 54 <05 85 liver hver 10d
50 bone bone >100 d
uig1 3 7yr 26 <0 05 55 Irver Irver 104d
35 bone bone >100d
SZr 65d 6 4 <0 05 85 bone bone >100d
#Ch 8-d 6 4 <05  30bone bone 30d
25 blood blood 1d
WRy  42d 37 <005 3 5kidney lidney 20d
105Ru 1yr o35 <0 05
127Te 204 0 033 25 15 blood blood 15d
wTe 324 019 25 6lidney  kidney 15d
wNe 538d 45 Distribution proportional to fat content
of body half time in the body two hours
22TAc 13 5 yr <0 0, 50 Iver Iner >4d
30 bone bone >4d
21Th 245d <0 05 50 bone bone >200d
21Pa 3x10% yr <0 0o 40 bone bone >100d
El i 1 6x10%yr <0 05 45 kidney kidney 5d
20 bone bone 60d
™ Np 2 24 <0 05 65 bone bone >50d
WPy 2 2x10% yr 0 007 75 bone bone >2yr
WAm 500 yr <0 05 60 lver Iiver 10-d
25 bone Lone >1yr
1 Cm  150-d <0 05 60 iver hver 10d

25 bone bone >1lyr
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strontium and radism In voung growing ammals as well as
1n adults, diserete areas of Ingh radioactivity (hot spots) en
be corrclited with areas of bone growth and reconstruction
{Amprimo, 1951, Jowsey, Owen and Vaughan, 1033, Lagleldt
elal,195¢) Age and mineral metabolism have Little 1f any
nfluence on the amount and manner of deposition of radio
active clements such as plutonium and cerrum (Copp, Axelrod
and Hamilton, 1947), thus mdicating a marhed difference 1n
metabohism and in manner of deposition, a diffrence that had
already been noted from carlier autorndiographic studies

3 Onee incorporated 1n bone, and regardless of the manner
of imtinl deposition, most radioactis ¢ materials remain there
for long pentods of time  ‘The type of damage to bone and bone
marrow that 1s produced m experimental ammals by the
admimstration of bone scehing 1sotopes closely resembles the
lestons that have been deseribed in the first part of this paper
In the case of tumour formation, this 1s illustrated in Fag 6,
which shows = longitudinal section of a vertebra of a rat with
plutonium poisoning  The essential feature of the lesion
consists of two densely fibrotic scars surrounding a number of
damaged bone spicules These two scars are characteristically
located 1 the distal portion of the trabecular bone at either
end of the vertebra (metaphyses) An osteogemc sarcoma
which arose from one of the foci of fibrosis now completely
fills the space between the old sear and the cpiphyseal plate
The bone that 1s formed by the tumour cells 1s seen as rrregular
spicules that appcar black in the photomicrograph

The early sequences of mjury and reparr 1n bone following
the njection of represertative bone seehers have been de
seribed 1n great detail by Heller (1948) Tumour formation 1n
bone following the admunistration of plutonium and of various
fisston products, notably strontium has been reported pre-
viously from this laboratory (Lisco Finkel and Brues, 1947
Brues 1949) These problems continue to receive attention
in efforts to express the toxierts of radicactive materials 1n
terms of efficacy of tumour production n relation to dose
(Finke), 1953) and i studies of the pathogenesis of neoplasms
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of the sheleton under these experimental conditions, such
studies may eventually permit one to draw conclusions con
cerning certamn mechamsms of carcinogenesis in general
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DISCUSSION

Rutishauser We examined 42 femur necks which had belonged to
people under 70 years of age Caleifications, 1dentical with those found
1 Dr Liscos shdes are relatively frequent at that age (Dufour J J
(1953) Helv clar Acta 19,1 Rev Chir Orthop Suppl 1 p 1)

Zasco This 1s of great mterest to me particularly in view of the fact
thatyhdiation injury 1s said to 1ncrease ngemg processes

"Dent May Linquire if the X rays like the one that you showed of the
tibia are hike that all over the body?
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Lisco They are hike that in the tibin pnmanty and in the small bones
of the foot, 1n the femur and in the humerus  There was much less in the
spine
pNnmm In the doses you have used was there any incidence of blood
disenses 1n the experimental antmals jou showed which had tumours
getting on for 600-000 days?

Tisco No there was not, and there were very few spectacular lesions
m the bone marrow

Nassim Radiologists are much more prone to get leuhaemm arent
they ?

Lisco Yes they are but thats X ray and gamma irradiation

Blac! s there any reasonable correlation between the latent period
for tumour production and the Iifespan of the animalinvolved, or are the
dosages too difficult to control?

Lasco Yes thereis a correlition betseen Iatent period and hfespan of
theammal However Iam not sure exactly what fraction of the Iifespan
this 15 1n each species

Meyer Do you observe the simultaneous appearance of varous
hustologieally distinet types of sarcoma at the same time n jour
experimental anmmals?

Lasco In anamimal developing more than one tumour the tumours are
as a rule of the same appearance
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of the skeleton under these experimental conditions, such
studies may eventually permit one to draw conclusions con
cerning certain mechanisms of carcinogenesis in general
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DISCUSSION

Rutishauser We examined 42 femur necks which had belonged to
people under 70 3 ears of age Caleifications 1dentieal with those found
m Dr Lisco s shides are relatively frequent at that age (Dufour J J
(1908) Helo char Acta 19 1 Rev Chir Orthop Suppl 1 p 41)

Lisco This 1s of great mterest to me particularly m view of the fact
thatgadiation jury 1s smd to inerease ageing processes

Dent May Iinqurreifthe X rays like the one that you showed of the
tibia are like that all over the body ?
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off all food, and the cifferences in the Ca and P behaviour in the two
or three days during that starvation were very dramatie In those
on D, there was practically no fall in scrum Ca, and those wlich
were D-defictient and had had evactly the same dict, had a very
marhed £3ll 1n serum Ca There was, of course, considerable duffer

encen thetrrbones  1do not know whether or not that is an explana

tion for diffcrences 1 hyperparathy roidism, but I suspect that it
1ssome ey wronmental factor and ns far as diet 1s concerned we cannot
deduce what this 15 from historieal evidence Tt scems to me that
everybody gets n more or less adequate amount of vitamin I 1n
adult life,

Dent Do you accept that there 15 a division into two forms of
hyperparathyroidism and that you can neatly always sty to w hich
of the two a person belongs?

Horeard There are holes 1n the bones of some and not of otlhiers
but I do not see that that makes onc have a different disease from
the other

Dent What about the differences tn phosphatase level?

Hogward Rarefaction and high phosphatasc do not always run
parallel Nor does the indnvidual who has a Iugh phosphatase in the
blood when you remove the tumour always have a hypoealeaemit
after the tumour 1s removed, nor does his phosphorus necessaridy
stay down longer after the tumour 15 remoy ed than in the other case
That 1s to me n very fascinating phenomenon At least 50 per cent of
our cases stay down for months, 1 ¢ the serum P remains low after
the Ca cnme down to normal very little Ca 1s coming out in the urine
everything seems to be perfectly all nght the serum P may remawmn
low for as long as a year But this low serum P after operation does
ot parallel the level of the phosphatase or the presence or absence of
radiographic evidence of osteitis

Rutishquser The parathyroid cells belong to the water clear cell
series of Getzowa whether they are small or large cells (Wernly, M
(1946) Hely Med Acta, 13 Suppl 19)

Lacraiz Since the main difference rests on the reactions of the
sheleton, 1t may be that the sheleton itself 1s different 1n two subjects
After all we do not know the proportion of y oung bone compared to
old bone m two subjects of the same size and age

Dent That 1s my own preferred view at the moment that there are
two different hinds of people or of sheletons How are we gomng to
prove that? The trouble 15 that as Prof Rutishauser says there s
no histological difference between the parathyrotd glands 1n the ones
with gross bone changes and i those who have no bone changes

Rutishauser The hyalin changes discovered bv Crooke are m
portant for bringing under one syndromal headingYthe primary
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Dent 1 suggest we go back to the discussion on the parathyroid
hormone and 1ts actions I would hike to ash Dr Howard a question
that always worries me and that clmeians and physiologists and
everybody else do not do enough about Dr Albnght made a very
brave attempt to explam the reason for there being two kinds of
hyperparathyroidism that with bone disease and a raised alkalme
phosphatase, and that which 1s much more common with normal
bone pathology, normal phosphatase and chiefly unnary renal
symptoms As far as I know there 1s nothing 1n the pathology of the
parathyroid gland to distinguish between the two Certainly bio
chemcally apart from the phosphatase differences there 15 nothing
between the two that I know of 1he plasma levels the Ca balance
changes are the same 1t seems extraordinary to me that people with
hy perparathy rordism may all be apparently actively decaleifying as
far as you can see from their balance data—of course you can only do
this on a short term basis—but that only some of them should have
radiological signs and great bone rarefaction while the others
seem to have normal bones This to my mind, 1s the best evidence
there 1s suggesting that there 1s more than one parathyroid hormone

Armstrong T thought Albnight’s explanation of the cases of hyper
parathyroidism without sheletal decaleification 1s that these are
persons who are heavy milk drinkers

Dent That 1s so and I am completely unconvinced by the Albright
expl on that 1t 1s dependent on the Ca intake that if you had a
high Ca mtake 1t stopped jou getting the bone disease e have
taken histories and people with the bone form have drunk lots of
mulk and people with the other form did not like rilk and so on

Houxard Gomng back to our case histories we too eould find no
dietary distinction between those with bone disease and those with
out 'L would not lead me to deduce that there 1s more than one
hormone, but that there are two different types of persons with
hyperparathyrmdlsm I have no real explanation for 1t but persons
do differ enormously I do not know what those factors are, but I
do not believe that you need to bring in the parathy roid hormone as
bemng different 1n one sort from the other InDr Park’s evperiments
—that I thank were never published—on ammals to which he gave
rachitogenic drets (high Ca low P) one group was piven vitamin D
m adequate amounts and the other not e then took both groups

284
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histoloical level only, beng at once fibrous and ostcomalatic
Histologieally, there 1s a tendency toward sclerosis, espeetally in
young persons

Follis X would say there nre exceptions to that  1hese cases of
Prof Fancont’s glomerul ir renal disease, not tubular but primarily
glomerular nephnitis, pyclonephntis and the Iate cases of vascular
nephntis, they usunlly start off with osteomatacin which goes on into
ostaitss fibrosa and may at the end be pure ostettis fibrosn

Rutishauser It 1s not only 1 cases of renal diseases but also in
cases mvolving other splanchme organs particularly 1 cases of
arthosis of the Iiver, that ostcotrophie repereussions can be shown
at least histologieally (splanchmic osteopatiues) The hustology of
these diseases 15 very complex 1 orms which lead to macroscopieally
observable changes are rarcly scen

Follis But vou do see pure ones?

Rutishauser W\ e cxamined systematically 265 shelctons which had
belonged to persons over thrty years of age  We found 20 osteo
pathtes of mived character, of which 2 were of the fibrous form and
16 were pure ostcomalacias  Wernly examined 470 sheletons under
the same conditions and found 33 osteopathies of the mixed form
(renal osteodystrophues) and 24 senile osteomalacias

Follis But where are vou on the distribution curve?

Rutishauser It depends on the relative mmportance of osteoid
seams and hyperplasia of the endosteum with remodeling It
appears to me to be a matter of definition

Nordin Dr Folhs, when you say that the bone was absolutely
normal n the 6 cases you studied were you looking for evidence of
ostertss fibrosa, as one usually doces m cases of hyperparathyroidism?

ve the impression that the situation 15 even more confused,
because you can get osteoporosis m these people  Could you be sure
that in these bits of bone which you got from Dr Howard the trabe
culae or the cortex was not a Lttle thn?

Follis T think you would have to make that diagnosis on the
roentgenological appearance

ordin But 151t not a fact that 1n some of these eases where one
:g}s there 15 no bone discase and the alkaline phosphatase 1s normal

e radiologists see a general duffuse osteoporosis? Does histology
1ot confirm that there 1s an osteoporosis there?
thDent Chinieally some of these people have aches and pamns m

];:Ir bones which disappear after the removal of the tumour
which suggests that something 15 going wrong even though you
cannot see 1t radiologreally or histologieally

Lacroiz  Among the questions to be dealt with in this general

discussion I should like to raise the following Is every part of the
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pituitary forms and the primary adrenocortical forms of Cushing s
syndrome

Dent In secondary hyperparathyroidism 1f you then haye large
parathyroid glands, you always have bone disease There 1s a very
close correlation between the hustology and size of the parathyrod
and the extent of the ostertis fibrosa Insecondary hyperparathyroid
1sm there 1s this correlation, but in primary there 1s not The whole
thing defeats me

Nassum  Are the balances identical?

Dent As far as I hnow, they are

Nassum May 1t not be that the target organ 1s not sensitive to
parathyroid hormone and you are just getting an mcreased vitamun
D effect with mereased absorption through the intestine?

Dent 1 like that suggestion verv much but I wonder how much
truth there 1s m 1t In secondary hyperparathyroidism one 1s up
agamst a different problem If you have large parathyroid glands at
autopsy In a patient who died of chronic renal faiure, you have
osteitis fibrosa generalisata

Nasstm That 15 not comparable 1n this case where you have got
the target organ msensitive

Howard Dr Dent’s last sentence 1s not 100 per cent true either

Dent T am quoting m particular the London Hospital sertes with
90 cases of renal failure

Armstrong Is 1t possible that you recogmzed the cases of hyper
parathyroid hyperplasia only n the individuals who had bone
disease?

Dent No, because they all come to postmortem

Follis I think 1t 1s worth while pointing out that these mdividuals
who do not have any changes grossly or roentgenologically, also do
not have them mucroscopically Through Dr Howard's courtesy
we have had a chance to studv histologically 6 specimens of the
sternum and clavicle and we were griving up the concept that
hyperparathyroidism ever caused bone disease, we did not find any
changes ! I would question the statement that you always see ostertis
fibrosa 1 renal disease

Dent You do if the parathyroid glands are hypertrophic at post
mortem

Foll:is Where are you gomng to draw the ine? We would say that
the first change was probably osteomalacia
Dent Yes we would too without enlargement of the parathy roid
Follis In renal disease
Rutishauser Renal osteodystrophies have a very complex histo

The majonity of serous cases have the appearance of osteo

o but there are also many cases which are mxed at the

malacia,
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whole skeleton hble to be absorbed to the same extent m hyper
parathyroidism? I suggest that different generations of lametlae
might possibly reiet differently m thus disease T thank that Prof
Tngstrom will not agrec with me on this pomnt and that he thinhsof
~n absorption cavity s destroying any surrounding bone, irespee
tive of is age But there are some observations which seem to
indieate that 1f & young osteon 15 1n the way of an extending Huet
s1an space, 1t.1s not 1t once destroyed, 1t remans unaltered for awhile,
bulging in the cavity I wonder whether the absorption processie
hvperparathvrodism s able to make a sumilar choice

Nordin It may be relevant to this pomt of Prof Lacroix that we
have seen hyperparathy roidism recently m a boy of 17, who had got
bone disease and an alkahne phosphatase of 90, Ca 17, P 2 8, and 3
palpable tumour Now Ius 1liie crest bone biopsy showed the big
osteord sewm of osteomalacin There was osteitis fibrosa as well,
but the fact remamns that the osteoid seams were very bz In the
ordinary course of events this would be called osteomalacia  Ife has
had bis tumour removed and his Ca has come down to 9 There 500
doubt about the dingnosis

Fothis Could he not be turning on and off?

Nordin He was ranning at Ca 17 for about 8 months before he
came to surgery He must have had 15-20 observations

Dent \What were his X rays hle?

Nordin He hnd subperiosteal erosion 1n the phalanges no actual
cysts but what the radiologists regard as osteitss fibrosa in the hands
at least certmnly thin bone elsev here

Dent 1Thave scen one ease hike that but that ease had steatorrhoes
and was verv comphieated  Dr Nassim bas seen a case with <hght
hyperparathyrowdisin which was corrected erther spontancously or
with vitamm D I am not sure which We thmnk that sometimes
steatorrhoea you get a secondary hyperparathyroidism which gets
out of control It presents with a lugh Ca and a mixed hstologeal
pieture  We had one cas¢ which we thinh was such a conditian

Fancom Is 1t v question of the degree of acidosis of you have
osteomalacia or only fibro osteoclasia? { beheve that osteomalacia 1s
chiefly duc to acidosis whereas fibro osteoclasia 15 a consequence of
hyperparathyroidism

Nordin He had esidence of K deficrency  Ife was not seidotie
In fact he was sightly alkalotic  He had hy pohalremic allalosis

Rutishauser DBone biopsies yield evcellent information on a well
estabhshed bone disense Incases of mildly pronounced bone diseases,
they can be musleading since the intensity of bone lesions vares
stnhmgly from oné place to another

Dent Our Patholog\sts told us 1t was wmdistinguishable
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Howard Not necessarily I do not think anyone has any proof of
this They have made all sorts of pitwitary extracts and put them
1n amimals and have found no evidence biochemeally or by looking
at the parathyrouds that anything happens Nicholson wasted
three y ears on that at Johns Hophns

Nordin In acromegaly you have a high serum phosphate

Dent Not 1f you have a parathyroid tumour

Rutishauser 1 examined several cases of multiple endocrme
adenomata and particularly pititary parathyroid syndromes Here
1t 15 possible that we are not dealing with endocrine interaction but
rather with the expressions of a pletotrophic gene

Fancony Has anyone got mformation about the function ot the
glomus caroticum? I read somewhere that 1ts function 1s as the
chemoreceptor of Ca metabohsm

Rutishauser We had a case of multiple endocrine adenomata
m which the first mamfestation was a glomus body tumour
(44 year old woman) The tumour was mcompletely exturpated
firstly 6 years and secondly 2 years before her death Followng
the second operation the patient developed Cushing’s syndrome of
adrenocortical onigin  She died suddenly 10 hours after removal of
the adrenocortical adenoma Autopsy revealed a typical Cushing’s
syndrome and no regrowth of the glomus tumour

Bélanger During this symposium several speahers Profs
Dallemagne Lacroix and Meyer 1n particular have mentioned the
relationship between organic and morganic constituents of mineral
1zed tissues Recently a sertes of data has been obtamned 1n our
laboratory which I beheve to be related to that problem With your
permussion Mr Charman I should Iike to present these to this
assembly In 1952 autoradiographs were obtained from sections of
minerahized bones and teeth soaked for a few hours m a weak solu
tion of H? PO, (Belanger L. F (1953) J dent Res 32, 168)
Contrary to expectation the pictures attributed to atomic inter
exchange have revealed that the areas of most intense radioactrvity
were the least mineralized This could be explained by greater or
lesser ontc transit  This simple type of experimentation was repeated
with a solution of #CaCl It produced comparable pictures over
minerahized bone but this tine there appeared to be also a pieture of
low intensity over the whole cartilaginous epiphyseal plate  Sections
of demmerahzed bone tissue were then treated 1n a similar fashion
and they have produced autoradiographs in which the epiphyseal
plate stood out sharply as radioacttve while the bone tissue was now
negative {(Fig 1) (Belanger T I’ (1955) Proc Soc exp Bwl ,NY

88, 150) Ata later stage sections rrlmde m(Lhouc‘tne lzy t‘hls process
n hy if

were negatnated when q y N
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have helped me so much that I have thoroughly enjoyed myself and
am at least unaware that either of these unfortunate possibilities has
occurred

In these few days we have covered a wide field of bone metabolism
and growth the structure function and pathology, and we have scen
what 15 gomng on 1 different aspects of this field It seems to me that
the an: and the 1 the people thatis who look at bone
are making faster progress than the rest of us The biochermsts are up
agamst the problem of the sample where to take 1t from 1ts punty and
how to handle it As for the chmeians, they are greatly handicapped by
the unfortunate nability to obtain and study pure parathyroid hormone
and by their mability to assay 1t in biological flnds  As a result they are
making only slow progress, as far as I am aware I do not think we will
get very much further until we settle more directly the question of which
chnteal smituations really have got hyperparathyroidism, primary or
secondary and which have not

During this week we have had a rare opportunty for meeting many
people 1n closely related fields and of discussing matters as one body
In future I am going to feel rather lonely carrymng on again by myself
and trying to do without some of you However we have a possible
solution Vve can now write to each other more freely when we get into
difficulties with some aspects of our work that we do not really under
stand Isometimes think that this is the greatest benefit we dernve from
meetings of this kind




Discusston 201

Young human tracheal cartilage beeame diffusedly radionctive when
treated 1 titro with #Ca On the other hand, the trachien of an old
woman (L1z 2) produced autoridiographs of considerably less ¢ La
ntake locahzed n the penipheny, and also present over the eclls
this time

It appears from these findings that the $Ca uptake of trachen is
related to its content of chondroitin sulphate and also that this
substance 1n old age, 1s sccreted less abundantly and 1
i the cells This 1s the time when the trachea becomes nuneralized

Tinally, we have had the opportumty recently to obserne 4 Catn
Titro uptake i bones and tecth of pigs which had been fed a Jarge
dose of Nal for several weeks (Bdanger L T', Lotz W L, Viseh
W J, and Comar C L (1956) Amer J -Anat, in press) In
these, o wide band of osteord at the border of newlsy formed trabe
culae and also wide srregular predentine of recent growth produced
a record of 4*Ca mntake  On the other hand, micro memerated see-
tions of demuneralized bones and teeth from thest fluorinated pigs
revealed a progressive accumulation of ash of which only 2 portion
had the solubihity of Cal, What about the rest of 1t? Could
1t represent some organic form of Ca combination which under
normal conditions would have a quick turnover a rapid intermediate
step between 1omized Ca and mineral Ca? Could the poor minerahiza
tion of bone and dentine 1n fluorine 1ntozication be partly due to a
vital interference with this mechanism resulting in the accumulation
of the intermediate organic product? At any rate Ibelieve that, in
vifro Ca has rev caled a definite tissue aflimty related to chondroitin
sulphate which may well be of phs siological sigmificance

* * * * *

Dent In these closing remarks I should Uke to take the opportunity
to thank agamn the Ciba Ioundation and Dr Wolstenholme with his
charming and efficient staff for this most successful meeting I should
like to thank also the members of the conference themselves When I
took on this job of chairman I thought 1t would mevitably make me lose
a few friends and perhaps make one or two new enemies but 1n fact you

PLATE I
Frc 1 (Bélanger) Lower extremity of femur and upper extrem:ties of tibia
and fibula of adult female rat 45Cais present almost exclusively in epiphyseal
plate and cartilaginous core of bone spicules Inverted and stamed auto
X 15 ( di by of Proc Soc exp Bl NY)
Fic 2 (Bélanger) Portion of tracheal cartilage from a woman aged 68 Years

The #*Ca intake 13 visible only over the I
e o mtase s visible on ly over the large lafunae and !mmedlate\‘xmmt) of

produced by permussion of Proc Soc exp Mol N1 ) o+ (Re
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Y oung human tracheal cartilage beenme diftusedly racdionctise w hen
treated su tatro with $Ca On the other hand the trachen of an old
woman (Fig 2) produced autoradiographs of considerably less “SCa
intake localized 1n the periphery, and nlso present over the cells
this time

It appears from these findings that the 4°Ca uptake of trachea 1s
related to 1its content of chondroitin sulphate and also that this
substance 1n old age, 1s secreted less abundantly and lates
inthecells Thus 1s the time when the trachea becomes mineralized

Tinally, we have had the opportumity recently to observe § Cain
witro uptahe in bones and teeth of pigs which had been fed a large
dose of Nal for several weeks (Belanger, L T, Lotz, W I, Visch,
W J, and Comar, C L (1956) Amer J Anat, mn press) In
these, a wide band of osteord at the border of newly formed trabe
culae and also wide wrregular predentine of recent growth produced
a record of ¥Ca ntake On the other hand, miero mnemnerated sec
tions of demineralized bones and teeth from thest fluorinated pigs
revealed a progressts e accumulation of ash of which only a portion
had the solubiity of Cal'  What about the rest of 1t? Could
1t represent some orgamic form of Ca combmation which under
normal conditions would have 4 quick turnover 2 ripid intermediate
step between 1omzed Ca and mineral Ca? Could the poor mineraliza
tion of bone and dentine 1n fluorine intoxication be partly due to a
vital mterference with this mechanism, resulting n the accumulation
of the mtermediate orgamic product? At any rate, I beheve that
vitro 45Ca has revealed a defimite tissue affimty related to chondroitin
sulphate which may well be of physiological significance

* * * * *

Dent In these closing remarks I should like to take the opportumty
to thank again the Ciba Foundation and Dr Wolstenholme with his
charming and efficient staff for this most successful meeting T should
like to thank also the bers of the tk ‘When I
took on this Job of chairman I thought 1t would inevitably make me lose
a few friends and perhaps mahe one or two new enemies but in fact you
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Q@ 2 (Bélanger) Portion of tracheal cartilage from a woman aged 68
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have helped me so much that I have thoroughly enjoyed myself, and
am at Jeast unaware that either of these unfortunate possibilities has
occurred

In these few days we have covered a wide field of bone metabolism
and growth, the structure function and pathology, and we have seen
what 15 going on 1n different aspects of this field It seems to me that
the anatormsts and the histologists the people, that1s who Iook at bone
are making faster progress than the rest of us  The biochemists are up
against the problem of the sample where to take 1t from 1ts punty and
how to handle 1t As for the clinicians they are greatly handicapped by
the unfortunate mability to obtain and study pure parathyroid hormone
and by therr mabulity to assay 1t 1n biol 1fluds  As a result they are
making only slow progress as far as I am aware 1 do not think we will
get very much further until we settle more directly the question of which
chmecal situations really have got hyperparathyroidism primary or
secondary, and which have not

Durnmng this week we have had a rare opportunity for meeting many
people 1n closely related fields and of discussing matters as one body
In future I am going to feel rather Ionely earrying on agamn by myself
and trymng to do without some of you However we have a possible
solution We can now write to each other more freely when we get into
difficulties with some aspects of our work that we do not really under
stand Isometimes think that this 1s the greatest benefit we dertve from
meetings of this kind
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