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Preface

The papers collected in this volume represent the formal proceedings of the Third

European Symposium on Calcified Tissues which was held in Davos, Switzerland

from 11th to 16th April 1965 under the sponsorship of the Laboratorium fiir experi-

mentelle Chirurgie, Schwelzerisches Forschungsinstitut Davos. This Symposium fol-

lowed the now established tradition of the previous Symposia held in Oxford in 1963

and in Liege in 1964. Participation was again strictly on a residential basis. This year

the Schatzalp Hotel provided a scenic and secluded meeting place high on a mountain

side overlooking Davos yet close to the Forschungsinstitut in which the opening

session of the Symposium was held.

The papers and communications published in the volume are arranged in order of

presentation and are grouped under the five main themes selected for discussion by

the Symposium, namely, "Cell function in the formation, maintenance and destruc-

tion of osseous tissue", "Response of calcified tissues to mechanical factors", "Mecha-

nisms of mineralization and diseases related to mineral deposition", "Hormones and

bone" and "Fundamental structure of dental hard tissues". The programme consisted

of a number of review lectures given by invited speakers and of short communications

in relation to each of the above themes. No attempt was made to record the dis-

cussions to the papers as, being a residential meeting, the more valuable and interest-

ing interchanges took place informally in small discussion groups and not within the

time schedule of the prearranged programme.

The Committees wish to express their thanks to the staff of the Laboratory for

Experimental Surgery, Davos for their most valuable help and to all of the following

who made this meeting possible through their financial support: Zentralverband

schweizerischer Milchproduzenten; Nestle Alimentana S.A., Cham et Vevey; Sandoz

AG., Basel; Robapharm AG., Basel; Ciba AG., Basel; J. R. Geigy AG., Basel; F. Hoff-

mann-La Roche & Co. AG., Basel; Dr. A. Wander AG., Bern; Emser Werke AG.,

Domat/Ems; Laboratorien Hausmann AG., St. Gallen; Davos-Parsenn-Bahnen AG.,

Davos; Kleiner Rat des Kantons Graubiinden; Landschaft Davos; Migros-Genossen-

schafts-Bund, Zurich; Schweizerische Unfallversicherungs-Gesellschaft, Winterthur;

Treupha AG., Baden; Siegfried AG., Zofingen; Verkehrsverein Davos.

The European Symposium on Calcified Tissues is held annually and Professor

P. Gaillard's invitation on behalf of the University of Leiden to meet in Holland in

1966 has been warmly accepted.

The editorial committee: The organizing committee:

H. J. J. Blackwood C. A. Baud H. G. Haas
H. Fleisch M. J. Dallemagne L. Richelle

M. Owen H. Fleisch R. Schenk
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The Two Faces of Resorption

L. F. Belanger, T. Semba ''', S. Tolnai

Department of Histology and Embryology, Faculty of Medicine, University of Ottawa,

Ottawa, Canada

D. H. Copp

Department of Physiology, Faculty of Medicine, University of British Columbia,

Vancouver, B. C, Canada

L. Krook, C. Gries

Department of Pathology and Bacteriology, New York State Veterinary College,

Ithaca, N. Y., U. S. A.

1. Development of the concept of osteolysis

Recent reviews and textbooks state that "the osteoclast is the agent of bone

destruction" (Lacroix, 1961), that this cell is "actively involved in some way in the

resorption of bone" (Hancox and Boothroyd, 1963) or else that there is "much

interesting controversy about the origin, the nature and the function of these cells"

(Ham and Leeson, 1961) and that "indeed, the process of bone resorption is not

understood as thoroughly as we might wish" (Ham and Leeson, 1961). "On the other

hand, resorption may take place in the absence of osteoclasts for instance in the

so-called creeping replacement in bone transplants" (Copenhaver, 1964).

The concept of non-osteoclastic resorption has been itself, "creeping" through the

years, towards the home of the bone investigator; perhaps this meeting will be the

occasion when it will find its way inside . . .

The idea of "remodeling absorption" from within, proposed by John Hunter

towards the end of the 18th century (Home, 1800) might have been an early step in

this direction. After cauterization of portions of bone. Hunter reported that "the

earthy part of the living bone in contact with the dead portion, was first absorbed".

Living cells within the bone were apparently needed for this process.

Much later several investigators were attracted by changes in the staining proper-

ties of the organic matrix in relation with interstitial loss of substance. These were

manifested by basophilia (Zawisch-Ossenitz, 1927; Kind, 1951; Ruth, 1954, 1961)

or by intensified staining for mucopolysaccharides (Heller-Steinberg, 1951; Engel,

1952;Gaillard, 1955 a, b).

Changes in the appearance of the osteocytes and also in the size and shape of

lacunae and canaliculi were observed by von Recklinghausen (1910) (oncosis),

* Post-Doctorate Fellow of the Medical Research Council of Canada.
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Jaffe (1933), Kind (1951) and Lipp (1954, 1956), with the light microscope and more

recently by Baud (1962) with the electron microscope.

RuTiSHAusER and Majno (1951) made the interesting observation that during its

hypertrophic or oncotic phase, the osteocyte produced alkaline phosphatase. The sub-

sequent death of the osteocyte, leaving empty lacunae which oftentimes fill with

calcium salt (Sherman and Selakovitch, 1957; Sissons, 1964) has been related by

DuFOUR (1952) and by Urist et al. (1963) to osteoporosis and other rarefying

diseases of the skeleton. Empty lacunae have also been recognized as a conspicuous

feature of old age (Frost, 1960; Sissons, 1964).

Recently, Lipp (1959) has detected the presence of aminopeptidase in some of the

osteocytes. On the other hand, Belanger and Migicovsky (1963 a) have shown that

these cells contained an enzyme capable of digesting gelatin. Furthermore, Belanger

et al. (1963 b) have been able to associate the same areas with toluidine blue meta-

chromasia and also with organic matrix and salt depletion as revealed by alpharadio-

graphy (Belanger and Belanger, 1959) and X ray microradiography (Belanger

Fig

ed by

-diaphysis of an 2 days-old chick embryo. The cell is apparently closely

idoplasmic reticulum, ribosomes and mitochondria are prominent features

of the cytoplasma

et al., 1963 a). To designate specifically this intimate form of resorption related to

osteocytic activity, the abused term osteolysis has been proposed (Belanger et al.,

1963 b; Belanger, in press).
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JowsEY (1963) and Jowsey et al. (1964) have reported on the basis of micro-

radiographic studies of a variety of bone depleting conditions, "that the osteocytes

may be capable of controlling the amount of mineral and also perhaps, the amount

of matrix, deposited in the tissue adjacent to them". At the Second Parathyroid

conference held at Noordwijk in August 1964, Talmage (in press) who had already

demonstrated that the removal of hydroxyproline from bone followed a pattern

quite similar to that of the mineral components (Talmage, 1962), reported that

numerous enlarged osteocytes were observed early in bone fragments cultured with

parathormone.

2. Electron microscopy of bone cells of the chick

Further aspects of this osteocytic activity have been uncovered by electron micro-

scopy during the past year.

Very intense osteolysis has already been observed in the bones of young chicks

(Belanger et oil., 1963 b). This type of material being not too hard, can be processed

for electron microscopy with a minimum of pretreatment.

^|H-.iiMM, I
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of the disodium salt of ethylene-diamine tetra-acetic acid (EDTA) at pH 7.4. Sec-

tions of ca. 800 A were cut in epoxy resin and submitted to electron microscopy.

The low power pictures obtained so far have revealed that the ovoid cells (osteo-

blasts) located at the immediate outer border of the peripheral trabeculae contained

mitochondriae and an extensive endoplasmic reticulum network, as already described

elsewhere in mammalian tissue (Dudley and Spiro, 1961; Cameron et al., 1963).

Young osteocytes located immediately inside the bone matrix (Fig. 1) revealed

similar features of the cytoplasma. These cells generally filled the lacunae in which

they were contained. Osteocytes located further away from the border, inside larger

lacunae (Fig. 2) showed apart from the above features, some osmiophilic vesicles of

different sizes, which might well be lysosomes. This observation is of interest in view

of the previous histochemical demonstration of protease activity over the more

mature osteocytes (Belanger and Migicovsky, 1963 a).

3. The effects of acute parathyroid stimulation

Parathyroid stimulation by perfusion of dogs and sheep with EDTA, over periods

of a few hours only, such as performed by D. H. Copp at the University of British

Columbia (Copp, 1963) has produced effects in cancellous bone particularly visible in

alpharadiographs (Belanger, in press). The number of enlarged osteocytes was

increased in the parietal bone after 4 hrs. Moreover, the surrounding matrix displayed

already at this early stage, a remarkable loss of density.

4. The effects of prolonged parathyroid stimulation

We were highly privileged during the years 1964—65 to be associated with Drs.

Lennart Krook and Christian Cries from the Veterinary College of Cornell

University in studies involving horses which were fed a diet containing an optimum

Hi••P ^i^-^ • '^ ;

' h -^
'
..^

" *J^;j-V.W -•: ,;
Figs. 3, 4, 5, 6 represent alpharadiographs (X75) of lamina dura dentis from horses on high P diet: Fig. 3, 4 weeks,

Fig. 4, 7 weeks; Fig. 5, 12 weeks; Fig. 6, 30 weeks. Osteolysis at first intense (Fig. 3); newly-formed tissue

decreasing (Fig. 4, larger canals); compact bone replaced by spongy bone (Fig. 5); becoming more and more

immature and abnormal (Fig. 6)
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amount of calcium (about 15 gm/day/horse) and an excessive amount of phosphorus

(about, 3V2 times as much).

The animals were killed after periods of 4, 7, 10, 12 and 30 weeks of abnormal

feeding. The clinical observations have been similar to those already published by

Krook and Lowe (1964). After 4 weeks, very minor signs of osteitis fibrosa were

present but the parathyroids were enlarged about 3 times. After 8 weeks, extremely

severe osteitis fibrosa was recognized and in the colourful language of the senior

veterinary pathologist (K), "the parathyroids were almost as big as the testicles of a

dachshund".

The bone response was uneven throughout the body. On the other hand, the

horses which were the youngest at the onset of the experiment were the most severely

affected. Changes in the mandibles and maxillae were observed sooner and progressed

at a more rapid rate than those in the metacarpi (Krook and Lowe, 1964) and long

bones. Increased radiolucency was particularly evident in the bones of the skull and

face. Complete resorption of the lamina dura dentis was evident after 30 weeks.

Comparative alpharadiographs of the periodontal portion of the mandible and

maxilla examined in the light of histochemical staining and with the knowledge of

the mechanism of bone growth pro-

vided by radioautography (Belan-

GER and MiGicovsKY, 1963 b) have

been very instructive.

Short term studies have demon-

strated that only mesenchymal

cells, preosteoblasts or "osteopro-

genitors" (Tonna, 1965; Belanger

and MiGicovsKY, 1963 b; Young
1963) are originally labeled. The

presence of radioactive osteoblasts

and osteocytes occurring later is an

indication of growth movements

and also of tissue replacement in

areas where the adult condition has

already been achieved.

In 3 weeks-old chicks, the re-

placement rate of metaphyseal

trabeculae of the tibia has been

established at 4 days (Belanger

and MiGicovsKY, 1963 b). In the

lamina dura of the horse jaw, this

time is unknown. However, a con-

stant cell movement must be simi-

larly taking plase from the border

of the osteonic canal, towards the

areas of lower tissue density where osteolysis occurs and where the cells die. If osteo-

lysis and peripheral accretion are balanced, a static histological, histochemical and
radiological picture is maintained. On the other hand, if osteolytic stimuli such as

hyperparathyroidism are present, resorption Is presumably greater than accretion.
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The result should be a progressive loss of bone manifested by an enlargement of the

osteonic canal and a gradual loss of bone substance.

Alpharadiographs of demineralized sections of normal bone have revealed that

the areas where osteolysis is occurring are characterized by the presence of enlarged

Fig. 5

and oftentimes confluent lacunae surrounded by low-density matrix (Belanger et al.,

1963 b). Newly-formed portions of the tissue, at the border of osteonic canals consist

of denser matrix containing small lacunae (Belanger et al., 1963 b). The lower-

density matrix of the osteolytic sites stains more intensely with the periodic acid-

Schiff and exhibits toluidine blue and azur metachromasia, indicative of a concentra-

tion of mucopolysaccharides in these areas (Belanger et al., 1963 b).

In the present series, the periodontal bone (lamina dura) was still fairly compact

after 4 weeks (Fig. 3). The canals were small but there was already a considerable

Intensification of osteolysis.

After 7 weeks (Fig. 4), the areas of osteolysis were more extensive and character-

ized by lower density of matrix corresponding to more widespread p.a.-Schiff

staining.

After 12 weeks (Fig. 5), the canalicular arrangement of the lamina dura had in

great part disappeared and the newly-formed bone was of the trabecular type. The

central portion of the trabeculae showed the characteristic manifestations of osteo-

lysis. At this stage consequently, bone formationhad regressed to a more primitive

form, but this younger type of bone could still be considered as normal bone. At this

stage also, some less dedifferentiated areas, showed the disappearance of the p.a.-

Schiff positive areas characteristic of osteolytic resorption. Numerous, irregular

cementing lines separated the areas of new growth. The newly-formed bone con-

tained only osteocytes of small size and many lacunae were empty.

After 30 weeks, the trabeculae were thin and either uniformly dense of fibrillar

(Fig. 6). The tissue surrounding this abnormal bone was also de differentiated and

inhabited mostly by mesenchymal cells.
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Osteoclasts which had been sparsely observed at 4 and 7 weeks, were more

numerous at 12 weeks. They attained almost tumoral frequency at 30 weeks and

appeared most active along the abnormal new trabeculae.

5. The role of osteoclasts

These observations bring us to consider the role of osteoclasts and the factors

which are responsible for the occurrence of these cells.

In an excellent review, Hancox (1956) lists a series of generalized and localized

factors as responsible for the appearance of osteoclasts. In the first group, hyperpara-

thyroidism, hypervitaminosis A, the administration of glucose or lead and a diet low

in calcium have been reported. "Remodeling", bone fractures, ectopic bones or teeth,

degenerated deciduous roots, circulatory disorders, infections, introduction of inert

material in the root canals of teeth, have been recognized as so many local factors.

The introduction of Plutonium (Arnold and Jee, 1957) or Yttrium (Neuman

et ai, 1960; Jowsey, 1963) into the organism, has produced beautiful demonstrations

of surface resorption in the presence of osteoclasts.

Grafts such as performed by Barnicot (1948) and also in vitro transplantation

and culture of bone specimens (Gaillard, 1955 a, b; Goldhaber, 1962) have been

followed by stimulation of osteoclastic activity.

Irving and Handelman (1963) have recently published interesting results with

devitalized autologous bone grafts. A multinucleated giant cell reaction was initiated

from mesenchymal cells whether the grafted bones were mineralized or demineralized.

The host response did not seem to be affected by parathormone.

All these events and also the results of our current observations on horses seem to

have something in common: The presence of abnormal skeletal tissues either bone,

cartilage or the components of the teeth.
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6. Conclusions

At this point we would like to propose the following conclusions:

(1) Normal adult bone is a constantly renewed tissue in which resorption is

equally matched by accretion.

(2) Intimate resorption (osteolysis), taking place away from the bone surfaces

seems to occur. The mature osteocytes are probably responsible for this phenomenon.

One of the factors involved is the production by these cells, of a protease possibly

linked to lysosome activity.

(3) The mature osteocytes seem to respond readily (within a few hours) to endo-

genous parathyroid stimulation. The role of these cells in the maintenance of calcium

homeostasis, is perhaps more important than previously realized.

(4) Osteoclasia appears as a specialized response to the presence of abnormal

skeletal material, either of general or local origin. The osteoclasts which probably

originate from primitive cells, may be akin to the giant multinucleated cells of

connective tissue. Like those, their major role may be to take part in the maintenance

of the integrity of the body.
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Some Remarks and Questions on Metabolic Patterns in the Family
of Bone Cells

W. A. DE VoOGD VAN DER StRAATEN

Laboratorium voor Celbiologie en Histologie, Rijksuniversiteit Leiden, Leiden,

Nederland

In order to speak sensibly about metabolic patterns in the family of bone cells at

least three general points have to be clarified. The first point concerns the way in

which the word family is used; the second point concerns the concept of metabolic

pattern in general; and the last point concerns the Interconnection between some pure

scientific and methodological questions in our special field.

1. By definition the members of a family are relatives, and they remain so even if

they are miles apart. Now the different types of cells found in bone tissue, the bone

cells, are relatives but they are not miles apart; on the contrary the members of the

family of bone cells live closely together and form a functional and structural unit.

In what I am going to say about bone cells, however, I will not look upon them

as relatives but as different types of labourers in a "family factory".

2. It is common knowledge that the morphologically comparable cellular elements

of a tissue e. g. osteocytes, are not by necessity all in the same functional state at the

same time. "Without discussing the background of this phenomenon, I think that none

of us would attribute these variations to differences in metabolic pattern. What then

is covered by this term and what is the special meaning of the word pattern? Or to

restate this problem in a positive way, why do we in all probability suppose different

metabolic patterns to be existent in osteoblasts and osteoclasts even if we have no

pertinent biochemical data at hand? To my mind a list of biochemical differences

would not necessarily imply different metabolic patterns. Such a list would deserve

our full attention and would be a challenge, stimulating our Ingenuity In making

connections between these biochemical differences and the essential differences in

function, the cells are known to have in the tissue. It Is only from the moment that

we have succeeded in making reasonable connections that we are allowed to speak of

different metabolic patterns. To press this point a little further, it is clearly a matter

of convention how to define the term metabolic pattern. In fact I prefer an opera-
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tional definition linking up the specific biochemical organization and the specific

function of the cell. However we will soon find out that our definition is a little

pedantic as our present day knowledge hardly allows for even one single good

example.

3. The final preliminary point will carry us forward to the heart of our subject.

The number of publications concerning the metabolism of bone cells is increasing, and

it is already apparent that there is a wide difference in scope and method among the

various approaches. Concerning differences in scope there are two extremes. At one

end we find investigations disclosing the activity of the cellular enzymatic apparatus.

At the other end investigations dealing with the fate of certain substrates. Figuratively

speaking one could say that the first group deals with the metabolic highway system

of the cells, the other group with the real traffic on that highway system. This picture

will make clear to us that the conditions of the highways and the intensity of the

traffic do not necessarily run parallel.

Concerning differences in method, we can more or less arbitrarily differentiate

into methods that carry no considerable risk of changing the metabolic parameters

under investigation and methods that do. To my mind histochemical and enzymo-

logical investigations performed on previously intact bone tissue fall within the group

of low risk. However metabolic investigations using slices or otherwise wounded

pieces of bone tissue ask for a more critical attitude. And in fact without any data at

hand one can foresee that e. g. by damaging the delicate network of osteocytes serious

harm is probably done.

In this connection unpublished data from Hekkelman (personal communication)

have illustrative value: He observed that pieces of diaphyseal rabbit bone (roughly

15X5X2= 150 mm-*) put in Hanks balanced salt solution lose a considerable amount

Table 1. The total amount of nucleic acid obtained after 2 hours of incubation and expressed

as ugjml incubation fluid from 'Is g of hone

Hanks (ph 7.4) ,
2.7 ± 0.77

,

6.6 ± 1.96
|

< 0.002

(6 exp.)
I

(6 exp.)

Hanks without glucose (ph 7.4) 3.2 ± 0.4 4.3 ±1.2 ! < 0.01

!
(6 exp.) (12 exp.)

Pd insignificant < 0.01

Table 2. The activity of isocitric dehydrogenase obtained in the medium after 2 hours of

incubation: mu moles/minig of bone

Hanks (ph 7.4) 6.28 + 2.2 13.2 ± 5.6 0.02 > p > 0.01

(6 exp.) (6 exp.)

Hanks without glucose (ph 7.4) 4.82 ±1.3 6.42 4- 4.41 insignificant

(9 exp.) (l?cxp.)

Pd
I

insignificant 0,02 > p > 0.01

of nucleic acid and enzymes as e. g. isocitric and lactic dehydrogenase. The output

was found to depend on the temperature of incubation and the presence or absence

of glucose; see Tables 1 and 2.
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Moreover the yield was not far below that obtained after homogenization followed

by extraction, and to take Hekkelman's own words, "the phenomenon suggests a

pumping out of cellular material".

In a recent interesting publication (Peck et ai, 1964) we find another aspect of

the same problem. The authors describe the isolation of bone cells from rat calvaria

in buffered collagenase. The cells obtained passed successfully viability tests and

proved fit for cultivation. From cytochemical alkaline phosphatase reactions they

argue that their harvest probably contained osteoblasts and osteocytes. Moreover

radioassay of CO2 and lactate after confrontation with labelled glucose under aerobic

conditions revealed metabolic traits reminiscent of "intact" bone tissue. However they

observed no bone formation in tissue culture and were not able to prevent dedifferen-

tation and/or overgrowth by "fibroblasts". The latter point is not surprising at all.

Is the absence of bone formation surprising? Taking the acceptable view that bone

formation is a complex process dependent on the interplay of very subtle intra and

extra cellular conditions, the experiments clearly show that somewhere these condi-

tions were not fulfilled. However taking the biochemical data really to mean that the

collagenase isolated cells have preserved their original metabolic organization, we

come to the conclusion that perhaps even full knowledge concerning the metabolism

of the individual cells will always be fundamentally insufficient to explain the

formation of bone as a tissue.

There is still another example to be considered In the clarification of my third

preliminary point. Starting with the assumption that destruction is in general easier

to understand than construction, one may be tempted to look upon the process of

osteoclastic bone resorption as a nut easy to crack. In fact it is not uncommon for the

specialist in tissue culture to be consulted about a method for cultivating osteoclasts

in pure strain for investigational purposes. The bare facts are that such a culture is

non existent and probably even impossible. Gaillard (1961) has repeatedly observed

in PTE treated cultivated radius rudiments that the numerous typical osteoclasts

disappear from the moment the bony shaft is totally resorbed. A good explanation

seems to be that the development or the preservation of typical osteoclasts depends

among other things on the presence of bone and/or breakdown products of bone. In

the light of work of Belanger we arrive at the same conclusion; however he adheres

to the restricting view that the development of the osteoclasts demands the presence

of bone. Returning to the observation of Gaillard and leaving undiscussed what, in

this situation, the fate of the osteoclasts might be, we conclude that the student of

osteoclastic function, working with isolated cells, would in all probability waste his

effort on cells in transition.

Now coming to my main point and starting from the metabolic schemes known

from general biochemistry, what lines can be drawn in black and what lines have to

be dotted or even omitted? This specially concerns carbohydrate metabolism, which is

responsible for at least 3 diff'erent tasks in bone tissue: 1. Generation of energy;

2. Provision of the cells with precursors to be used in the synthesis of proteins, muco-

polysaccharides and pentose containing compounds of biological importance such as

the pyridine nucleotides and RNA and DNA; and 3. Production of organic acids

supposed to be important in the solubilization of matrix mineral.

It is from histochemical investigations that we have at least some data concerning

the different types of cells (Balogh et al., 1961; Herrmann-Erlee, 1962). Balogh
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worked with long bones of 4-week-old mice; Herrmann-Erlee with 15 day-old

mouse radius rudiments. In reproducing their semi-quantitative data I restrict myself

to some data concerning the carbohydrate metabolism of the cells of the inner

periosteum and the osteoblasts, the osteocytes and the osteoclasts. Taking together

data from both authors and omitting a number of minor discrepancies they demon-

strate from each of the main pathways a number of enzymes to be active. However

it is quite remarkable that they observed no 6-p-G Dehydrogenase activity as this is

the second enzyme in the pentose phosphate cycle of which the initial enzyme, the

G-6-p Dehydrogenase, was found to be active. The data of Balogh show in fact dis-

appointingly little difference between the different types of cells. However Herr-

mann-Erlee finds Succinic dehydrogenase to be active only in the osteoclasts and

osteoblasts at the ossification ring. In Balogh's data the osteoclasts do not hold a

monopoly, but here this enzyme is more active than in the other types of cells.

Moreover and in sharp contradistinction to Balogh, she finds no Lactic dehydro-

genase in osteoclasts. Finally she was unable to demonstrate a-glycerophosphate

dehydrogenase activity in the cell types mentioned, with the only exception again of

the osteoblasts at the ossification ring.

Summarizing, no convincing argument is found to doubt the completeness of the

carbohydrate metabolizing machinery. Moreover the osteoclasts and the osteoblasts at

the diaphyseal-metaphyseal junction seem to keep a special position. However the

data are absolutely insufficient to construe different metabolic patterns in the sense I

have defined. Concerning the special position of the osteoclasts I would like to add

another point: Both authors found the osteoclasts deprived of Glutamic Dehydro-

genase activity, and as you know this enzyme belongs to the domain of protein

catabolism.

Before passing on to some investigations concerning metabolic pathways in bone

cells it will repay to discuss, whether essential cellular potencies must find by necessity

some reflection in the conditions of the metabolic pathways. I will try to formulate

an answer on the basis of a special example: In the Liege symposium we have heard

Vaes's paper on acid Hydrolases and Lysosomes in bone cells (Vaes, 1965). Moreover

in Leyden we have seen his successfull work on the PTE intensified release of Lyso-

somal enzymes from cultivated mouse calvaria. I will take the position that in all

probability his finding will prove to be of essential importance in the understanding

of the process of bone resorption. Now one cannot foresee that the intracellular

presence of even a high number of Lysosomes can be read in some way or another

from certain peculiarities in the metabolic pathways. However it is possible that the

production of the acid hydrolases and of the organic acids, necessary to bring

the released enzymes in their pH optimum, or even the mechanism of extrusion, do ask

for certain provisions that indeed can be read from the pathways. My answer then is,

that perhaps many peculiarities in the metabolic pathways of bone cells will become

explainable, provided data from other origins become available.

With only a few exceptions data concerning the main metabolic routes in bone

tissue are not specific to the different types of cells; on the contrary they mostly

reflect the combined contribution of different types.

In his thesis "Bone metabolism and the action of Parathyroid extract" Hekkel-

MAN gave us an excellent survey, describing the 1963 situation. Leaving out some im-

portant controversial points in the literature, we meet a picture in which 1. the glyco-
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lytic pathway, the pentose phosphate cycle and the Krebs cycle are operative.

2. However concerning the oxidative phosphorylation nearly nothing is known.

3. The activities of the pentose shunt dehydrogenases are suprisingly high in dia-

physeal rabbit bone tissue as com-

glucose /^ gtuco5e-6-P <~ poiysaccha- pared with e.g. kidney, liver and

brain tissue. Moreover the strik-

ingly high relative activity of pyri-

dine nucleotide transhydrogenase

— being as it is, involved in the

reoxydation of NADPH — seems

to underline the importance of the

NADP dependent dehydrogenases

in bone. 4. On the other hand the

relatively low activity of Succinic

Cytochrome C reductase suggests a

less important role of the tri-

carboxylic acid cycle. 5. Concern-

ing the citrate metabolism, espe-

cially under the influence of PTH,

the problem about the balance be-

tween citrate synthesis and oxida-

tion is still open to some contro-

versy. 6. Finally, in this picture

we meet already some connections

between carbohydrate metabolism

and protein synthesis, especially

collagen synthesis. These connec-

tions concern carbohydrate iner-

mediates being precursors of some

amino acids and furthermore the

ribose synthesis being prerequisite

to RNA synthesis and so indirectly

to protein synthesis; see Fig. 1.

Now although the data concerning the action of PTFi on bone tissue belong to a

subgroup of our universe of discourse, they are of direct relevance, because they

reveal in all probability the key points of bone metabolism. Moreover, though not

being essential, work on the main pathways is mainly done by students in the PTE
field.

And so an essential contribution to our picture is Hekkelman's hypothesis stating

that PTE induces a decrease of the amount of NADP and/or NADPH available for

catabolic processes in the bone cells (Hekkelman, 1963, 1965). His argument hinges

on phenomena concerning the extractahility of Isocitric dehydrogenase from dia-

physeal bone homogenates and more specially on the influence of NADP or NADPH
— additional or naturally present — on this extractahility. In fact he did no direct

determinations of the cofactors mentioned.

It will be interesting now to compare this picture with a number of observations

communicated at the 2nd Parathyroid symposium held in 1964 in the Netherlands:

CO2

NADPH

A-CO2
aketoglutarate

ammo acids

Simplified scheme of the mam metabolic pathways

Fig. 1. A simplified scheme of the main metabolic pathways,

according to J. W. Hekkelman: Bone metabolism and the action

of parathyroid extract, 1963. Note: NAD(H) = DPN(H):
NADP(H) = TPN(H)
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A most interesting paper on the influence of PTE on bone metabolism and the levels

of Nicotinamide nucleotides was given by Van Reen (1965). He determined the

pyridine nucleotides in the epiphyseal — metaphyseal area of rabbit femora fluoro-

metrically and found quite to his own surprise the NADP content in the tissue of

PTE pretreated animals to be increased by a factor 2.25. The NAD content was not

changed significantly, NADH and NADPH were decreased by a factor 0.7.

His surprise does not primarily concern a possible controversy with Hekkelman's

data but far more a seeming incompatibility of a PTE induced increase of NADP
and the well established PTE induced increase of citrate concentration in bone. (At

least this holds as long as one supposes the activity of the NADP dependent Isocitric

dehydrogenase to be of importance in the balance of citrate production and oxi-

dation.) In fact in Van Reen's opinion the "old" concept of a metabolic block at the

Isocitric dehydrogenase level cannot be considered as the final answer in explaining

the accumulation of citrate in bone.

In trying to reflect a little upon this new situation it is good to keep in mind, that

in most organs NADP is present mainly in the reduced state, the reverse being true

for NAD. In bone tissue, according to van Reen, the ratio NADP/NADPH comes

near to unity; under the influence of PTE there is a dramatic shift towards the

oxidized state.

Returning then to Hekkelman's hypothesis concerning the action of PTE, it has

been my contribution to show that in Gaillard's system of cultivated mouse radius

rudiments, additional NAD or NADP are capable of inhibiting the development of

the morphological effect of the hormone. Moreover the same was found to apply for

a number of NADP-ase inhibi-

tors, suggesting that by arti-

ficially keeping up the NADP
level the hormone effect is ham-

pered in its development (de

VooGD van der Straaten,

1965). Finally I have been able

to demonstrate that PTE in-

duces in radius rudiments a

decreased binding of i-*C-Nico-

tinic Acid, a compound being

preeminently the precursor of

NAD and NADP; see Fig. 2.

Summarizing, my observations

seem to be in favour of Hekkel-

man's hypothesis and rather

%
mo

80
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contrary NADPH decreases under the influence of PTE one gets the feeling that the

oxidized and the reduced state do not keep the simple relation to one another one

should perhaps suppose to exist in an uncomplicated chain of oxido-reductions. In

Biosynthesis NADP

PTE eltect of oddiliono

NAD and NADP

NADP

(12S* increased) '

Substr(H)\ + (nADp'

(decreased 07x)

^ nad(h)
r^ 1 Cytochrome

I

'\ y\ system

1 (t^ )

NAD -< X etc
\<y

, (no change)

•- NADP(h) ^+ Substr(ox)

(decreased 07 x)

Fig. 3. The concept of 2 NADP fractions; the

the 2"'! Parathyroid symposium, 1964. Moreove
is given. Finally the supposed mechanisr

Isonicoli

ATP
GMP

scheme presents some findings of Van Reen ('') communicated at

the function of NADP and NAD in dehydrogenation reactions

of action of a number of PTE antagonizers is indicated

fact the decrease of NADPH alone, could possibly point to a hormone induced

increase of pyridine nucleotide transhydrogenase activity as this enzyme takes away
the hydrogen from the NADPH and transports this hydrogen to NAD. However in

trying to solve the problem from this side one finds there is no explanation for the

increase of NADP. The "unifying concept" then could be, that we have to dis-

criminate between the NADP "present" and the NADP really available for the

catabolic enzymes in the metabolic machinery. In align with this idea we suppose

that the observed rise of the NADP level concerns the fraction of NADP "present

but not available". To go one step further, one could suppose that the "screen"

between both fractions protects the non available fraction against enzymatic break-

down thus accounting for an increase. Behind this idea we find the concept of

cellular compartmentalization. Clearly at the moment this concept is, in our situation

only a formalism, although Hekkelman and I are speculating that the non available

fraction, if existing at all, could be hidden in the nucleus of the cells.

In relation to what I have said I would like to report furthermore an important

observation made by (Cohn and Griffith, 1965) working with slices of the distal

ends of rabbit femora. They found NAD and NADP specifically capable of stimu-

lating the C^^Oo evolution from Fumarate-1,4-C**. Using Citrate-1,5-Ci^ this effect

failed to appear. In slices from PTE pretreated animals the CO., evolution is less

than in control slices and this hormone effect is not overcome by NADP. Further

analysis revealed that the rate of conversion from Fumarate to Malate is independent

of NADP, however in the presence of NADP less Malate accumulates. This already
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makes clear that the NADP probably acts in the Malate-Pyruvate region. Detailed

analysis of the reaction-rates involved in the conversion of Fumarate to Lactate and

CO., indeed revealed, that the NADP effect concerns the activity of the NADP-
Malate oxidase (Malic enzyme). Cohn and Griffith conclude that their bone pre-

paration contains a pyridine nucleotide stimulated pathway for decarboxylation of

Dicarboxylic acids.

I hope to have impressed upon you the central position the pyridine nucleotides

take in recent concepts concerning bone metabolism. However I would do scant

justice to todays knowledge, by concealing important information concerning a

possible influence the nucleus of the bone cell can have upon the processes we have

discussed. It is very well possible that this information will throw, among others, a

new light upon the pyridine nucleotide problem.

In this connection I will deal now with recent investigations of Gaillard, con-

cerning the combined effect of PTE and Actinomycin D or Puromycin on cultivated

radius rudiments (Gaillard, 1965). Full details being published I give only the

essentials. From his former work we know that PTE induces dramatic morphological

and functional changes in radii of 15 day-old mouse embryos (Gaillard, 1960,

1961). The morphological changes concern the bony shaft, the cartilage and the

connective tissue proper. Among other changes, seven fully reproducible morphologi-

cal phenomena were found to be characteristic for the action of PTE on radius

explants; they are listed in fig. 4. Now on the basis of the generally accepted opinion

that acute and chronic conditions of hyperparathyroidism are among others charac-

terized by a defective synthesis of specific proteins by osteogenic cells, it was decided

to study the combined effect of PTE and some inhibitors of protein synthesis. To put

it in more detail, it was thought that by eliminating the central or peripheral parts

of the cellular protein synthetic apparatus, information could be obtained concerning

the role of this apparatus in the development of the hormone effect. This approach

was not based on any preconceived idea concerning possible specific interaction

between hormone and inhibitor whatsoever. On the contrary I even foresee that

because of this unspecificity this type of approach will prove applicable to other

fields as well.

The antibiotic Actinomycin D was chosen because it is known to interfere with

the continuous flooding of the cytoplasm with nuclear m-RNA. Puromycin interferes

with the last steps of protein formation at the ribosomal level. Concerning the way

of application of these antibiotics a few remarks have to be made: Actinomycin was

given in a concentration of 0.005 }' per ml of the medium for 6 hours prior to the

confrontation of the explants with PTE 0.1 lU/ml, Puromycin however was given

simultaneously with the PTE in concentrations of 0.1 or 0.01 ;'/ml. In both set-ups

the whole experiment lasted for 48 hours. Finally it is important to known that the

concentrations were below the level of noticeable toxicity. The concentration of PTE
was put at 0.1 lU/ml because this is a "borderline" concentration below which the

intensity of the phenomena falls down steeply.

In this situation Actinomycin D proved to inhibit the development of all the

morphological phenomena of hormone action listed in Fig. 4. However Puromycin

proved able to interfere with the development of the phenomena 1 ± 4 only. In

particular the hormone-induced proliferation of connective tissue inside the shaft

was found to escape the inhibitory action of Puromycin entirely.

3'''' Eiirop. Symp. on Cal. Tissues 2
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From these important observations Gaillard draws a number of direct and

indirect conclusions: 1. First of all that for the expression of the complete effect of

PTE on the explants the unhampered production of certain proteins is necessary.

2. Moreover that the action of PTE is more closely associated with the production of

m-RNA than with the Puromycin sensitive synthetic activities at the ribosomal level.

In cuhivated radius rudiments

PTE induces 7 phenomena

Actinomycir

interferes wi

developmem
set of pheno

1 D
1th the

: of the

mena

Bone:

1. Loss of osteoblasts

2. Bone resorption

3. Increase of osteoclasts

Cartilage:

4. Loss of hypertrophic cells

5. Conic transformation of epiphyses

6. Loss of azurophylia

Conn, tissue:

7. Proliferation of connective tissue

inside the shaft

Puromycin does interfere

.with the development of

the phenomena 1 ±4

: Puromycin does not

; interfere with the

—development of the

:
phenomena 5 + 7,

: especially not with

phenomenon 7

Fig. 4. The 7 morphological ch.inges, characteristic for the action of PTE on cultivated mouse radius rudiments

according to Gaillard and the antagonistic effect of Actinomycin D and Puromycin

At this point I would like to bring again to your attention the idea that PTE could

act by inducing quantitative changes in the NAD and/or NADP biosynthetic appa-

ratus. 3. The observation that the hormone-induced proliferation of connective

tissue is, so to say, "Puromycin resistant" brings Gaillard to a most interesting

consideration. This finding seems to suggest that different receptors might exist for

the biosynthetic mechanism of cell reproduction and for the production of specific

secretions of a proteinaceous character. And although in this special case the postu-

lated receptors have to be localized in different types of cells, the question rises

whether we have to generalize and to postulate two different systems in each indi-

vidual cell. Perhaps we find a morphological substrate of this concept in the well

known dichotomy in free and membrane attached ribosomes.

In the light of Gaillard's observations Rasmussen's (1964) idea that Actino-

mycin D interferes with the PTE stimulated differentiation of osteoclasts, thus inter-

fering with osteoclastic bone resorption, seems to be oversimplified. In fact the lesson

to be drawn from Gaillard's experiments is, that the hormone effect is polymorphic

and that it does not fit into a concept dealing primarily or even exclusively with

osteoclastic function.

Although not directly connected with this subject I would like to make a final

digression. In thinking about protein synthesis and the production of proteins for

specified different purposes outside the cell, we are confronted with a serious lack of

knowledge concerning the mechanism of extrusion. It is certainly dubious whether
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every protein leaves the cell by the mechanism of reversed pinocytosis. However, taking

the rather generalized position that the cell has many "exits" allowing for a transport

even from the nuclear envelope through the endoplasmatic reticulum into the extra-

cellular space, again we meet a difficulty as the sites of protein synthetic action are

at "the other side", the ribosomal side, of the membranous screen. Although this all

belongs to elementary cytology it does not detain me from making the "moralizing"

statement that concepts concerning the specific protein synthetic activity of bone

cells need to take into account these problems of transport. This holds specially if we

are dealing with exogenous influences, such as the action of PTE, on these cellular

activities.

In what I have said, I have tried to fulfil the promise of the title of my paper,

nothing more. However I do hope that you recognized that it was said in the voice

and with the special interest of a cellular biologist.
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Introduction

Bone, the supporting frame of vertebrate animals is made of a two-phase material,

the collagen matrix and the hydroxyapatite crystals. The organization of the collagen

fibers and of the crystals is such that these two materials with different elastic moduli

and strength carry out their mutual function organized as trabeculae and account for

the mechanical properties of bone (Currey, 1964). Strongly regulated mechanisms

involving synthesis and degradation of the matrix and of the crystal lattice, are

probably responsible for such a high degree of organization.

Until recently, little has been known about the way collagen is synthesized and

degraded in bone while some progress has been made in the last few years concerning

these processes in soft connective tissues. This difference in the amount of information

is mainly due to the difficulty in applying to calcified tissues the techniques of in-

vestigation used for the study of collagen metabolism in soft connective tissues. There

is, however, no reason to think that the main steps of formation and removal of the

collagen fibers are completely different in bone compared to soft collagenous struc-

tures. Indeed the osteoblast is only a particular form of fibroblast and the osteoclast

a specialized histiocyte. The main difference between soft and calcified connective

tissue lies in the composition of the ground substance. Semi-liquid and highly perme-

able in soft connective tissues, it is mostly rigid in bone, immobilizing fibers and cells

in a crystalline jail. This difference must change the relationship of the collagen

framework with its surrounding medium. It surely has some side effect on the me-

tabolism of the fibers. It is, however, too early to take this into consideration. In the

present discussion we shall only consider the problem related to the synthesis and the

breakdown of the matrix in calcified tissues.

Composition and organization of the bone matrix

The dry weight of bone is composed of 65—70% of inorganic crystals of calcium

and phosphate and 30— 35''/o of an organic matrix in which the collagen accounts

for as much as 90—95Vo (Eastoe, 1956). It represents so much of the organic phase

of the bone that any changes in it must represent modifications of the matrix. The

collagen of bone is not different in amino acid composition, except for its hydroxy-

lysine content, from this protein found in skin or other organs according to data of

PiEZ and LiKiNS (cited in Gross, 1963 b). According to Glimcher (1965), bone

collagen would however be composed of only a chains. It does not seem to form as

much
ft or y sub-units as skin collagen.

Without considering in detail any concepts of calcification we want to call

attention to the fact that the crystals are very closely related to the collagen fibers

(S. F. Jackson, 1957; Glimcher et ai, 1957). The nucleation could arise around a

phosphate group bound to definite regions of the collagen (Glimcher and Krane,
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1962; Krane and Glimcher, 1962). This is not a particular property of bone collagen

but a function displayed by any collagen in its native type fibrous form (Glimcher,

1959). It indicates that besides the collagen system, there must exist in soft and

calcified connective tissues some other component controling calcification. We will

not deal with this problem although we recognize that its role in the organization of

the collagen in calcified tissues might be of the greatest importance.

In contrast to the loose and commonly random arrangement of the collagen

fibers in most soft connective tissue, in bone the collagen framework is organized in

tubules (osteons) or in lamellae. These are the units of bone which adapt to external

mechanical stresses by a process of remodelling as emphasized by Wolff in 1892

(cited by Glimcher, 1959). An understanding of how organization and remodelling

of bone is feasible from a biochemical point of view will only be possible when its

basic phenomena are known, that is how synthesis of calcified structures occurs and

how breakdown is realized.

Synthesis and organization of collagenous structure in soft and calcified

connective tissues

The collagen in soft connective tissues can be fractionated by varying the salt

concentration or the pH of the extracting medium (Harkness et ai, 1954; Jackson,

1957; Gross, 1958 a, 1959; Harkness, 1961). These fractions of the tissue collagen

belong to different pools of molecules. Their size depends on the metabolic activity

of the fibroblasts of the tissue (Gross, 1958 b) and can be related to the age of the

molecules (Gross, 1958 c). The experiments of Harkness et al. (1954) of Jackson

(1957) and Jackson and Bentley (1960) show that radioactive collagen appears at

different rates in the various fractions after injecting a labelled amino acid. These

results correlate with the hypothesis of Gross (1959) proposing that the extractability

of the collagen depends on its stage of aggregation, which would be partially a func-

tion of its age. Immediately after its synthesis the newly formed collagen liberated in

the extracellular space is extractable in isotonic saline at neutral pH and low tem-

perature (5 °C). After these molecules are organized in the connective tissue, an in-

creased ionic strength is required to separate another fraction of the loosely arranged

fibers. More collagen molecules can be further separated from the bulk of the remain-

ing insoluble fibers by lowering the pH to 3.5. With increasing time the proportion

of extractable collagen decreases indicating an increase of organization.

By a combination of the methods of isotopic labeling of the collagen and frac-

tionation of these molecules by diflferent salt solutions we can follow the process of

synthesis and organization of the fibers in connective tissues. We have used this

technique to investigate the metabolism of the collagen in remodelling tissues (Lapiere

and Gross, 1963; Lapiere et al., 1965; Lapiere et ai, in press). These experiments

in the tadpole and more recent results provide us with information which can be

schematically summarized in Fig. 1.

The proposed interpretation is the following. The precursor amino-acids are taken

from the local pool inside the fibroblast where they are incorporated into the peptide

chains of the collagen. In the cell this collagen is bound to the microsomes (Green
and Lowther, 1959). At this stage it is not extractable (I,). Shortly after, it is

liberated into the extracellular space where we find it in the pool of fibers. At the
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temperature of the body all the collagen seems to be organized in fibers. The extrac-

tion procedure removes some collagen from this pool.

Whether the extractable collagen arises from fibers of different age or from out-

side layers around different fibers is not yet known. Some autoradiographic studies of

Proline
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dominant. The newly formed collagen molecules are degraded to a large extent

before their incorporation in organized fibers. This is represented schematically in

Fig. 1 by a pathway passing from Ij to N, and D^ . In remodelling tissues, the newly

synthesized molecules are used for building new fibers while the pre-existing old

fibers become solubilized and lysed. The net result is that the newly formed collagen

remains for a much longer time In the pool of the fibers. It is represented In Fig. 1 by

a metabolic pathway starting at Ij and passing from Ni to Ng to finish at D,

.

These metabolic pathways are based on the extractablllty of the collagen. This

property depends on the stability of the structured fibers which seems to be a func-

tion of Intermolecular bonds. Maturation processes occuring also at the molecular

level have been demonstrated by Orheckowitch et al. (1960) and PiEZ et al. (1961).

Since the work of Neuberger and Slack (1953) It is known that bone has a

collagen metabolism as active as any other connective tissue. Further studies (Flana-

gan and Nichols, 1964) have shown that bone Is potentially capable of synthesizing

significant amounts of protein. This overall metabolic activity of bone has not been

analysed In the same way as that In soft connective tissue. Indeed the collagen of

normal bone cannot be usefully fractionated by salt solutions of different Ionic

strength or pH.

Some metabolic studies using salt fractionation of the collagen have however been

made in animals treated with lathyrltlc drugs. In this experimental condition more

collagen Is extractable In cold hypertonic saline (Levene and Gross, 1959). This

seems to be related to some abnormality of the process of maturation of the collagen

molecule, which lacks Intramolecular bonds (Martin et al., 1961) and forms unstable

aggregates (Gross, 1963 a). Isotope Incorporation studies (Tanzer and Gross, 1964)

demonstrate that the collagen In lathyrltic bone Is heterogenous, suggesting that

lathyrltlc collagen originates from 2 or more collagen pools.

The problem in studying the metabolism of bone arises from the complexity of

this biological material. It is composed of elements of different age. Each of them

consists of different layers of calcified collagen which have been formed by the pro-

gressive deposition of the matrix and the crystals. Obvious differences in the meta-

bolic activity of the mineral part of these units can be demonstrated either by mlcro-

radlographlc or autohlstoradiographic techniques (Marshall et al., 1959; McLean
and Rowland, 1963). Simultaneously with different degree of mineralization, the

density of the organic matrix Is also variable from one osteon to the other and

within the same element from the center to the periphery (Smith, 1963). In these

elementary units of bone the collagen layers vary In direction from the central cavity

to the compact peripheral tissue (Glimcher, 1959). These elementary units of bone

can be divided Into different regions according to their density of calcification

(Robinson, 1960). This author calculated for different regions of an osteon the

probable concentration of Its components. Fie proposed a model In which a unit

volume of bone of different degrees of calcification would have an amount of matrix

almost constant while the relative proportion of calcium and water would vary In

opposite direction one to the other. On this hypothesis, Herman and Richelle

(1961) have calculated that the density of bone from different regions would range

from 1.7 to 2.3. They designed a technique to separate these constituents of bone

according to their stage of calcification. Samples of bone are finely ground in a high

speed specially designed grinder. The fine particles (about 5 // large) are separated
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into fractions of different density by flotation in liquids of different composition.

Using this technique they have been able to demonstrate that calcium metabolism is

partly related to the exchange properties of these different fractions with the body

fluid (RiCHELLE and Bronner, 1963). Hormones which are known to modify the

composition of bone affect these components at different rates (Richelle, 1964).

These results emphasize a difference in reactivity of the fractions of bone demonstrat-

ing the efficacy of the technique to investigate the metabolism and the organization

Table 1. Calcium and Collagen in Bone Fractionated by Gradient Density
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from the lightest fraction (1.7) to the one of density 2.2 An almost identical pro-

portion of collagen and calcium is located in the heaviest particles. The ratio of

calcium to collagen is low in the first three fractions. It increases to a maximum in

the fraction with the greatest volume, (2.2), but it becomes lower again in the densest

fraction.

To consider if these fractions are related to the metabolism of the collagen In

bone we have labelled the collagen with a radioactive tracer and measured the radio-

activity in the bone fractionated by gradient density.

Sixty day old rats were injected with ^H proline and killed at increasing times

after injection of the tracer. The long bones were collected and immediately cooled

on ice. Diaphyses cleaned of marrow were ground and separated into fractions of

different densities. After hydrolysis in 6 N HCl, the amount of hydroxyproline was

measured and this amino acid purified by thin layer chromatography in the presence

of cold carrier. The radioactivity of the samples was measured in a liquid scintillation

counter. The results are illustrated in Table 2 for dift'erent time points up to 48

hours. The S.A. of the hydroxyproline of the unfractionated bone is tabulated in

dpm///M. The values for the hydroxyproline of each fraction are multiples of the

S.A. of the hydroxyproline of the unfractionated bone. This method of computing

the data allows us to locate the migration of the label. The only variable is the time

elapsed since the synthesis of the collagen.

The S.A. of the hydroxyproline in the unfractionated bone is increasing with

time, faster during the first hours than later. It is the expression of the overall

turnover of the collagen in the bone. The location of the maximum S.A. of the

collagen In the fractions gives more information. We see immediately that the S.A.

of the collagen varies widely according to the density of the fractions and also to the

time elapsed since the Injection of the tracer. Half an hour after the Injection of

the labelled precursor, the lightest fraction (1.7) has the highest specific activity.

There is however some label in all the fractions. "With Increasing time, up to

3 hours, the collagen of the lightest fraction (1.7) keeps the highest S.A. In the mean-

time the S.A. of the other fractions decreases. These data would indicate that the

newly synthesized collagen Is contained in the 1.7 fraction. The radioactivity in the

other fraction could represent some contamination of the samples by labelled non

protein bound hydroxyproline disappearing progressively by dilution. Six hours after

the Injection of the label, the S.A. of the collagen in the fraction 1.8 increases,

indicating the appearance of the labelled molecules coming from the 1.7 fraction.

Twelve hours are required to see the same change in the 1.9 and 2.0 fractions and

24 hours In the 2.1. At that time the relative S.A. of the 1.7 fraction drops because

more labelled molecules are then located In the other fractions. The same appears

after 36 hours for the 1.8 and 1.9 fractions. The labelled collagen seems to move to

the 2.2 fraction only after 48 hours. More than two days are required for the label

to reach the last fraction. The progressive reduction of the relative S.A. of the

collagen when It passes from one fraction to the other Is due to the dilution of the

newly formed bone collagen in fractions of increasing size.

The general meaning of this metabolic study Is Illustrated in Table 2 by the con-

formation of the area between the dark lines. It represents the location of the

maximum relative specific activity of the collagen for each fraction in relation to

time. Mainly located In the lightest fraction It moves progressively toward the heaviest
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one. These results are in agreement with the hypothesis that the collagen framework

of bone is synthesized as a non or slightly calcified matrix which undergoes progressive

changes related to aging and mineralization.

On the basis of our knowledge of the organization of the collagen fibers in soft

connective tissues, these data allow us to propose a schematic representation of what

could be the relationship collagen — mineral — water in bone (Fig. 2). When

N NM

^
%.

17 1.9 2.1

Fig. 2. Schematic illustration of the organization of collagen fractionated from soft and calcified connective-

tissues. From left to right are represented the neutral isotonic salt extractable collagen (N) compared to the

least calcified 1.7 bone collagen, the neutral hypertonic salt extracted collagen (NM) from more compact fibers

and the 1.9 denser more calcified bone structures, the fibers extracted in acid medium (A) and the calcified

fibrous 2.1 element, finally, the bulk of the Insoluble fibers (I) and of the 2.2 most calcified bony structures

collagen is synthesized in bone, It appears in the extracellular space as a very loose

arrangements of molecules comparable to the N fraction of soft connective tissue.

These loose fibers undergo immediate calcification as seen with the electron micro-

scope (S. F. Jackson, 1957). They may already have been present inside the osteoblast

according to Scott and Glimcher (1963). As they are loose fibers and slightly

calcified they contain a large amount of bound water and therefore have a light

density. As time passes after the formation of this new bone, the amount of water

decreases in the fibers while the deposition of calcium salt Increases. This process can

be compared to the maturation of the fibers In soft connective tissue. Their increased

organization requires a hypertonic medium for extraction (NM). This condensation

process has been demonstrated in vitro by Gross (1958 c). A further evolution of the

process of maturation and calcification of the newly formed element would lead to
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closer association of calcium salts and collagen fibers (2.1) in a way rather similar to

the increase in density and the progressive insolubilization of fibers in non calcified

connective tissues (A). The bulk of the osteons would be composed of fully miner-

alized structures (2.2) which can be compared to the mass of insoluble fibers in soft

connective tissues (I).

The percent distribution of the collagen in these different fractions of soft and

calcified tissues is somewhat analogous. There is little collagen in the isotonic saline

(N) extract and in the lightest bone fraction (1.7), some more in the hypertonic

extract (NM) and in the 1.9 fraction, even more in the acid and the 2.1. One main

fraction contains the bulk of the collagen, the insoluble one in soft connective tissues

and the 2.2 fraction of bone.

It is obvious that only metabolic studies using fractionation techniques will allow

us to go further in our understanding of the organization of calcified tissues. The

above partial results of a larger experiment designed to study the formation and

removal of the bone matrix brings to our attention the similarity in the mechanism

of synthesis, organization and distribution of the collagen framework in bone and

soft connective tissues. This identity might be based on general properties of the

collagen molecules. Bone seems to be in this respect, only a special problem of the

molecular biology of the connective tissues.

Collagen breakdown In soft and calcified connective tissues

During growth, bone is under constant, rapid remodelling. This function is

accomplished by the three types of bone cells, osteoblasts, osteocytes and osteoclasts.

This remodelling seems to be required for some part of the homeostatic control of the

calcium ion concentration in body fluid (McLean and Rowland, 1963) according to

the dual mechanism of the control of calcium balance proposed by McLean and

Urist (1961). As a part of this mechanism, bone cells are capable of tunelling com-

pact bone to induce the formation of new haversian canals. This function, which

continues even in the absence of the parathyroids (Jowsey et al., 1958) seems to be

related to the activity of osteoclasts. More recently Belanger et al., (1963) demon-

strated that bone can also be degraded by the activity of osteocytes in a process

called osteolysis. It is enhanced by parathormone as well as the osteoclastic activity

in vivo.

The best example of fast removal of calcified connective tissue is found in tissue

culture (Goldhaber, 1958; Gaillard, 1959). The breakdown of the collagen matrix

of bone cultivated in vitro has been shown by Stern et al. (1963) by measuring an

increasing amount of solubilized hydroxyproline. That bone cells were capable of

secreting an enzymatic system having coUagenolytic activity was demonstrated in

tissue culture by Gross and Lapiere (1962) and further studied in detail by Walker

et al. (1964). Dissecting the results of these experiments, we find that all the condi-

tions for claiming the presence of a collagenase system were fulfilled. The collagen

used is In fibrous form in a native state and little of it is degraded by large amounts

of trypsin. The pH of the reaction mixture remains at neutrality and a considerable

proportion of the breakdown product is dialysable. The reaction goes to completion,

breaking down all the collagen present. Finally, the production of this lytic enzyme

is enhanced by parathormone proportionally to the duration of the treatment.
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With G. Vaes, we have been able to demonstrate some collagenolytic activity in

homogenates of bone from calvaria of new born rats. This enzymatic activity is also

increased by treatment with parathormone. We are, however, not yet able to

correlate these results with the activity of a collagenase-like enzyme. Woods and

Nichols (1963, 1964) have demonstrated a similar enzymatic system in homogenates

of bone cells.

The only isolated animal coUagenase is the enzyme collected from tissue culture

of tadpole skin (Lapiere and Gross, 1963). This enzyme is now purrified (Nagai

et al., 1963) and characterized (Nagai et ai, 1964). It possesses all the characteristics

required for being a true collagenase. It lyses the native collagen at a constant rate

under physiological conditions. Its activity on the collagen molecule is very specific

and limited.

Although this enzyme is present in tissue culture we have never been able to

demonstrate its presence in living tissues. On the other hand we found a slight

amount of protease-like activity on native collagen (Lapiere and Gross, 1963).

Because of these findings we became very careful about the conditions under which

the enzyme assay has to be carried out in order to detect a collagenase-like enzyme

in the presence of proteolytic enzymes.

The enzyme has to be active on native collagen. Denaturation to gelatin occurs in

certain circumstances. There are certain limits of pH and temperature outside of

which the collagen does not remain native. This is demonstrated by an experiment in

which different samples of radioactive highly purified skin collagen (either in fibrous

form or in solution) are placed for several hours at 37 °C in buffered solution of pH
ranging between 2.8 and 9.4. After bringing the pH back to 7.5 the activity of tryp-

sin is used to check the native or denatured state of the collagen. A small and rather

constant amount of dialysable labelled collagen fragments are liberated from the

samples preincubated between limits of pH ranging from 4.8 to 9.1. Below and above

these limits, collagen is degraded to gelatin and therefore becomes susceptible to the

proteolytic activity of trypsin.

Assaying fractionated bone extract on native collagen we found collagenolytic

activity at pH 5.5 and 7.0 both in the non particulate part of the homogenate and in

the light and heavy particles. However we do not feel that this activity is collagenase-

like because it does not fulfill all the conditions of enzyme kinetics in the same way

as the bacterial or the tadpole collagenase.

We know that bacterial collagenase lyses collagen at a fast rate while trypsin at

pH 7.0 and pepsin at pH 5.5 have only very limited activity (Fig. 3). When we study

the regression lines of concentration or time dependence activity of these three

enzymes we can see that none of them would pass through the origin. This may mean

that the substrate, the native collagen in its fibrous form, is not homogeneous. A small

part of it (5— 12Vo) is more susceptible to enzyme attack. It could represent a por-

tion of the collagen which is not organized in dense fibers. The activity of trypsin on

native collagen is indeed much more significant (80"/o) when the collagen is in solu-

tion. With respect to these considerations we have to accept that we can only call by

the name "collagenase" an enzyme displaying sufficient activity on native collagen

whatever its stage of aggregation might be. As far as I know, none of the works

published until now has given evidence of such an enzyme in homogenates of bone or

of any other tissues.
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It is interesting to consider such a difference in activity of enzymes depending on

the degree of polymerisation of the collagen. It can be related to the observation that

in soft connective tissues the degradation seems to occur from the pools of collagen

Time dependence Concenfrafion dependence

50 75

Concentration

Fig. 3. Concentration and time dependence activity of bacterial coUagenase (purified), tr\psiii (Calbiochem) and

pepsin (Calbiochem) on "C collagen fibers (S.A. 20.500 cpm/mg.). Results expressed in cpm liberated above blank

which are the most easily extractable, the less organized. This form of collagen in-

creases in tissues having rapid degradation processes. This has been inferred from

studies in the metamorphosing tail of the tadpole (Lapiere and Gross, 1963) in the

uterus (WoESSNER and Brewer, 1963) and in the carrageenan granuloma (Jackson,

1957). In these resorbing tissues (Weber, 1957; Woessner and Brewer, 1963) and in

resorbing bone (Vaes, 1964) there is also an increased amount of acid cathepsins.

These enzymes could be involved in completing the breakdown of collagen after it is

phagocytised by specialised cells. Electromicrograph pictures of histiocytes containing

considerable amounts of fragmented fibrils have been shown to occur in the resorbing

tail of the tadpole (Usuku and Gross, 1965). Pictures having comparable meaning

have been published by Hancox and Boothroyd (1963) for the osteoclasts of

resorbing bone.

On the basis of these different findings one might suggest that collagen degrada-

tion in soft and calcified tissues is a two step mechanism. In the first the collagen

matrix would be disorganized by an extracellular enzyme having collagenase activity.

Further activity of intracellular enzymes would complete the breakdown to liberate

free and peptide bound collagen aminoacids.

Conclusion and summary

Although much work is still needed before the metabolism of the bone matrix can

be understood, preliminary experiments indicate a close similarity with the meta-

bolism of the collagen in soft connective tissues. Synthesis, organization or enzymatic

breakdown are to a considerable extent analogous.
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Fractionation studies of soft and calcified tissues separate the collagen in fractions

of different organization according to their age. These fractions seem to be related

one to the other in a process of maturation quite similar in both tissues.

Enzymatic breakdown of the collagen in skin and bone is demonstratable in tissue

culture. There exists identical difficulty in isolating a coUagenolytic enzyme from

living soft and calcified connective tissues.
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The Origin of Bone Cells in Endochondral Ossification

Marijke E. Holtrop

Laboratorium voor Celbiologie en Histologic, Rijksuniversiteit, Leiden, Nederland

In developing long bone the area of endochondral ossification consists of a variety

of tissues in which various developmental processes take place: cartilage cells arrange

themselves into cell columns; hypertrophic cartilage cells are formed; all kinds of

bone cells appear, osteoblasts, osteocytes and osteoclasts; the adjacent connective

tissue and bloodvessels also take an active part In the process by penetrating and

Invading the developing cartilage tissue.

In this rather complex system It Is very difficult to determine which cells actually

differentiate Into bone cells. The possibility to make an experimental approach to this

problem came within reach following some transplantation experiments with frag-

ments of ribs from young mice. It was found that an Intramuscular transplant of a

well defined part of the developing area of a rib (viz. a piece of cartilage including

the zone of the cell columns), progressed to complete endochondral ossification within

two weeks of transplantation (Fig. 1). First a zone of hypertrophic cartilage cells

was formed and a layer of bone was deposited around this zone. Connective tissue

and bloodvessels then penetrated the bony border from the outside. Invaded the

hypertrophic cartilage cells and finally bone was deposited alongside the remnants of

the cartilage matrix. So, following the Intramuscular grafting of pure cartilage

together with Its adhering perichondrium, osteoblasts, osteocytes and osteoclasts

appeared after some time.
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So with this knowledge the question can be asked again — what is the origin of

the bone cells?

For the special circumstances outlined above we can put the question somewhat

differently. Did the newly formed bone cells originate from the host (connective

tissue and/or muscle), or could they be derived from the donor tissue (cartilage and/or

perichondrium)?

Fig. Endochondral ossihc 1 with,

ibcarti

two weeks after intramus

;e includinsJ the zone of

ransplantation of a frag-

To solve this problem it is necessary to distinguish donor cells and host cells. This

can be achieved most completely by applying the in vitro cultivation technique. In

this way the host is eliminated totally and every development occurring in the culti-

vated donor tissue must certainly be brought about by the donor cells.

Thus, fragments of rlbcartUage similar to those used in the grafts, derived from

18-day-old mouse embryos, were cultivated on a coagulum according to a modified

watchglass technique. After 17 days of cultivation hypertrophic cartilage cells were

formed and alongside this zone a border of bone was deposited (Fig. 2). From these

experiments it is obvious that the donor tissue has Indeed the potency to form bone.

However, this result does not prove that in grafts the donor tissue also produces

bone. In order to get some information on this point donor cells were made dis-

tinguishable from host cells by labelling the donor tissue with ^H-thymldlne prior to

transplantation; In this way the fate of the donor cells during their presence in the

host could be determined.

Under these circumstances, we have to take Into account the possibility that a

donor cell could release its label when dying, and a host cell could then pick up the

label. In such event a considerable dilution of the label would, however, take place.

For this reason only heavily labelled cells were considered to be derived from the

graft.

3''^' Europ. Symp. on Cal. Tissues
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Donor mice were injected with ^H-thymidine and fragments of ribcartilage

including the zone of cell columns were excised and transplanted according to the

usual technique. Autoradiographs of the donor tissue before transplantation showed

that tritiated thymidine was readily taken up, predominantly by cells in the zone of

cell columns. Twelve days after transplantation the grafts showed endochondral

. Ribcartiiage

17 days of cu

ng the zone of cell columns derived from a 18-day-old mouse embryo as observed

ition on a coaguluni. Hypertrophic cartilage is formed and bone is deposited alongside

ossification in the manner already described. Autoradiographs showed that hardly

any label was left in the zone of the cell columns. But some heavily labelled osteo-

blasts, and also some heavily labelled osteocytes were found.

This experiment shows, therefore, that not only in tissue culture, but also in

grafts, the donor tissue is capable of forming bone.

The question now arises as to whether the bone cells originate from the peri-

chondrium or from the cartilage, or from both.

It would seem reasonable that they had originated from the perichondrium as in

fact some perichondrium cells were labelled before transplantation. However, some

further observations led us to assume that cartilage cells might also be precursors of

bone cells.

Information concerning this supposition was obtained by repeating the trans-

plantation experiments, but this time using grafts of ribfragments of cartilage without

any perichondrium at all. Cutting off the perichondrium of mouse ribs proved diffi-

cult as they were too small to handle easily. It was found that the ribs of rats could

be completely parted from the perichondrium while enough cartilage remained for

transplantation. It was still doubtful how these 'maltreated' fragments would behave

after transplantation but surprisingly enough, two weeks after transplantation of

such fragments endochondral ossification developed In exactly the same way as the

grafts with adhering perichondrium had done.

In order to determine what happened to the cartilage cells during their presence

in the host. In the next experiment, the donor tissue was labelled with ^H-thymldlne.

Ribfragments including the zone of cell columns but deprived of perichondrium, were



The Origin of Bone Cells in Endochondral Ossification 35

transplanted according to the usual technique. Autoradiographs of the fragments

before transplantation showed that the label was taken up by some cells of the zone

\ . \^
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Fig. 4. A Libelled transpl.int dcpmed nt perichondrium, observed two weeks attoi s;iitiin^ 1 he original trans-

plant was fully comparable with the situation given in Fig. 3. In the graft labelled osteoblasts and osteocytes

can be seen

of cell columns and most important no perichondrium appeared to have been left on

the fragments at all (Fig. 3).



36 M. Owen

Two weeks after transplantation of such cartilaginous fragments, the grafts were

taken out of the host and autoradiographs were prepared. Examination of the ossi-

fied part of the grafts revealed heavily labelled osteoblasts and osteocytes (Fig. 4).

This obviously indicates that these cells originated from cartilage cells. Moreover,

heavily labelled periosteal cells were found surrounding the bony cap. This suggests

that cartilage cells probably first differentiate into connective tissue cells (peri-

chondrium or periosteum) and then form bone afterwards.

It can, therefore, be concluded that to the list of possible precursors of bone cells,

the cartilage cell should be added.

RNA Synthesis in Growing Bone

M. Owen

Medical Research Council, Bone-Seeking Isotopes Research Unit, The Churchill Hospital,

Oxford, England

Introduction

This paper describes the preliminary results of an autoradiographic study of the

pattern of RNA synthesis in cells which are associated with growing bone surfaces.

The system studied is the periosteal surface of the shaft of the femur of young

actively growing rabbits aged about 2 weeks. A diagrammatic representation of this

surface is shown in Fig. 1 a. The bone surface has characteristic loops typical of form-

ing haversian systems. Osteoblasts line the surface of the bone and the haversian

systems. The layer of cells behind the osteoblasts on the bone surface have been called

preosteoblasts, a term also given to cells which are within the haversian canals but

not on their surfaces. A layer of fibroblasts with typical elongated nuclei separates

the osteogenic cellular layer from nearby muscle.

In previous work, (Owen, 1963; Owen and Macpherson, 1963) the rate of bone

growth was measured using tritiated glycine and it was found that the front of the

bone surface advanced at the rate of about 70 // per day. The situation after 4 days

is illustrated in Fig. 1 b. The rate of increase of the cell population during bone

growth and the rate of movement of cells from one stage to another was also

measured. The fibroblasts were shown to have a low rate of cell division and con-

sequently contributed a negligible amount to the increase in cell population. The main

region of cell proliferation was the pre-osteoblasts on the bone surface. These cells

increased at the rate of about 33% per day, and spent on average 3 days on the

periosteal surface before going on to become preosteoblasts within haversian canals or

osteoblasts on the bone surface. The average time spent by osteoblasts on the bone

surface was also three days before they became incorporated within the bone matrix

as osteocytes or as osteoblasts in haversian systems. During this period of three days

it was also shown that the osteoblasts produced on average between two and three

times their own volume of bone matrix.

We were interested to learn something about the pattern of RNA synthesis in this

system consisting as it does of a fairly uniform population of highly differentiated
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cells, the osteoblasts, engaged in active protein synthesis, predominantly collagen,

(each cell producing on average just less than its own volume of matrix per day) and

their precursors, the preosteoblasts, which are presumably a mixed population of cells

in different stages of differentiation and cell division.

(a) (b)

Fig. 1. Diagrammatic representation of the periosteal surface of the shaft of the femur of a two-week old rabbit

illustrating (a) the various layers of cells on the hone surf.ice and (b) bone growth over a period of 4 days

Materials and methods

Suckling rabbits between one and two weeks of age were chosen according to

weight, 110 to 130 grams. Tritiated uridine, (Uridine-5-T, specific activity 24.4 c/mM)

obtained from The Radiochemical Centre, Amersham was used as an RNA precursor.

An intraperitoneal injection of uridine, 5 //c/gram, was given and the rabbits killed

at intervals varying from 15 mins. to 4 days after injection. Autoradiographs were

prepared as previously described (Owen, 1963). Exposure times were 10 days. In

some cases a second Injection of about one hundred fold non-radioactive uridine was

given 1 hour after the initial Injection of the radioactive material. In order to deter-

mine the effect of this on the pattern of uptake with time.

Counts were made of the number of grains per nucleus and per cytoplasm for

preosteoblasts and osteoblasts on the bone surface and In haversian canals within a

band of bone of width B on the periosteal surface. Fig. 1 a. The width of B varied

according to the time interval at which the animal was killed. Up to 8 hours after

Injection B was 200 // wide. At the later time Intervals the width of B was increased

to take account of bone growth, see Fig. 1 b. Cells on the bone surface, I. e. within

the loops out to the first layer of fibroblasts, were counted separately to those within

the haversian canals. Counts were corrected for background which was less than 1.0

grain per cell.
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Results

There was radioactive labelling generally throughout all osteoblasts and pre-

osteoblasts. Labelling of fibroblasts was not above background in the autoradiographs

studied. The results for grains per nucleus and grains per cytoplasm are shown for

osteoblasts in Fig. 2 and for preosteoblasts in Fig. 3. The results for the osteoblasts,

Fig. 2, show that there is an initial rapid appearance of labelled RNA in the nucleus

which reaches a maximum between one and two hours after injection and then

remains approximately constant at this level up to 4 days. The appearance of labelled

RNA in the cytoplasm with time occurs more slowly and reaches a maximum at

about 24 hours and thereafter there appears to be a slight fall off by 3 and 4 days

after injection. Over the time period studied there was no detectable difference in the

results for osteoblasts on the surface or in haversian canals.

Grams/nucleus

Grams/cytoplasm

Grains/cell

Fig. 2. Uptake of ^H-Uridine with time after injection as measured on autoradiographs, in osteoblasts on the

periosteal surface of the shaft of a two-week old rabbit femur
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not significantly different. The curves for the grains per cytoplasm have a similar

shape but the results for the preosteoblasts are considerably below those of the osteo-

blasts. In the case of the preosteoblasts the results for the cells on the surface were

lower than those in the haversian canals at the two longest time intervals, 3 and 4

days. In Fig. 3 the results for the cells on the surface are designated by S, the other

points are for the cells in haversian canals. This probably reflects some cell division

which takes place mainly in the cells on the periosteal surface.

An injection of non-radioactive uridine one hour after radioactive uridine had

no detectable effect on the curves for RNA in the nucleus or cytoplasm of either cell

types.

Discussion

A detailed discussion of these results is not possible in the space allotted and a

few points only will be made. The present results are in agreement with previous

reports concerning the study of RNA synthesis in the cells of bone In so far as a

comparison can be made (Burchard et al., 1959; Young, 1963). Previous autoradio-

graphic studies similar to the present one, however, have been made on other cell

types mostly in vitro. The type of experiment performed has usually involved

incubation of the cells for a short period in medium containing the radioactive pre-

cursor followed by a period in non-radloactlve medium. Experiments have been

carried out mostly on rapidly dividing populations (Hela cells and fibroblasts)

though some experiments on a non-multlplying cell (macrophages) have also been

made (Watts and Harris, 1959; Harris, 1959; Feinendegen et al., 1960; Perry,

1960). In spite of the dift'erence In experimental design It is significant that the 'In

vitro' results for different systems and our 'in vivo' results for osteoblasts and pre-

osteoblasts show the same common features. The results from both types of experi-

ments show that there is an initial rapid labelling of RNA in the nucleus and a time

lag before radioactivity Is detected in the cytoplasm. It Is generally accepted that

synthesis of most RNA takes place in the nucleus and that cytoplasmic RNA Is

derived from this, although there Is still some controversy on this Issue (Prescott,

1964).

It is of interest to determine the amount of RNA turnover which occurs in cells

In conjunction with protein synthesis, where turnover of RNA is defined as a

balanced process of synthesis and degradation of RNA. It ought to be possible to

make a direct measurement of turnover In RNA using a radioactlvely labelled pre-

cursor as in the present experiment, by determining the extent to which the radio-

active label Is retained In the RNA. Some of the conditions In the present experiment

are favourable for such a measurement, for example we can be fairly certain In the

case of the osteoblasts that we are looking at the same population of cells over the

period of 4 days and that there has been a negligible amount of cell division In these

cells. From the upper curve in Fig. 2 it can be seen that about 25'Vn of the labelled

RNA turns over In 3 days. However this figure is likely to be a lower limit since

reutlllzatlon of degradation products, which is known to occur, will mask the effect

of turnover.

In fact interpretation of experiments of the present kind are very difficult due

mainly to 'pool effects' and reutilization phenomena, (Watts and Harris, 1959;

Watts, 1964 a; Watts, 1964 b). There Is good evidence, mainly from tissue culture
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studies, to show that RNA precursors, such as labelled nucleosides, are first rapidly

incorporated into intracellular pools of intermediate-sized molecules. RNA synthesis

then proceeds using these labelled intermediates and, depending upon the size of a

particular intracellular pool, the labelling of RNA may continue for some time after

a pulse of labelled nucleoside has been given. This is referred to as the 'pool effect'.

Dilution of these pools by non-radioactive precursors is not always easily obtained

and as shown in the present experiment a second injection one hour later of non-

radioactive Uridine one hundred fold, failed to produce any detectable effect in the

pattern of RNA synthesis and presumably in the dilution of the pool of labelled

intermediates. It is clear that the cells in the system being studied show a large pool

effect since labelling of RNA does not reach a maximum until 24 hours after injec-

tion.
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Histochemical Studies of Chondrocyte Function in the Cartilage

of the Mandibular Condyle of the Rat

J. S. Greenspan, H. J. J. Blackwood

Royal Dental Fiospital of London School of Dental Surgery, London, England

Introduction

The cartilage of the mandibular condyle has not been used extensively as a site

at which to investigate the processes of cell differentiation, maturation and endo-

chondral ossification. The investigation reported here is part of a more comprehensive

study of the cellular dynamics, cytochemistry and ultrastructure of this tissue. The

aim of this study is to extend our knowledge of the normal and pathological behav-
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iour of the mandibular condyle and of the general biological processes with which its

cells are concerned.

The cartilage can be divided into three distinct cell zones, namely the articular,

proliferative and hypertrophic zones. The articular zone provides an articular cover-

ing for the cartilage. The proliferative zone is concerned with growth and chondro-

genesis, and the hypertrophic zone shows the characteristics changes of cell hyper-

trophy and matrix production which precede ossification in cartilage. This latter zone

can be further divided into the premineralised and mineralised zones.

Material and methods

The mandibular condylar cartilages were removed from 48 male and female

Wistar rats of varying ages (19 days insemination age 1, 4, 8, 12, 14, 16 and 18 days

post-partum). Undemineralised cryostat sections of the cartilages were subjected

to a range of functional

and analytical histochemical • ijjZ^'-^:.''
-

'^

procedures including tech- *"ftBW'^> *
•**-'-*

niques for mitochondrial - ^

'

• '-*' *>
idative enzymes, lyso- *»^>,'

^
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al and non-lysosomal f
*
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ox

som

hydrolytic enzymes, proteins, ^•%. , .
* •'-"^^

carbohydrates and lipids.
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The position of the mine-

ralising front was deter-

mined microradiographically

and confirmed by the von

Kossa method.

Observations mB' .^^.M
Mitochondrial enzyme '•^t^^''^ %-"«^»'

¥activity was low in the

proliferative zone but in-

creased slightly in the ad-

jacent area of the hyper-

trophic zone and in the

articular zone. Activity in-

creased markedly with chon-

drocyte maturation and

reached maximum levels in

the hypertrophic zone se-

veral cells distant from the the presence

mineralising front (Fig. 1)

Within the mineralising zone activity decreased. The correlation of the levels

of these enzymes with matrix production as evidenced by their increasing

activity in the cells of the hypertrophic zone and their decreased activity in the

mineralising zone supports the view that the primary function of these cells Is

probably matrix production.
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Fig. 3. VON Koss.'i reaction showing the level of mineralisation in the h> pertropluc '/one of the cartilage. Unfixed

S (( crvostat section. > 160
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Acid phosphatase appeared in increasing amounts in the maturing chondrocytes of

the hypertrophic zone up to the point of commencing mineralisation. Surviving

chondrocytes in the mineralising cartilage showed a lower level of activity (Fig. 2).

|*>* ^

Fig. 4. Serial section to Fig. 3 showmi; ,i

sent in the chondrocytes but has disappc

GUcogen (arrow) is pre-

ection post-fi.xed in 90%
cohol'tormalin.

Non-specific esterase activity was present in the same distribution as acid phos-

phatase and showed as small positive granules in the chondrocyte cytoplasm. Similar

granules were seen in the acid phosphatase preparations. These observations indicate

the presence of lysosomes in the chondrocytes which would be in accord with recent

views on the mechanism of cartilage resorbtion (Fell, 1964; Sledge and Dingle,

1965). On the other hand the chondrocytes in the mineralising zone are probably

dying cells so it is possible that the acid hydrolase positive bodies could represent

autophagic vacuoles (de Duve, 1963).

Alkaline phosphatase appeared in mature chondrocytes just prior to mineralisa-

tion and was stronger in chondrocytes within the mineralising zone. The highest

levels of alkaline phosphatase were seen in osteoblasts and in periosteal cells of the

condylar process. These findings confirm for this tissue the well documented associ-

ation of alkaline phosphatase with cells involved in calcification (see Cabrini, 1961

for review).
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Glycogen appeared in increasing amounts in maturing chondrocytes and was at a

maximum in cells of the hypertrophic zone at some distance from the mineralising

front, but disappeared from these cells before mineralisation actually commenced

(Fig. 3 and 4). This suggests that glycogen is probably not directly involved in the

calcification process but it would seem more likely, as suggested by Weatherall et al.

(1964), that it is concerned with mucopolysaccharide synthesis and matrix production.

Weak sudanophilia was present in the cartilage matrix of the hypertrophic zone

prior to its mineralisation but somewhat stronger sudan staining occurred in the

mineralising matrix. The reaction was completely abolished, however, by prior

extraction of the sections in a methanol/alcohol mixture. The latter procedure also

resulted in a reduction in alcian blue staining at these sites. The substance or sub-

stances responsible for these findings could well be the same as that described by

Irving at sites of calcification in long bones and in teeth (Irving, 1959; Wuthier

and Irving, 1964; Irving, 1965). A likely explanation for these staining reactions is

that a lipid/acidic carbohydrate complex is involved and this possibility is being

investigated further.

In general the histochemical activity of the surface articular zone of the cartilage

was low which is in keeping with its structure and the purely mechanical function

which this zone appears to fulfil. No significant differences in histochemical activity

was observed between animals of different ages and sex.

Summary

Histochemical changes coincident with cell differentiation and endochondral

ossification were studied in the condylar cartilages of the mandible of young Wistar

rats. Undemineralised cryostat sections were subjected to a range of functional and

analytical histochemical procedures.

The results indicate that the metabolic activity of chondrocytes is roughly pro-

portional to matrix production. The presence of glycogen is correlated with this

metabolic activity rather than with mineralisation, whereas the presence of alkaline

phosphatase is strictly correlated with actual or impending mineralisation. Lysosomal

enzymes are present in chondrocytes. A sudanophilic substance which may not be

lipid in nature is also associated with sites of mineralisation.
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Correlation between Morphological, Biochemical, and Biophysical

Effects of Parathyroid Hormone on Cell Membranes

A. B. Borle

Department of Physiology, University of Pittsburgh School of Medicine,

Pittsburgh, Pa., U. S. A.

We have previously reported that parathyroid hormone (PTH) added to HeLa

cells decreased cellular adhesion to glass, produced cell clumping (increased mutual

adhesion of the cells) as well as the appearance of blebs and microvilli of the cell

membrane (Borle and Neuman, 1965). Monkey kidney cells seem to respond to

PTH as well. One unit of PTH/ml of medium produced a large number of vacuoles

in the cytoplasm and an enlargement and swelling of the Golgi apparatus (Fig. 1 and

2). Sequential observations suggest that the vacuoles are formed by pinocytosis.
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bone, kidney and intestine (Borle ct ai, 1960; Egawa and Neuman, 1963; Borle

et ai, 1963). In HeLa cells, a) PTH increased lactate production ZS-S^/o from

32.2 ± 1.98 to 41.4 ± 1.16 //g/hr/10« cells (p< 0.001); b) PTH increased the cellular

-^^•^ '^:

r^:

Pi 21''/o; c) PTH increased ^-P incorporation into the lipid fraction of the cells 63Vo

in one hour (relative specific activity 4.25 XIO"^ in control vs. 6.93 XIO"^ in the

experimental group). In monkey kidney cells, PTH did not increase lactate produc-

tion but increased the total cellular phosphate 30^/0 from 26.1 to 34.0 //g P/mg cell

protein (p<C 0.001). Table 1 presents a summary of these changes and a comparison

Table 1. Metabolic effects of PTH

Lactate Coll P
Production I'ptake

3 21.

lipid

HeLa Cells . . . .

Monkey kidney cells

Bone slices 1' -
. . .

Kidney slices -
. . .

Intestine-^

(LE Ct al., 1960.

+ 30%
I

(+ 21%)
I + 30%

+ 34%
I

+ 38%-
I

+ 26%
+ 36%, I + 28%

Egawa and Neuman, 1963.

+ 63°o

+ 34%

» Borle et al, 1963.

with the results previously obtained in bone, kidney and intestine. It appears from

these studies, that PTH may enhance aerobic glycolysis, phosphate transport into

the cell and probably the turnover of phospholipids. In view of the morphological

observations reported above, it is of interest that very similar metabolic changes have

been reported in phagocytosing leucocytes (Sbarra and Karnovsky, 1959, 1960).
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Summary

1. Morphological modifications by PTH have been observed in cell cultures,

suggesting an effect on the cell membrane: microvilli, blebbing, decreased cellular

adhesion, vacuolization and pinocytosis. 2. The changes in metabolism of these cells

effected by PTH (increased lactate production, phosphate transport and ^^P in-

corporation into lipid phosphorus) are similar to those observed in bone, kidney and

intestine. 3. Shifts of calcium from medium to cells were observed after PTH; these

could explain the changes in cellular adhesion. 4. An increased membrane resistance

was obtained in toad bladder after PTH, a finding consistent with an increased

calcium binding to the membrane. 5. These results also suggest that PTH, beyond and

above its role of increasing serum calcium, might play a further role in the distribu-

tion of calcium between the extracellular fluid and the cells.
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Vitamin D-ascorbic Acid Association in Bone Metabolism

p. A. Thornton

Veterans Administration Hospital, Lexington, Kentucky, and the Departments of Physiology

and Biophysics and Medicine, University of Kentucky, Lexington, Ky., U. S. A.

Previous results (Thornton and Brownrigg, 1961) have indicated that ascorbic

acid influenced the skeletal response of chicks to vitamin D3 deficiency. Turnover of

skeletal ''^Ca was enhanced in vitamin D., deficient individuals in the presence of

ascorbic acid, suggesting a change in the bone metabolic rate. No specific role for

vitamin D in bone cells has been evolved; however, investigations with cartilage have

suggested a metabolic function in that tissue. It appears to be needed for normal

formation and metabolism of citric acid (Neuman and Neuman, 1958).

Although no evidence has been presented linking ascorbic acid to bone cellular

metabolism, it is accepted that this compound is involved in formation of the organic
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portion of bone. An increase in osteoclastic population (Levy and Gorlin, 1953) and

a decrease in bone alkaline phosphatase (Gould and Schwachman, 1941) have also

been shown in ascorbate deficiency. The present report concerns possible bone cellular

roles for vitamin D and ascorbic acid and an attempt to relate these events to bone

demineralization.

Methods

Male Leghorn chicks were given the experimental diets (Tab. 1) from one day

until 15 and 16 days of age. Previous efforts (Thornton et ai, 1959) attest to the

adequacy of the control diet to support normal growth and to its rachitogenicity

in the absence of vitamin D., . At 15 and 16 days of age, an equal number of chicks

from each group were sacrificed. The tibiae were quickly removed, freed of adhering

tissue and placed in cold saline solution. Each were split lengthwise and the bone

marrow removed. About 100 mg of compact bone tissue was placed in 2.8 ml of

cold buft'er solution and kept there until all samples were placed in the incubator.

The medium, adjusted to a pH of 7.4, contained the following in //moles: Tri-

(hydroxymethyl)aminomethane (Tris) 20, MgS04 15, glucose 10, NaCl 150, adeno-

sine diphosphate (ADP) 10 and hexokinase at 0.5 mg per flask. Tissue from 6 animals

from selected groups (Tab. 1) were incubated in the Warburg respirometer. All others

were incubated in the Dubnoff metabolic shaker with air used as the gas phase in

each case. All were incubated for 3 hours at 37 "C.

Table 1. Dietary changes and bone response

Dietary
Treatment |j.g/100 mg Bone

Percent
Bone Ash

O2 uptake ' Glucose uptake
(xl/mg NCN/lu-. [xg/mg NCN/hr.

Lactic Acid
recovery

ixg/mg NCN/hr.

530 4:171 63.8^0.3

760±3la« 58.4 ±0.7'

1. Control

2. Vitamin D3
deficient ....

3. 2 + 44mg ascorbic

acid/kg diet. . . 849±41«" 58.5 + 0.5 "» —
4. 2 + 220 mg ascorbic

acid/kg diet . . . 564^44"'' 60.2 ± 0.4""''' 31 ± 5

22 ± 51 859 ± 30

51±10«« 451 ±49"'

— 470 ±29"'

98 ±9

70±9«

70 ±8"

712 ± 54&«''« 93 ± 10

' Mean + S. E.

a, aa — Different from the control at the 95 and 99''/o confidence levels respectively.

b, bb — Different from the vitamin Dj deficient group at the 95 and 99% confidence levels respectively.

Chemical determinations of the media included glucose (Huggett and Nixon,

1957), lactic acid (Barker and Summerson, 1941), phosphate (Fiske and Subbarow,

1925) and calcium (Willis, 1961). Non-collagenous nitrogen (NGN) was measured,

employing a modification of the Lilienthal et al. method (1950) as used by Borle

et al. (1960).

Gompact bone tissue was ether extracted for 6 hours, dried to a constant weight

at 105 °C and ashed 12— 16 hours at 600 G to determine percent ash.

Results and discussion

There was an apparent increase in NGN in the absence of vitamin Dg (Tab. 1).

Addition of ascorbic acid at the lower level augmented the response while the higher

supplementation effected a value similar to the control. Whether these changes in

3^^ Europ. Symp. on Gal. Tissues
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CoHN and Forscher (1962) presented evidence suggesting that lactic acid was

the major end-product of glucose metabolism in bone tissue. Goldhaber (1961)

showed that oxidative metabolism was necessary for bone resorption while Walker's

Table 3. Cellular activity and phosphate mobilization

Glucose uptake
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Lysosomes and Cartilage Resorption in Organ Culture

C. B. Sledge

Strangeways Research Laboratory, Cambridge, England

and

Department of Orthopedics, Harvard Medical School, Massachusetts General Hospital,

Boston, Mass., U.S.A.

The work of Bassett and Herrmann (1961) and Bassett (1964) has shown that

variations in environmental oxygen exert a modulating influence on skeletal tissues in

culture. GoLDHABER (1963) has found that exposure of neo-natal mouse calvaria in

organ culture to elevated par-

tial pressures of oxygen results

in bone resorption and in-

creased osteoclasis. The mecha-

nism of these interesting effects

is unexplained.

In this work, the cartilagi-

nous limb-bone rudiments of

8-day chick embryos have been

^- ^ ^^ exposed to elevated partial pres-

sures of oxygen on a comple-

tely synthetic medium. This re-

sults in extensive loss of meta-

chromatic material throughout

Fig. 1. Top: control rudiment exposed to 20«/o oxygen for 6 days. the shaft of the rudiments
Toiuidine blue. XIO. — Bottom: contralateral rudiment exposed (Fig 1) This loSS of mCtachrO-

to 85% oxygen for 6 davs. Toiuidine blue. XIO ^ °' /'

masis IS accompanied by normal

synthesis, but increased release of hexosamine into the medium. Thus, both the

histological appearance and solubilization of mucopolysaccharide resemble the effect

of excess of vitamin A. Since this vitamin has been shown to produce matrix degra-
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dation by increased release of a lysosomal acid protease (Fell and Dingle, 1963), a

similar mechanism was suspected for the hyperoxia effect.

Fig. 2 shows the growth of two groups of rudiments. One group of eight rudi-

ments was exposed to 20o/o oxygen while the paired rudiments were exposed to SSVo

oxygen. At two-day intervals the amounts

of acid protease and acid phosphatase

in the medium were measured. The

release of both of these lysosomal enzy-

mes was increased in the group exposed

to elevated oxygen.

The lysosome, a cytoplasmic body

containing a variety of hydrolytic en-

zymes characterized by acid pH optima

and structure-linked latency, was de-

veloped as a biochemical concept by

DE DuvE et al. (1955), and de Duve

(1963). The morphology of these single

membrane limited structures has been de-

scribed by NoviKOFF (1963), and their

presence in all mammalian cells except

the erythrocyte and spermatocyte seems

likely (Dingle, personal communication).

Alteration of the liproprotein membrane

leads to activation of the enzymes, either

by escape of enzyme or entrance of

substrate. Many agents have been shown to produce such alteration of the membrane:

acid pH, ultraviolet light, vitamin A, streptococcal endotoxin, antigen-antibody

reactions, etc. Measurements of the free/bound ratio of the lysosomal enzymes in the

rudiments showed that the fragility of the lysosomal membrane was increased in

hyperoxia.

Since the membrane of the lysosome can be stabilized by Cortisol in physiological

doses (Weissmann and Dingle, 1962), it was added to the cultures at 0.1 ;.'/ml. or

0.01 y/m\. This steroid afforded complete protection from hyperoxia, by both

histological and biochemical criteria.

In work with excess of vitamin A, Fell and Dingle (1963) have shown that

lysosomal acid protease is responsible for the degradation of matrix. Ali (1964) has

shown that this protease is competitively inhibited by epsilon-amino-n-caproic acid

(EACA), a synthetic amino acid which structurally resembles lysine. When EACA
was added to our medium at 40 ;'/ml. it, like Cortisol, protected the rudiments from

the effects of hyperoxia.

It appeared evident that excess oxygen was activating the lysosomes of the

chondrocytes and releasing an acid protease which led to loss of matrix. What is the

mechanism for this effect — acid pH, change in cell membrane permeability, or a

direct effect on the lysosome? Kenny et al., (1959) suggested a blockage in the Krebs

cycle leading to accumulation of lactic and citric acids and a lowered pH as the

mechanism of bone resorption in hyperoxia. I have not found this to be the case in

our experiments. Citrate and lactate production, pH and glucose consumption are

days in culture

Fig. 2. Lengths of control .ind experimental rudiments

shown in line graph. Release of acid phosphatase into

medium shown in bar graph
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«

unchanged from control figures. What about the cell membrane? Allison (1965),

working with cell cultures in 95'''o oxygen, found increased permeability of the

lysosomes to the Gomori substrate 12 hrs. before the cell membrane became permeable

to eosin. It was, therefore, suspected that the effect of hyperoxia was a direct one on

the lysosomal membrane. Mr. Dingle and I (Slldge and Dingle, 1965) prepared

lysosome-rich fractions from chick embryonic cartilage and incubated them with

oxygen or nitrogen. Similar fractions from liver, kidney, spleen and brain were run

as controls. Only in the case of

lysosomes from cartilage was there

activation by oxygen.

When Vitamin E, a lipid solu-

ble anti-oxidant, or vitamin C, a

water-soluble anti-oxidant, were

added to the culture medium, pro-

tection from hyperoxia was ob-

served (Fig. 3). Tappel et al. (1963)

have found increased lipid per-

oxidation in vitamin E deficiency.

It therefore seems likely that the

effect of hyperoxia is mediated

through increased release of hydro-

lytic enzymes by lipid peroxida-

dation of the lysosomal membrane.

The protective effect of vitamin C
IS perhaps due to a re-cycling phenomenon whereby a membrane constituent, sus-

ceptible to oxidation, is protected by lipidsoluble reducing substance (perhaps vit-

amin E) which, in turn, is maintained in a reduced state by vitamin C in the cytoplasm.

The role of the osteoclast in these experiments has been most interesting. They are

not normally seen in chick limb-bones in culture. However, in all of the rudiments

exposed to hyperoxia alone, osteoclasts appear — never in great number and always

after resorption is well underway. They are not due to hyperoxia, per se, as they are

not seen in rudiments exposed to hyperoxia but protected from matrix degradation

by Cortisol, EACA, or vitamins E or C. From this it would appear that some

product of matrix degradation is responsible for the induction of osteoclast formation.

A possible scheme might be:

oxygen + lysosome '*!",
.
— acid protease

^ ^ ^ peroxidation '^

acid protease + protein-polysaccharide

Fig. 3. Top: control rudiment exposed to 85% oxygen tor

6 days. Toluidine blue. XIO. — Bottom: contralateral rudi-

ment exposed to 85°/o oxygen for 6 days. 40 yJm\. vitamin E

added. Toluidine blue. ^10

arginine bond

hvdrolvsls"'

lon-collagenous protein + polysaccharide

non-coilagenous protein undifferentiated

mesenchymal

cell

osteoclast

Using 85''/o oxygen and natural medium (plasma clot-embryo extract), a marrow

cavity has been produced in chick limb bones in culture for the first time (Fig. 4). As

no vessels were present at the time of explantation (8 days), this is a direct effect of

oxygen on the tissues.
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Indirect evidence for the role of lysosomes in skeletal morphogenesis is provided

by the work of Moscona and Karnofsky (1959). Administration of cortisone to the

chick embryo, in ovo, prevented the formation of the marrow cavity. In some species

cortisone produces mcreased

thickness of the epiphyseal plate

due to failure of resorption on

the metaphyseal side (Hulth

and Olerud, 1963). Both of

these findings I would interpret

as due to the stabilizing effect

of cortisone on the membranes

of cartilage lysosomes exposed

to the relative hyperoxia of a

highly vascularized region.

In conclusion, it is suggested

that exposure of cartilage to

elevated partial pressures of

oxygen results in tissue degra-

dation by enzymes released by

lipid peroxidation of the lyso-

somal membrane. The often ob-

served association between vas-

cular invasion and degradation

of skeletal tissues and suscep-

tibility of cartilage to necrosis

in hyperoxia may therefore be

related. I would suggest that

this phenomenon has important

physiological as well as patho-

logical implications. Cases in point would be the increased vascularity of the

resorbing epiphyseal plate, the formation of the marrow cavity, the shedding of

decidious teeth in humans and antlers in deer, and the erosion caused by the vascular

pannus in rheumatoid arthritis.

,^^
^^?ii-

8-day rudiment

r 6 days. Osteo(

cavitv formati

on natural medium, exposed to S5"/o oxy-

lasts can be seen participating in marrow
>n. Haematoxvlin and Eosin. 110
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Acid Hydrolases, Lysosomes and Bone Resorption Induced by

Parathyroid Hormone

G. Vaes

Laboratoire de Chimle Physiologique, Universite de Louvain, Louvain, Belgique.

As pointed out elsewhere (Vaes, 1965; Vaes and Jacques, in press a), both

mineral and organic matrix seem to be removed almost simultaneously in the process

of bone resorption. Since organic acids produced and secreted by bone cells are

thought to be the agents of the solubilization of bone mineral, the simultaneous

hydrolysis of the organic matrix presumably occurs at an acid pH: the possibility

that the acid hydrolases of bone cells may play a role In the digestion of the organic

matrix was, therefore, considered.

So far, nine acid hydrolases have been demonstrated In homogenates of newborn

rat calvaria (Vaes and Jacques, in press a): /^-glucuronidase, /?-N-acetylaminodeoxy-

glucosldase, acid deoxyribonuclease, acid ribonuclease, acId-/S-glycerophosphatase and

acid phenylphosphatase showing optimal activity around pH5; cathepsin, /5-galac-

tosldase and hyaluronldase with an optimum around pH 3.6. The first eight hydro-

lases, and probably also hyaluronldase (Vaes, in preparation), have been shown by

means of tissue fractionation techniques to be associated with a special group of

cytoplasmic particles distinct both from mitochondria and from microsomes and

similar to liver lysosomes (Vaes and Jacques, in press b). The acid hydrolases

studied are largely latent in fresh untreated homogenates; they are released in a
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closely parallel fashion (with the possible exception of part of the acid phenyl-

phosphatase) in preparations subjected to graded activating treatments, suggesting

that they are associated either with the same particle, or with particles possessing

similar properties (Vaes, in press b). These experiments allow the conclusion that the

acid hydrolases of bone cells are associated with particles having the main charac-

teristics of lysosomes. No data have been obtained so far on the intracellular locali-

zation of the coUagenase activity of bone cells, except for some preliminary experi-

ments (with C. M. Lapiere) showing that part of this activity could be associated

with cytoplasmic particles; in liver, a collagenase activity has been located by others

in the lysomoses (Frankland and Wynn, 1962).

Further experiments have furnished evidence for an involvement of the acid

hydrolases of bone cells in the process of bone resorption: they are reported here

briefly; full details will be published elsewhere (see also as a preliminary note, Vaes,

in press a).

Experiments in a tissue-culture system of resorbing bone

Bone resorption was induced in cultures of calvaria from 18— 19 day-old mouse

embryos by the addition to the medium of 1 U.S. P. unit/ml. of parathyroid extract

(PTE). Resorption lacunae first became macroscopically visible in the parietals after

1—2 days cultivation; they extended rapidly between the 2nd and the 4th day,

forming actual holes in the parietals. Lacunae appeared in the frontals around the

3rd day and progressed slowly thereafter (Fig. 1 in Vaes, in press a).

During the development of resorption increasing amounts of /^-glucuronidase,

/?-galactosidase and y?-N-acetylaminodeoxyglucosidase were released into the medium
as compared to non-resorbing controls; this is true also for acid deoxyribonuclease

and possibly for cathepsin. Two non-lysosomal enzymes, alkaline phenylphosphatase

and catalase, were released in similar amounts in the medium of resorbing and of

control calvaria during the first days of culture and thereafter appeared in smaller

amounts in the medium of the resorbing calvaria (Fig. 2 in Vaes, in press a). The

medium of the resorbing calvaria was also found to be significantly more acid than

Table 1. Balance of enzyme activies between the 2nd and 7th day of cultivation for control

and resorbing (PTE) calvaria. Only means (mumoles/minute per calvarium) and p values

(for the difference between C and PTE) are presented

Enzyme
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calvaria synthesize acid hydrolases during this interval of time; but this synthesis is

considerably higher in the resorbing calvaria than in the controls. This is not true for

alkaline phenylphosphatase, a nonlysosomal enzyme, which is progressively lost by

both control and resorbing calvaria, but more rapidly by resorbing calvaria. In this

tissue culture system, PTE thus appears to stimulate both the release (or excretion)

and the synthesis of lysosomal acid hydrolases. It stimulates also the excretion of acid

into the extracellular spaces.

Experiments with rats treated with parathyroid extract

An increased activity of various acid hydrolases (but not of the mitochondrial

cytochrome oxidase) (Table 2, A) was observed in the calvaria of newborn rats

Table 2. Rats treated isjith PTE. A) Enzyme activities in homogenates of calvaria; B) Free

activities of enzymes in cytoplasmic extracts of calvaria. — All results expressed as per-

centage (mean ± S.D.; N = 6 or 7) of the activities found for paired controls taken as 100"/o.

For absolute values in controls, see Vaes and Jacques (1965 a) and Vaes (1965 c)

Knzyine A B

^-Glucuronidase 124 ± 17 (p < 0.02) 119 ± 11 (p < 0.01)

;8-N-Acetvlaminodcoxyglucosidasc Ill ± 16 (N. S.) 135 ± 29 (p < 0.05)

)5-Galactosidasc
I
110± 6 (p = 0.01) i 109 ± 8 (p < 0.05)

Hyaluronidase (in cytoplasmic extract) 114 ± 13 (p < 0.05) —
Cathcpsin I 126 ± 10 (p< 0.01) 95 ± 5 (N. S.)

Acid Dcoxvribonuclease
j

138 ± 24 (p < 0.02) 114 ± 7 fp < 0.01)

Acid Phenylphosphatase I 146 ± 22 (p < 0.01) I 110 ± 16 (N. S.)

Acid /^-Glycerophosphatase — 108 ± 12 (N. S.)

Cytochrome Oxidase 99±11(N. S.) —

treated during 3 days with PTE. This increased concentration of enzymes may be

compared with the increased synthesis of acid hydrolases observed in tissue culture

under the action of PTE: it suggests that the same phenomenon occurs in vivo and

in vitro. Moreover, a larger proportion of the activity found for the acid hydrolases

in homogenates of calvaria of rats treated with PTE was found to be in the free state

(Table 2, B). This is to be expected if the release of acid hydrolases observed in

culture also occurs in vivo, since more soluble enzyme should then be present in the

extracellular spaces of the calvaria.

Conclusions

The results reported suggest that parathyroid hormone induces a specific release ot

lysosomal acid hydrolases by bone cells (osteoclasts?). This could be a critical step of the

mechanism whereby the hormone causes bone resorption. Presumably, all lysosomal

hydrolases are excreted together in concentrated form at the level of the resorption

lacunae, where they exert a concerted eroding action on the matrix before slowly

diffusing passively into medium. The same interpretation probably applies to the

excretion of hydrogen ions responsible for the acidification of the medium of re-

sorbing calvaria: the local pH shift at the resorption sites is probably much greater

than that observed in the medium. It could be sufficient to cause a solubilization of

bone mineral, leaving the organic matrix uncovered and directly accessible to the
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digestive action of the lysosomal hydrolases, simultaneously creating a suitable

environment for the action of these enzymes. This environment could be limited to

the small area underlying the excretory pole of the cells active in resorption, since

the excreted acid will be rapidly buffered by the bone mineral itself when it is

diffusing away from the resorption lacunae. Such a buffering would limit consider-

ably the extension of the resorption process and confine it to minute areas under

direct control of the cells.

This extracellular function of the lysosomal hydrolases in the digestion of bone

matrix could possibly be completed by an intracellular function in the digestion of

fragments of matrix taken up in the cells by pinocytosis. Lysosomes are indeed

known to be involved in the intracellular digestion of exogenous material engulfed

by phagocytosis or pinocytosis in other cell types. Evidence of active pinocytosis in

osteoclasts has been shown repeatedly by others.
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Le forage des canaux de Havers

A. Dhem

Laboratoire de Chirurgie Orthopedique et Traumatologic, Universite de Louvain,

Louvain, Belgique.

Nous nous sommes propose d'etudier le creusement des canaux de Havers en

falsant appel a I'histologie et a la microscopie de fluorescence.

Pour bien faire comprendre nos documents, rappelons brievement I'aspect que

presente, en coupe transversale, un osteone en voie de depot.

La Fig. 1 provient d'une coupe transversale de la partie moyenne de la diaphyse

tibiale d'un chien adulte. Le tissu non decalcifie a ete enrobe dans le methacrylate de

methyle et debite a la scie. Les coupes ont ete amincies par usure, puis, toujours

incluses dans leur milieu d'enrobage, colorees au bleu de methylene a P/o tamponne

par le biphtalate a pH 4,8.

Les details de la figure sont indiques par des lettres dont la signification est definie

dans la legende.

Pour essayer de saisir la phase negative du remaniement, le forage du tunnel, nous

avons utilise des coupes longitudinales passant par le centre de la Fig. 1 et perpendi-

culaire au plan de cette photographic.

La Fig. 2 reproduit une telle coupe. La fleche designe, au fond d'un cul-de-sac, un

gros osteoclaste multinuclee. Comme les etudes recentes au microscope electronique

permettent d'y voir I'agent actif de la resorption (Hancox et Boothroyd 1964), cet

osteoclaste peut etre considere comme le trepan qui fore le canal de Havers. Seules

done, on le constate, des coupes longitudinales sont susceptibles de faire observer

convenablement le phenomene.

Ce qui se passe dans le sillage de la resorption est partiellement decelable dans la

Fig. 2. On y discerne un gros capillaire sinueux (a) et des osteoblastes (h) qui, des

que la destruction est terminee, tapissent les parois du canal et amorcent aussitot la

reconstruction (c et d).

La Fig. 2 ne permet pas de mesurer I'allure de la resorption. Pour y parvenir, il

fallait recourir a la microscopie de fluorescence.

Un chien adulte a re^u, par voie intraperitoneale, une dose unique de tetracycline

correspondant a 50 mg par kilogramme. Dix-sept jours plus tard, on lui a injecte,

par la meme voie, de I'alizarine (sulfonate sodique) a raison de 65 mg par kilo-

gramme, quelques heures avant le sacrifice.

La diaphyse radiale a ete debitee en coupes longitudinales et ce sont les docu-

ments ainsi obtenus que nous allons maintenant commenter.

La Fig. 3 represente, en lumiere normale, un canal de Havers en voie d'extension.

Elle montre, a son extremite inferieure, la region de resorption et, dans son sillage,

le lisere preosseux, d'epaisseur remarquablement constante. La Fig. 4 traduit la meme
image en fluorescence. C'est elle qui va nous permettre de mesurer I'allure de la

resorption.

Le lisere preosseux, tel qu'il existait au moment du sacrifice, tel qu'on le voit en

lumiere normale dans la Fig. 3, est maintenant illumine en fluorescence par la dose

terminale d'alizarine. Les deux autres bandes fluorescentes de la partie superieure de

I'illustration marquent les stratifications qui se sont deposees depuis le jour de



Fig. 1. Coupe transversale d'un osteone en voie de depot dans la diaphyse tibiale d'un chien adulte. Le comble-

ment du canal de Havers est saisi a mi-course. En a, les capillaires; en h, les osteoblastes; en c, le lisere

preosseux; en d, la ligne-frontiere ou commence la calcification; en e, I'os calcitie a 75% de la charge finale;

en /, la ligne cimentante et, en g, I'os ancien au sein duquel s'etait crease le canal par les processus que vont

etudier les figures suivantes. (X347)

Fig. 1. Coupe longitudinale passant par I'extremite d'un canal de Havers en voie d'extension. Diaphyse tibiale d'un

chien adulte. La fleche designe un gros osteoclaste, les lettres correspondent a celles de la figure precedente. ( -222)

Fig. 3. Coupe longitudinale de la diaphyse radiale d'un chien adulte interessant un canal de Havers qui s'etend

a son extremite inferieure et qui se comble dans les trois quarts superieurs de I'image. L'orientation rigou-

reusement axiale de la coupe est attestee par I'epaisseur uniforme de lisere preosseux. (X107)

Fig. 4. Region identique a celle de la figure precedente, mais photographiee en lumiere ultra-violette. La fleche

noire indique I'epaisseur du tissu nouveau depose en dix-sept jours. Pendant ce temps, la resorption a progresse

d'une distance au moins egale a la longueur de la fleche blanche. (X107)
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rinjectioii jusqifau jour ou la tetracycline a disparu du sang. L'une de ces deux

bandes, celle de droite, se prolonge vers le bas par une ligne grele qui, d'apres les

correlations, n'est autre que la ligne cimentante. Celle-ci s'est done constitutee a cet

endroit pendant les tout premiers jours de I'experience.

Il s'agit de superposer a cette Fig. 4 la situation du trepan au jour de I'injection

de tetracycline, dix-sept jours avant le sacrifice.

Il est vraisemblable, d'apres ce que nous venons de dire de la portion fluorescente

de la ligne cimentante, que le trepan se trouvait alors a un niveau tres proche de celui

de I'extremite inferieure de la ligne grele, illuminant la ligne cimentante. Toutefois,

afin d'ecarter d'avance toute surestimation possible de I'allure, certainement rapide,

de la resorption, nous plagons deliberement ce niveau blen au-dessous.

En dix-sept jours, la resorption a progresse d'une distance au moins egale a la

longueur de la fleche blanche.

Quelle est la mesure correspondante de I'apposition? Au maximum, la distance

qui va de la surface exterieure a la surface interieure des deux fourreaux fluorescents,

distance indiquee par une grosse fleche noire.

Compte tenu du parallelisme des quatre bandes fluorescentes du haut de la Fig. 4,

compte tenu de I'epaisseur uniforme du lisere dans les Fig. 3 et 4, on est certain

d'avoir sous les yeux une image privilegiee, parfaitement radiaire, permettant une

lecture correcte.

Mesurons, sur la photographic, les distances qui nous interessent, et nous con-

statons que I'allure lineaire de la resorption est, au moins, seize fois plus rapide que

I'allure lineaire de I'apposition.

Cette estimation nous a paru compatible avec d'autres observations recueillies de

fagon analogue, chez le chien adulte.

Summary

1. The boring of Haversian canals has been studied in the diaphyseal compact

bone of adult dog, by fluorescence microscopy.

2. Longitudinal sections are more useful than transverse serial sections. They show

that the reconstruction process follows immediately in the wake of the destruction

process (Fig. 2 to 4).

3. The linear destruction rate is much faster than the linear reconstruction rate

(sixteen times faster in the example illustrated by Figs. 3 and 4).

4. It follows that, in a given sample of bone tissue, where destruction and recon-

struction are in equilibrium, surfaces covered with osteoblasts are much more extensive

than surfaces covered with osteoclasts.
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Experimental Studies of the Non-inflammatory Vascular Pannus

E. RuTiSHAusER, W. Taillard, B. Friedli

Institut de Pathologic, Universite de Geneve, Geneve, Suisse.

Ischemia produces a profound transformation of the vascularization of the osteo-

articular tissue. A vascular bud of tissue sprouts from the articular capsule and

becomes adherent to the cartilaginous surface (the surface or articular pannus). There

is stasis and arterial ischemia in the bone marrow, particularly pronounced at the epi-

physeal extremities, and the articular plate is invaded by histiocytic and vascular

buds which constitute the internal pannus. This phenomenon has already been

recognized in human pathology (Rutishauser, 1963), and the present paper is an

experimental contribution to its study.

Material

Series I: In 50 young adult rabbits, ischemia of the femoral bone marrow was

produced by injection of a carbon suspension into the femoral nutrient artery or by

intramedullary injection of a thrombin solution. The techniques used, and the dia-

physeal and metaphyseal lesions observed in these animals have been described

(Rutishauser et al., 1960).

Series II: In 14 young adult rabbits, the lateral vascular connections of the

patella were severed along with the insertions of the vasti lateralis and medialis

(HuGUENiN-ViRCHAUX, to be published).

Series III: The neck of the right femur and the sciatic nerve of 17 young adult

rabbits were severed.

Results

Series I: Both methods used in this series yielded identical results. In 35 of the

animals, the circulatory disturbances produced by the injection did not affect the

epiphyseal regions, and the joints remained normal. In the other 15, alterations in the

epiphyseal circulation were noted, and the joints also showed discrete but definite

changes. One animal (033), after 23 days, presented some of the most marked articu-

lar effects. There was a deepening of the coxo-femoral recesses, and the synovial villi

were characterized by congestion, edema, and proliferation of the synovial cells. The

congested periosteum invaded the cartilage, which presented a fuso-cellular meta-

plasia of chondrocytes. The terminal plate was partially destroyed (Fig. 1 a).

This same rabbit also presented alterations in the distal femoral epiphysis. The

epiphyseal marrow and the cruciate ligaments were congested. From the bases of the

ligaments there were fibro-capillary expansions into the cartilage (Fig. 1 b).

Fig. 2 a (103, 5 days) is an example of more discrete, though clearly noticeable,

articular alterations. Near the cruciate ligaments, vessels penetrated the terminal

plate, reached the cartilage, and provoked a fuso-cellular metaplasia. The edges of

the femoral cartilage were reduced by a border of fuso-cellular tissue which con-

tained small vessels.

Series II: The patella was the site of vascular congestion and of active peri- and

endosteal resorption. The cartilage was eroded from the periphery by periosteal



64 E. RuTisHAusER, W. Taillard, B. Friedli

vascular buds and showed, at some distance from these buds, a chondrocytic multi-

plication and fuso-cellular metaplasia. The cortical bone showed a few foci of

Fig. la. Series I. Rabbit no. 033; 23 days. Van Gieson. X57.5. Internal border of the articular margin of the

femoral head. Epiphyseal congestion; the modification of the osseous plate is very marked. A pannus slides

over the cartilage, at the same time as the latter is partially destroyed by the medullary pannus

Fig. lb. Series I. Rabbit no. 033; 23 days. Van Gieson. X47.5. Cellular hyperplasia; congestion and edema of

cruciate ligament. Erosion of the cartilage

Fig. 2a. Series II. Rabbit no. 103; 5 days. Hem.-Eosin. X12S. Knee, femoral epiphysis. The articular plate

(near the cruciate ligament) presents a focus of modification from which departs a growth of fusocellular meta-

plasia of the cartilage without capillary contact

Fig. 2b. Series III. Rabbit no. 11; 56 days. Van Gieson. X20. Articular pannus in activity, splitting the car-

tilaginous plate

resorption by fibrovascular sprouts from its medullary side. These transformations

were greatest after about 3 or 4 weeks and then regressed.
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Series III: Fig. 3 illustrates the case of an animal (11) sacrificed 56 days after low

cervical osteotomy. The fracture had healed spontaneously with external tilting of

the head. In the metaphyseal marrow, which was poorly vascularized, a few enlarged

veins were visible. Hemopoietic

tissue was absent, and the internal

part of the cortex had become

spongy. The articular space was

greatly enlarged. The territory of

the artery of the ligamentum teres

formed a triangle of densified

bone, and the ligament and its

insertion in the socket were en-

larged. From it, as well as from

the articular capsule, fibrovascular

growths (vascular pannus) emer-

ged. This pannus war irregularly

developed and hyalinized over 2/3

of its course. The action of the

internal pannus upon the modifi-

cation of the external table of the

socket is especially visible at this

magnification.

The internal extremity of the

coxo-femoral articulation was ob-

literated by a congested external

capsular pannus (Fig. 2 b) in front

of which the cartilage underwent

a lysis and was split longitudinally

into two sheets of equal thickness.

The marrow was markedly con-

gested and showed fibro-vascular sprouts eroding the terminal plate and reaching the

cartilage (internal pannus).

Fig. 4 (rabbit 5) shows the effect of the operation after 28 days. A well limited

medullary territory showed congestion, plasmostasis, and reticular hyperplasia as

well as absence of hematopoiesis. An avascular layer of cuboidal cells covered the

cartilage of the femoral head; the latter showed zones of chondrocytic activation and
chondrolysis which, in 2 foci, had formed cysts. Serial sections showed these cysts to

have no topographical relation to the articular surface or to the blood vessels.

The results of Series I, II, and III show that a local reduction of circulation

modifies the different tissues of an articulation. The consequent stasis is accompanied
by a fibro-vascular expansion originating in the synovial membrane and in the

vascularized ligaments of the knee (Series I: Fig. 1 a, 1 b) and of the hip (Series III:

Fig. 2 b); also a medullary pannus arises in the marrow. These external and internal

pannuses constitute the elements responsible for the modification of the osteo-

cartilaginous plate of the articulation. Certain modifications of the cartilage cannot

be accounted for by direct contact with the pannus; this suggests that the action of

the latter is perhaps mediated by the dift'usion of some humoral factor.

3'''' Europ. Symp. on Cal. Tissues
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Fig. 4. Series III. Rabbit n<. t, 2\ d i) , lln

mentum teres. To the left, marrow hardly altered, activ

marrow (reticulosis). An avascular surface pannus. Alt

2 cartilaginous cys

the ici;iun nt the insertion of the liga-

mopoiesis. To the right, ischemic alterations of the

f the cartilage due to humoral derangement,

ble

Discussion

The aim of reproducing relatively simple examples of vascular pannuses was only

partly attained in the experiments of Series I and II. The involvement of the articular

regions in the circulatory disturbances produced by the injection methods (Series I)

is inconstant. When the patella is isolated from its lateral vascular connections

(Series II), an effective collateral circulation develops and starts to normalize the

local condition after 4 weeks. However, this technique seems to us to be the most

satisfactory. The operation is simple and does not entail a direct interference with

articular function. The division of the femoral neck initiates a pathological condition

which resembles that described by Rokkanen (1962) in his excellent monograph.

Experiments of immobilization and remobilization have been carried out by Mastro-

MARiNO and Maiotti (1956) on the rabbit and by Evans et al. (1960) on the rat.

Here again the histopathological picture resembles that which we have described;

however, these authors reach more limited conclusions than those to which our find-

ings have led us. In any case, their method is even more complicated than ours.

Conclusions

Articular ischemia achieved in the rabbit by different experimental procedures

resulted in a typical transformation of the joints concerned. The terminal plate was

simultaneously eroded by outgrowths of periosteal and synovial tissue (surface or

intra-articular pannuses) and by sprouts of vasculo-reticular tissue from the marrow

spaces (internal or medullary pannuses).

These findings parallel closely certain aspects observed in posttraumatic or

gerontologic joint pathology. It is suggested that local ischemia is an essential factor

in the pathogenesis of degenerative and postinflammatory arthroses.
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Urinary Pyrophosphate in Disorders of Bone Metabolism

L. V. AvioLi, Ph. H. Henneman

Division of Endocrinology, Department of Medicine,

New Jersey College of Medicine and Dentistry, Jersey City, N. J., U.S.A.

The identification of pyrophosphate in bone by Perkins and Walker (1958) and

its inhibitory role in hydroxyapatlte precipitation noted by Fleisch and Bisaz (1962)

suggested that pyrophosphate played an important role in bone formation and

remodeling processes. The present study was undertaken to investigate urinary pyro-

phosphate excretion in patients

vv^ith diseases characterized by

accelerated rates of bone turno-

ver. Concomitant measurements

Vk^ere also made of urinary

hydroxyproline and total inor-

ganic phosphorus.
-ft 25

-^20

•<>

Methods

Pyrophosphate was isolated

from duplicate 1.0 ml aliquots

of cold homogenized 24-hour

urine samples by a modification

of the difTerential acid elution

methods of Fleisch and Bisaz

(1962). The completeness of

orthophosphate - pyrophosphate

recovery was substantiated by

the recovery of known amounts

of stable and radioactive ortho-

and pyrophosphate from human
urine and the completeness of

separation was demonstrated by

thin layer chromatographic techniques. Total urinary hydroxyproline was measured

in hydrolyzed urine samples by the method of Prockop and Udenfriend (1960) and

A/or/no/ Paget 's

Disease

Metastatic Hyper- ^
/lalignanci/ Parattiyroidism ^

Ttiyroidism

Fig. 1. Pyrophosphate excretion in normal adults and in patients

with bone disease. Black circles represent the average pyrophosphate
values of two consecutive 24-hr urinary collections; horizontal bar

in each group represents calculated mean values
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inorganic phosphate according to the method of Fiske and Subbarow (1925). Micro-

phosphate determinations on hydrolyzed pyrophosphate eluates were made by a

modification of the method of Chen et al. (1956).

Results

Urinary pyrophosphate excretion in normal adult subjects and in patients with

increased bone turnover are illustrated in Fig. 1. The normal mean pyrophosphate

excretion of 3.99 mg P/24 hr. (S.E. ±0.45) was much lower than that observed in

Paget's disease (15.48 ± 1.76), metastatic bone disease (24.33 ± 4.61), hyperpara-

thyroidism (21.31 ±4.78), and hyperthyroidism (20.79 ± 2.09). The elevated mean

values in subjects with increased bone turnover differed significantly from normal

with P-<.001 in each case. Urinary hydroxyproline excretion was also elevated in

the subjects with bone disease and paralleled the observed pyrophosphaturia in each

group (Fig. 2). Despite the marked increments in urinary pyrophosphate in disorders

of bone metabolism, no correlated changes were noted in orthophosphate excretion.

HYDROXYPROLINE

mg /24hr

D
HYDROXYPROLINE

PYROPHOSPHATE

^

PYROPHOSPHATE
mg P/24hr

Fig. 2. Urinary pyrophosphate and total hydroxyproline in normals

heigh: of the horizontal bar in eadi group represents the respective

standard error about the meai

and i

mean
ith bone

rs repres

disease. The

nt twice the

Comments and conclusions

Recent observations by Fleisch (1964) suggest that the normal 24-hour pyro-

phosphate excretion corresponds approximately to the amount of bone resorbed

daily. Fiydroxyprolinuria has been repeatedly documented in clinical disorders of bone

metabolism and attributed by Dull and Henneman (1963) to an accelerated resorp-

tion of collagenous bone matrix. The observation of parallel increments in urinary

hydroxyproline and pyrophosphate in the present study suggests that urinary pyro-

phosphate is derived primarily from bone dissolution. The significant elevations of

urinary pyrophosphate observed in Paget's disease, hyperparathyroidism, metastatic

bone disease and hyperthyroidism suggest that pyrophosphate excretion may be as

useful an index of bone resorption as is serum alkaline phosphatase for bone for-

mation in patients with accelerated bone turnover.
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Bone Formation and Resorption in Bone Disorders

J. JOWSEY

Mayo Clinic, Rochester, Minn. U.S.A.

The recognition of the majority of disorders of skeletal bone depends largely

upon their radiological appearance. The various pathological processes may then be
further differentiated by alteration in such biochemical parameters as the plasma
calcium and phosphorus levels.

The gross changes demonstrated by x-ray examination represent a change in the

balance between formation and resorption of tissue but do not measure either of

these two processes independently; it was in order to define the relative contribution
of formation and resorption to bone structure that the method of quantitative micro-
radiography of bone was developed and applied to the study of skeletal disorders.

This brief report compares bone turnover, that is, formation and resorption, in a

number of normal individuals with values obtained from subjects suffering from the

more common disorders of the skeleton.

Method

The technique of quantitative microradiography (Jowsey, 1960; Jowsey et ai,

1965) depends on the analysis of formation and resorption of bone seen on a micro-
x-ray of a thin slice of calcified bone taken from a biopsy. These two processes are
recognised by the distribution of mineral seen in the microradiograph. Extensive
correlative studies (Jowsey et ai, 1965) have demonstrated the validity of this
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method in measuring only formation and resorption and not other processes occurring

simultaneously in this tissue. Formation and resorption take place on the surfaces of

the bone and the results presented in this report are based on quantitation of the

length of surface undergoing either formation or resorption expressed as a percentage

of the total surface examined.

Hyperparathyroidism and hypoparathyroidism

Radiological evidence of bone disease is present only in some cases of primary

hyperparathyroidism; more frequently renal stones and invariably an elevated blood

calcium and lowered phosphorus level are the presenting features of this disorder. In

this communication a series of twenty-seven patients were studied of whom seven had

bone disease visible on x-ray while the remainder did not. Quantitative microradio-

graphy demonstrated that resorption is elevated in all cases, the average value for

this group being -1-5.7 standard deviations. Bone formation levels were normal in

two thirds and elevated in one third of the cases.

It would seem, therefore, that increased resorption Is characteristic of all cases of

primary hyperparathyroidism and that the x-ray appearance recognises only instances

where resorption is extensive or has been going on for some time. The increased

formation in a third of the cases tends to mask any Increase In porosity of the bone

produced by the high level of resorption.

Hypoparathyroidism can result from either accidental removal of the para-

thyroid glands in thyroidectomy or, less frequently, from idiopathic lack of function

of the parathyreoid tissue. The blood and urine calcium levels are low but the x-ray

appears normal. The five cases reported here include two surgical parathyroid-

ectomies and three individuals with idiopathic hypoparathyroidism. Quantitation of

bone formation and resorption demonstrated both to be reduced, resorption to a

significantly lower level with formation In the low normal range.

Osteoporosis

The x-ray picture of osteoporosis Is typical of an extensive loss of bone tissue

from the skeleton, this being particularly evident in the spine where crush fractures

of the vertebrae and ballooning of the intervertebral spaces follow from the loss of

bone.

The diagnosis of osteoporosis in the present study has been based on the radio-

logical examination, the blood calcium and phosphorus levels being normal and other

causes of osteoporosis, such as multiple myeloma, being excluded. Direct measurements

of formation and resorption in seventy-two cases of idiopathic or senile osteoporosis

by the method of quantitative microradiography demonstrate an increase in the

amount of bone resorption while the level of formation falls within normal limits. It

appears therefore that an increase in the level of resorption Is the prime factor in the

loss of bone tissue in this disorder.

Cushing's disease

Generalised decreased density on x-ray Is found in Cushing's syndrome; prolonged

therapy with cortisone will also produce loss of bone mass, particularly In the spine

and often in a few months. The fourteen cases presented here showed osteoporosis as
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the result of either exogenous or endogenous hypercortisonism. Resorption was

elevated, often considerably, in all but four cases. Formation was reduced in all cases,

values in nine cases falling below two standard deviations from the normal. The

osteoporosis of hypercortisonism, therefore, differs from idiopathic or senile osteo-

porosis in that, as well as the increased resorption which contributes most importantly

to the loss of bone, there is a decrease in bone formation.

Bed-rest

Immobilization has been shown to result in decreased density of the skeleton

(Heaney, 1962); therefore any individuals who had more than four days of bed-rest

were excluded from the main part of the study.

Such individuals fell into two groups, namely "normal" individuals who had no

bone disorder and osteoporotic individuals who had been in bed from four to

seventeen days. The results of measurements of formation and resorption in fourteen
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Hyperthyroidism

Osteoporosis or decreased density of the skeleton on x-ray is frequently associated

with hyperthyroidism. The five cases reported here show an increase in the level of

the resorption of bone in all but one case, and two of the five also demonstrate an

increase in the level of bone formation. The values are similar to those seen in osteo-

porotic bone but the levels of formation appear to be higher.

Paget's disease

Facet's disease differs from other conditions discussed in this report in that it is a

localised lesion and is not considered as a metabolic abnormality. The x-ray changes

seen in this disease are dramatic and are characterised by an increase in the volume

of localised areas of bone accompanied by a decrease in the density. Histology

demonstrates many cement lines associated with a great deal of formation and

resorption of bone. Quantitative microradiography has not really added much to our

knowledge; the study of fourteen specimens show the very high levels of both

resorption and formation that are to be predicted from the histological picture.

Summary and conclusions

Decreased skeletal density is a frequently found radiological appearance in most

bone disorders and can be explained, in terms of turnover measurements, by an in-

creased resorption of bone (Fig. 1). Bone formation levels are increased in a per-

centage of subjects suffering from hyperparathyroidism and hyperthyroidism and in all

cases of Faget's disease, decreased levels being found in hypoparathyroidism and

hypercortisonism. It is of particular significance that bed-rest also results in a decrease

in bone formation usually within a relatively short time.

The introduction of quantitative microradiography has provided a measure of

bone turnover, which can explain radiological changes and further characterise the

various bone disorders.
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Studies of Iliac Crest Bone from Controls and Patients with Bone
Disease by Means of Chemical Analysis, Tetracycline Labelling

and Histology

J. C. BiRKENHAGER, J. VAN DER SlUYS VeER, R. O. VAN DER HeUL, D. SmEENK

Department for Clinical Endocrinology and Metabolism and Department for Pathology,

Acadcmisch Ziekenhuis, Leiden, Nederland.

1, Introduction

In 1964 VAN DER Sluys Veer et ai, showed that in hyperparathyroidism tetra-

cycline labelling of iliac crest bone is Increased in the majority of cases.

In Cushing's syndrome tetracycline uptake by bone was found to vary from

values below to values definitively above the normal range even among cases with

the same degree of osteoporosis as measured histologically (van der Heul et ai,

1964).

In the present study of bone from cases of hyperparathyroidism or hyperadreno-

corticism we have tried to correlate the degree of mineralization assessed by chemical

methods with the degree of tetracycline labelling.

2. Material and methods

The study comprised iliac crest bone biopsy material from eighteen patients with

hyperparathyroidism, eleven patients with Cushing's syndrome, three patients who

were treated with high doses of prednisone and thirteen controls. The material from

the controls was not submitted to a tetracycline uptake study.

The method of measurement of tetracycline uptake and the histological methods

have been described earlier (van der Sluys Veer et al., 1964). For chemical analysis

a small part of cancellous bone was ground and washed with distilled water. After

defatting and powdering the bone was freed of water by drying to a constant weight

over anhydrous potassium carbonate (Birkenhager-Frenkel et ai, 1961). The bone

was hydrolysed for five hours at 140 "C with 6N hydrochloric acid. Phosphorus

(Fiske and Subbarow, 1925, modified) and hydroxyproline (Kivirikko and Liesmaa,

1959) were estimated after neutralization with sodium hydroxide.

3. Results

A. Hyperparathyroidism

In the cases of hyperparathyroidism a high percentage of tetracycline labelled

bone surface (average 32o/o, range 16— 49''/o) was found. This confirms the results

of earlier studies when an average of 25''/o was found in eighteen cases of hyper-

parathyroidism and an average of 12Vo in seventeen controls (van der Sluys Veer

ct ai, 1964). Histologically in nearly all cases an increase in the number of osteo-

blasts, osteoclasts, osteoid seams and fibrosis was seen.

The results of the chemical analysis in hyperparathyroidism and in the control

group are shown in Fig. 1. The phosphorus content averaged 92.4 (range 80.8 to

100.9) //g per mg (hydrated) bone in hyperparathyroidism and 100.7 (range 97.3 to

103.3) iig per mg bone in the controls.
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In hyperparathyroidism the average hydroxyproline content of bone was about

the same as that of the controls, but in the former group the range was considerably

wider, 29.5—40.2 as compared to 31.6—35.7 //g per mg bone. The average phos-

phorus-hydroxyproline ratio (P/PH) was significantly lower in hyperparathyroidism

than in the controls.

PHOSPHORUS
/jg/mg BONE

HYDROXYPROLINE
>jg/mg BONE

-t

Fig. 1. Phosphorus and hydroxyproline content (and the

with hyperparathyroid.

^HP

r ratio) of iliac crest bone from controls and patients

sm. Averages ± S.D.

B. Hyperadrenocorticism

In the bone from seven cases of Cushing's syndrome and from two patients

treated with prednisone the percentage of tetracycline labelled surface varied from

PHOSPiHORUS

/jg/mg BONE

CONTROLS

13

1021+ 32

MCUSHING

HYDROXYPROLINE

/jg/mg BONE

40^

4

MCUSHING

9

CONTROLS

10

Fig. 2. Phosphorus and hydroxyproline

with Cushing's syndr

(and their ratio) of iliac crest bone from controls and patient

under prednisone treatment. Averages ± S.D.

2—25Vo with an average of 14'*/o. The average phosphorus content of bone in

Cushing's syndrome or cases under prednisone treatment did not differ statistically

from that in the control group, whereas the average hydroxyproline content appeared
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to be significantly lower than normal (Fig. 2). Consequently the P/HP ratio was

found to be significantly higher than normal.

The nine cases of hyperadrenocorticism for which a P/HP ratio is given, showed

histologically a decreased amount of trabecular bone (UVo, range 6— 18"/o), as com-

pared with the controls (200/0, range 18—240/o, van der Heul et ai, 1964).

4. Discussion

The degree of variability of the results of the chemical analysis is illustrated by

the data in Table 1, in which bone from the left and right iliac crest is compared.

Table 1. Chemicj! analysis of hitman iliac crest hone

1

Subject 1
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It has been shown in different cases of Cushing's syndrome but with the same

degree of osteoporosis that osteoblastic activity and tetracycline uptake may vary

from subnormal to higher than normal (van der Heul et ai, 1964). This suggests

PHOSPHORUS/ HYDROXYPROLINE
RATIO

HYPERPARATHYROII

M GUSHING

HYPERTHYROIDISM

CONTROLS

= -0.0154)

= -27 09 y

+ 3.38

+ 1055

P < 0.001

% TETRACYCLINE LABELLED SURFACE

Fig. 3. Correlation between the phosphorus-hydroxyproline ratio and percentage tetracycline labelled bone sur-

face in iliac crest bone

that in this condition bone disease is initiated by an increase of bone resorption. This

view is supported by the finding of a normal (Sissons, 1956) or sometimes increased

(van der Heul ct ai, 1964) osteoclasis in histologic studies, and of the primary

catabolic effect of corticoids in

kinetic studies with a bone-seekingM GUSHING
HYPERPARATHYROIDISK
CONTROLS

I

tracer (Gordan and Eisenberg,

1963).

In Fig. 3 a negative correlation

is shown between the percentage

tetracycline-labelled bone surface

and the P/HP ratio of bone from

the groups of patients with hyper-

parathyroidism or hyperadreno-

corticism, from two patients with

hyperthyroidism and from two

controls. As the P/HP ratio reflects

the average degree of mineraliza-

tion it could be expected that bone

with a low P/HP ratio contains a

relatively large amount of bone

with a very low degree of mineralization and consequently will show a high tetra-

cycline uptake. The P/HP ratio appears to be independent of age in the three groups

studied (hyperparathyroidism, hyperadrenocorticism and control group) as can be

seen in Fig. 4.
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Summary

1. Iliac crest bone from patients suffering from hyperparathyroidism and hyper-

adrenocorticism was studied chemically (phosphorus and hydroxyproline content),

histologically and by means of tetracyline labelling.

2. In hyperparathyroidism a low phosphorus content, a low phosphorus-hydroxy-

proline ratio and a high percentage of tetracycline labelling was found; histologically

the bone showed the signs of a high turnover rate.

3. In hyperadrenocorticism the bone (which was shown to be porotic) contained

a normal amount of phosphorus and a subnormal amount of hydroxyproline per mg
bone, resulting in a higher than normal phosphorus-hydroxyproline ratio. Tetra-

cycline labelling varied from subnormal to higher than normal.

4. There was a negative correlation between the percentage tetracycline labelled

bone surface and the phosphorus-hydroxyproline ratio when the data from the

various groups of patients were combined.
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Bone has been defined as a hard substance, a mineralized connective tissue, the

structural material upon which muscles and ligaments are hung. From early child-

hood, when man becomes conscious of the meaning of a skeleton, he is aware of the

permanence of bone. The surgeon saws it, drills it, screws it, nails it and otherwise

treats it very much as he would a piece of oak or pine in his workshop. In fact, its

desirable physical properties, such as hardness, elasticity and durability, have

prompted men to employ bone in the construction of many diverse items. It has been

used in the hunt, as arrowheads and corset stays, and in the pleasures of the parlor,

as dice and toothpicks. Truly, bone is a most remarkable substance! Its enduring

behavior as an inanimate material, however, is not matched by its conduct in the

animate state, for living bone is changing bone.

The capacity of living bone to adapt its structure to meet mechanical demands

has been a source of wonder through much of recorded history and forms the basis of

many tribal customs. Centuries ago, the concept that skeletal growth could be shaped

by properly applied external forces was incorporated in the practice of orthopaedics

by men such as Andry (1741). The famous etching, included in his text of 1741,

epitomizes this concept; as the twig is bent, so grows the tree — as the bone is bent,

so grows the bone. In more recent times, the close relationship between bone

architecture and mechanical principles has stimulated much analysis and speculation.

Of the many writings on the subject, those of Wolff (1892) are most universally

known and are referred to as Wolff's law. Most simply stated by Jansen (1920),

this law holds that, "The form of the bone being given, the bone elements place or

displace themselves in the direction of the functional pressure". As pointed out by

Thompson (1963), the placement and displacement of bone elements is such that they

are best oriented to resist compressive and tensile stresses, while being out of the line

of shearing stresses. This adaptive mechanism permits the organism to achieve harmony

with its surroundings so that it is not limited to a skeletal shape or size pre-deter-

m.ined by inflexible genetic and hormonal factors. Furthermore, in order to meet the

challenge of a changing environment, a vertebrate must have the capacity not only

to reorient bony elements but also to alter their mass (Wunder et al., 1960). In view

of this latter statement, Wolff's law might be improved if amended to state "The

form of the bone being given, the bone elements place or displace themselves in the

direction of the functional pressure and increase or decrease their mass to reflect the

amount of functional pressure". The purpose of this paper is to consider new data

that may help clarify the mechanisms by which bone meets the functional demands

of mechanical stress. It is hoped that the speculations based upon these data will

stimulate a new approach to certain aspects of bone physiology and pathology.

« Supported in part by grants from the U.S. Public Health Service, TI AM 540S, and AM 07822, and the

Easter Seal Research Foundation.
'' Career Investigator, Health Research Council of the City of New York.
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During recent years, the principle of negative feedback (closed loop) control

systems, commonly used in the electronics industry, have been applied in biology. In

this application, such a system requires an environmental signal, a sensor to detect

and convert the signal to a meaningful biologic response (a transducer), and a sensor

to translate this response to action which will stop or correct the original environ-

mental signal. McLean (1958) has suggested that the serum calcium is regulated by

such a five-part mechanism. A low serum calcium is the signal which triggers the

parathyroid gland (transducer # 1) to produce parathormone which, in turn, activates

osteoclasts (transducer # 2) to release calcium, thereby raising serum calcium and

cutting off the original signal. It now is apparent that Wolff's law probably is

another example of a negative feedback control system. In this case, the environ-

mental signal and final correcting response have been known for many years. They

are, respectively, a deforming force and a change in bone structure, appropriate to

resist the applied force. The mechanisms by which one lead to the other, however,

could not be known until the character of the transducers and their responses had been

identified.

Since bone is a multicrystalline material, it was postulated in 1951 that it might

possess piezo-electric properties (Johnson, personal communication). If such were the

case, bone would convert a mechanical signal directly to an electrical signal. This

type of transducer response is analogous to that of a crystal in the tone arm of a

phonograph. In the mid-fifties, the postulate was confirmed independently in Japan

and America by the demonstration that electrical potentials were developed by bone

when it is deformed (Fukada and Yasuda, 1957; Bassett, in press). Although

additional evidence has been reported recently to substantiate the fact that mechanical

stress evokes an electrical response from bone (Bassett and Becker, 1962; Shamos

et al., 1963), the origin of this response remains obscure. It is evident, however, that

the stress-generated potentials are not dependent upon cell viability, are not related

directly to membrane potentials and arise, most probably, in the extracellular

osseous matrix.

Potential differences are generated in certain types of crystal lattices when charges

are separated by pressure on the crystal (Mason, 1950). Similar activity results when
thin him p-n junctions^ are deformed (Huber, 1963). Furthermore, displacement

potentials are generated by bending rod-like polyelectrolytes, such as potassium

hyaluronate (Christiansen et al., 1961). If each of these charge separation phe-

nomena is classified as piezo-electric, there seems little doubt that the electric potentials

produced by stress in bone are also piezo-electric in nature.

While it may be possible to classify pressure-induced charge generation in the

crystal lattices of diverse materials as piezo-electric, it is likely that signals generated

by different materials will have different characteristics. For example, the internal

resistance and capacitance of the crystal can determine the pattern of electrical pulse

for a given deforming force. Furthermore, if the signal is produced by a semicon-

ductor, p-n junction device, rectification may possible occur in it or In other devices

in the circuit, since current flow across the device is more efficient in forward than in

reverse bias. Therefore, it is important not only to demonstrate that electric potentials

' A p-n junction is formed in a monocrystalline lattice, such as purified germanium, when impurity atoms
with an excess of holes, i.e., a deficit of electrons (p-type doping agents) occupy lattice positions on one side

of the crystal and atoms with an excess of electrons (n-type doping agents) the other.



80 C. A. L. Bassett

are generated in bone by piezo-electric phenomena, but also to determine the electrical

properties of osseous tissue. Extensive studies of these properties have led Becker

(Becker and Brown, 1965) to the conclusion that bone possesses most of the known

solidstate or semiconductor properties of p-n junctions diodes. Non-living bone demon-

strates rectification, photoconductivity and photovoltaic effects suggesting that the crys-

tals of calcium hydroxyapatite have p-type characteristics and the crystals of collagen

have n-type. The action spectrum, measured by emission spectroscopy and recombi-

nation radiation, is composed of three distinct peaks which suggests further that two

different semiconductors are associated. This being the case, bone possesses broader

electric capabilities than it would if it were composed only of crystals with simple,

classic piezo-electric properties, such as quartz. Under such circumstances, substances

such as vitamins, hormones and trace elements, active in minute quantities, may

function by changing the electrical properties of bone at the interface between the

semiconductors and their bathing electrolytes, as has been demonstrated for cupric

ion and germanium crystals (Boddy and Brattain, 1962). These substances also

might accomplish similar modifications in behavior by being incorporated into crystal

lattices as impurities (doping agents) or by providing for charge transfer (Becker

et al., 1964). Furthermore, it is conceivable that byproducts of aberrant metabolism

may alter the electric properties or environment of bone and result in pathologic

changes in mass or histologic appearance.

Returning to the concept that Wolff's law is an example of a negative feedback

system, it is possible, on the basis of the foregoing, to identify four of the five

steps involved in the mechanism (Fig. 1). The initial, environmental signal is a de-

forming force. It activates multitudi-

nous, piezo-electric transducers, lo-

cated in thn extracellular osseous ma-

trix, which generate electric potentials

proportional to the applied force. The

potentials then stimulate a second

transducer mechanism to alter osseous

architecture, in a manner which will

best resist the applied force. If the

force is directed along the axes of pre-

existing bone structures, the alter-

ations may involve only an increase

in bone mass, while, if the force pro-

ducers shear, the modifications will

involve realignment.

Before presenting details of data

tures indicating that the second transducer

involves the response of cells and their

byproducts to electric fields, additional factors relating to the generation of the

electric potentials should be considered. At the present time, two different con-

cepts about the identity of the electric generator have developed. On the one

hand, Shamos and Lavine (1964) believe that the demonstration of piezo-electric

properties in tendon by Fukada et al. (1959), coupled with earlier observations

on bone (Fukuda and Yasuda, 1957; Shamos et al., 1963) indicates that collagen
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reduce stress
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fibrils are the most likely source of stress-induced potentials. On the other hand,

Bassett and Becker postulated in 1962 that bone has solid-state, semiconductor

properties, associated most probably with the collagen-apatite units (Becker et al.,

1964) and that these units may form piezo-electric p-n junctions responsible for

electrogenesis in bone. The generator units are so small, however, that it is quite

impossible to determine directly their electrical properties. Therefore, both opinions

about their nature are based on indirect evidence derived from the behavior of

sizeable masses of whole bone. Although both views are necessarily speculative, it

does not follow that both are equally valid. For example, it should be noted that the

investigations of Fukada and Yasuda (1957), Fukada et al. (1959) and Shamos et al.

(1964) have been conducted with dry bone and dry tendon. Since collagen exists

in vivo in a hydrated, rather than dry, state, Bassett and Becker (1962) employed

wet tendon and wet collagen from decalcified bone as controls for their studies of the

electrical responses of bone to deformation. With this type of hydrated preparation,

no electrical activity was detected in response to bending. Recent studies in these

laboratories have yielded additional data that may be helpful in understanding the

apparent differences in the electrical be-

havior of dry and wet collagen, aside

from the obvious alterations in resistance,

possibly, capacitance.

Electrical output from hydrated bone

strips, mounted and deformed as cantil-

evers, was measured and found to be

nearly a linear function of the amount of

deformation (Fig. 2) (Cochran et al.,

unpublished). The plots resembled the

classic, stress-strain relationship only until

the plastic range was reached; thereafter,

there was a diminution in the rate of

increase of electric output. The roll off

was most marked, however, in thicker

specimens, since they reached the plas-

tic range with significantly less defor-

mation.

Bone has been classed as a two-phase

material by Currey (1964). As he points

out, this class of materials, of which fiber-

glass is an excellent example, has a of elasticity intermediate between that of their

two components. In bone, collagen is the low modulus component and apatite, the

high. While each collagen fibril is encrusted in mineral, the individual units probably

are held together by a third material acting as a cement, so that in actuality, bone is

a three-phase material. On the basis of this concept and the known ultrastructural

features of osseous matrix, it seems reasonable that significant stress will develop

at the junctional zone between the flabby collagen and the rigid amalgam of encrust-

ing minearl-cement, whenever bone is subjected to any deforming force (Fig. 3).

Such a system is admirably fitted for electrogenesis if the generator unit is postulated

to be a collagen-apatite, p-n junction with piezo-electric properties. Its operation

roo-
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is assured, although there may be a limited range of deformation, under normal,

physiologic conditinns.

This argument has not been advanced to reject the concept that unmineralized

collagen may develop electric potentials in response to mechanical stress. In fact, it

Fig. 3. Diagram of proposed electro-generator unit in bone, most probably the apatite-collagen (C+ A) junction,

rather than collagen (C) or apatite (A) alone. Whole bone at left, osteone in center, mineralized-collagen

at right

seems reasonable to assume that this long-chain, cross-linked, crystalline polymer may
have piezo-electric properties, too, or may develop displacement potentials of the type

described by Christiansen et al. (1961). Once this assumption has been made,

however, it is important to consider again the fact that the rigid mineral component

of bone limits the deformation of the elastic collagen and, thereby, limits also the

capacity of collagen to produce stress generated potentials by itself. On the other

hand, unsupported collagen in soft tissues, such as tendon, periodontal membrane and

Sharpey's fibers, generally is subjected to tensile deformation which is concentrated

and may approach the elastic limits, resulting in significant stress. It is possible,

therefore, that these and similar collagenous structures may generate electricity.

Bone is not the only connective tissue that adapts its alignment and mass to meet

functional demands!

Before leaving the subject of electro-mechanical properties of bone, Tischendorf's

studies (1951) should be considered briefly. This investigator demonstrated that the

major microscopic units of bone, such as osteones and lamellae, slid on one another,

in response to a deforming force. "When the force was removed, the structures

returned to their normal relationships, probably through elastic recoil. More recently.

Smith and Walmsley (1959) concluded that the deformation of bone under stress

varied with stress duration. From these studies and others (Cochran et al., un-

published), it is reasonable to assume that, although bone may exhibit visco-elastic

flow or creep, the rate at which stress is developed in the skeleton in vivo probably

is rapid enough to deform individual collagen-apatite junctions.

Thus far, a proposed negative-feedback control system and the nature of the hrst

transducer which converts mechanical signals to electrical potentials have been con-
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sidered. Now, the mechanisms by which stress-generated electrical potentials might

effect changes in osseous architecture will be discussed. In 1962, Bassett and Becker

postulated "it is probable that these (electrical) potentials influence the activity of

osseous cells directly. Furthermore, it is conceivable that they may direct, in some

manner, the aggregation pattern of the macromolecules of the extracellular matrix."

Investigations in these laboratories since 1962 have demonstrated that these postulates

may be true. Osteogenesis in vivo was found to be affected by weak, artifically induced,

direct currents and alignment of collagen fibers was affected in vitro by similar

means. The amount of current employed in these studies was comparable to that

calculated to occur in fresh bone in response to deformation. While it was not

surprising that collagen, a charged molecule, would migrate in an electric field, it was

notable that it moved so rapidly and into such an orderly pattern at current values

as low as those employed. Drops of soluble collagen, derived from acetic acid

extraction of rat tail tendons, and icthyocol were subjected to currents of 0.2 to

1 // amps, for periods ranging from 1—30 minutes. Within 1—5 minutes, a bire-

fringent band of collagen was formed at right angles to the electric field and near

the cathode. Collagen fibrils in the drop could be reconstituted in this band by the

addition of salts of proper ionic strength. Once reconstituted, the fibrils remained

stationary after the current was stopped and were found to be well oriented, parallel

to one another, and perpendicular to the lines of the electric field in which they were

developed. Alteration of the current pattern from continuous to intermittent did not

change the result. In fact, collagen drops wired with a multivibrator in the circuit to

produce an on-off square-wave cycle at intervals of 1— 2 seconds seemed to produce

uniform bands somewhat faster than drops in which continuous current was employed

(Becker et ai, 1964; Bassett, in press).

On the basis of these in vitro results, it seems possible that molecules, having a

net charge, may migrate and align themselves under the influence of currents of the

magnitude found in vivo. In view of this likelihood, the nature of the electrical

signal being produced is of utmost importance. If the signal or pulse is biphasic, with

equal positive and negative components, similar to that produced by a classic piezo-

electric crystal such as quartz, a charged molecule would be moved equally in opposite

directions, thereby resulting in no change in position. One exception to this behavior,

however, might occur. Should the time constants of the signal and the rate of

molecular migration fall within a certain range, it is possible that the molecule might

be involved in a chemical reaction, such as polymerization, during a half cycle of the

biphasic pulse. During the reverse phase of the pulse, the molecule would be unable

to migrate. On the other hand, if the signal is purely or essentially uniphasic, it is

not necessary to invoke such an exception.

Is it possible that extracellular macromolecules, by generating electrical potentials

in response to stress, possess an "auto-control" mechanism which can direct not only

their size and orientation, but influence others in their neighborhood? Certainly the

high degree of orientation evident in the collagen fibers of osteones and lamellae of

bone and in basement lamellae of adult lamprey skin, implies that a very precise

control mechanism must exist. Perhaps the orientation of extracellular molecules may
be cell-mediated, as suggested by Porter (1964) or mechanically mediated (Bassett,

1964). Certainly, it seems likely that there may be a close interrelationship between

the electrical characteristics of a cell's membranes, organelles and macromolecules and

6*
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its external electrical environment. On the other hand, the paucity of cells and the

relatively large amount of extracellular material in many connective tissues might

make a cellular control system unwieldy. If, as Weiss (1960) has proposed, action

potentials in peripheral nerves may cause reorientation of molecules in the axonal

membrane, why is it not possible that stress-induced potentials in macromolecules

may not accomplish similar results? Such a system would permit finite regulation of

extracellular material without specific cellular intervention and may well have been

the major control mechanism for eons before the evolution of a nervous system.

Certainly, the cellulose fibers in wood (another two phase material) have, without

neural regulation, a highly ordered structure similar in many respects to collagen in

bone (Bassett, in press). Finally, it seems possible that the electrical activity of

mechanically stressed organic macromolecules may influence directly their chemical

reactivity (e.g., "mineralizability"), particularly if, as has been suggested recently

(Little, 1964), the macromolecules behave as superconductors.

Studies cited previously (Bassett and Becker, 1962; Becker et ai, 1964;

Cochran et ai, unpublished) have demonstrated that the amplitude and decay

characteristics of the electrical pulse, from bone, vary significantly, depending upon

the rate, magnitude and duration of deformation. The orientation of vessels, osteones,

lamellae or mineralized collagen bundles, in relation to the direction of the applied

force, also may affect the character of the pulse. Furthermore, it is probable that the

relative degree of mineralization and the state of hydration of any given region in

the osseous matrix will determine, in part, its electrical behavior (Becker et ai,

1964). As pointed out earlier in this report, it is impossible to measure the activity

of individual generators with dimensions in the Angstrom unit range. Therefore, the

pulses recorded in these studies represent a summation of billions of individual events

(some additive, some subtractive, some simultaneous, others not) occurring within the

specimen under investigation. Both equally and unequally biphasic signals have been

recorded. Truly uniphasic signals, however, have not been observed. The statement

by Shamos and Lavine (1964), "the reverse pulse is an electrical artifact caused

by . . . capacitane", ignores the fact that, on release, piezo-electric materials normally

produce a reverse pulse, if the initial, pressure-induced charge separation is permitted

to leak off while the material is still deformed. How, then, does an unequally

biphasic signal result? Three of many possible explanations can be advanced. First,

the generator seems to be a p-n junction which, in itself, may rectify the signal, since

current passes in forward bias more efficiently than it does in reverse bias. Second,

the rate and duration of loading (deformation) in the living vertebrate is such that

the signal may not decay fully before the next cycle begins (Fig. 4). Third, although

a specimen, gradually loaded, produces little or no detectable signal, a uniphasic

spike of normal magnitude results when it is rapidly unloaded (Bassett, in press;

Cochran et ai, unpublished).

Although signal magnitude and decay time vary considerably, as a function of

different bone specimen characteristics, there is much greater uniformity in signal

polarity. Regions under compression, generally concave surfaces, are routinely nega-

tive with respect to regions under tension, generally convex. It is known clinically

and experimentally that the concave aspects of a bone will be buttressed with new

bone and the convex removed (Murray, 1936). These two observations lead

teleologically to the prediction that regions of negativity may be associated with
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osteogenesis, while regions of positivlty may be characterized by osteolysis. It was

interesting, therefore, to observe the effects on living bone of artificially induced,

continuous, direct currents (Bassett et al., 1964). These experiments involved the

Fig. 4. Scheme of possible effects of stress-generated potentials in aiding the ebb and flow of charged molecules

and ions about an osteocyte. Note pulse pattern — it is unequally biphasic since deforming force removed

before signal had decayed

implantation of small, active and inactive-control, silicone-coated battery packs in

canine thighs, so that two platinum electrodes projected through the lateral mid-

femoral cortex into the medullary canal. The active packs delivered currents ranging

from 0.7 to 3.4 // amps, in vivo. Control specimens developed small masses of new,

reactive bone around each inactive electrode where it projected into the marrow space.

When 2 to 3 // amps, were flowing, the mass of newly formed bone was increased

markedly about the cathode, but not the anode. The larger bone mass near the nega-

tive pole seemed to result from an increased cellularity which was most marked at

14 days after operation and which decreased by 21 days. From the pattern of

deposition, both at the cathodes and anodes, it was unlikely that the results could

be ascribed to an electrophoretic action of the current on precursors of osseous

matrix.

There was no evidence that an anticipated increase in osteoclastic activity had

occurred in the anodal region. In seeking an explanation for this result, it is impor-

tant to note that the animals were active during the post-operative period and

developed, most probably, significant stress concentrations in the region of both holes

in the cortex. Such stress concentrations could result in increased electrical activity

which might have overridden the local effects of the anode. On the other hand,

osteoclasis may not be related to anodal activity.

This experiment, employing unphysiologic, continuous, direct currents, demon-

strates that osteogenesis is increased in regions of electronegativity. Although sug-

gestive, it does not establish conclusively a link between stress-induced potential and

the activity of bone cells. For example, all of the evidence so far indicates that the

intermittant electrical signals measured on bone surfaces usually are biphasic, al-
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though under certain circumstances they may be predominantly uniphasic. In the

light of this observation, it seems reasonable to ask whether a cell can discriminate

between the positive and negative phases of the signal and act accordingly? Or, does

it react to the greater or lesser electrical activity, produced by greater or lesser stress?

Although concrete answers are not available presently, a working hypothesis has

been devised. Such an hypothesis should explain how, despite the stimulus of systemic

hormonal and nutritional factors, mesenchymal cells can specialize simultaneously as

osteoblasts and osteoclasts within a few micra of one another.

Generally speaking, when a potential difference is measured between two surfaces,

the relative availability of freely mobile electrons is being detected. Under these

circumstances, positivity may be comparable to cold, i.e., cold represents an absence

of heat, while positivity represents a lack of electrons. If this definition is permissible,

then osteoclasis may result when electrical activity is diminished or non-existant.

This line of reasoning can lead in any of several directions. For example, diffusion of

extracellular fluids in bone probably is less efficient than in any other connective

tissue. Bone substance is relatively incompressible, so that fluids cannot be "massaged"

back and forth. Canaliculae, through which nutrient fluids must diffuse, comprise, at

most, only 30/0 of the total area of a lacunar space. Furthermore, many osteocytes

are situated at relatively great distances from their blood supply. In the face of such

an inefficient supply line, it might be expected that most osteocytes would be on the

brink of starvation or, at least, of anaerobic glycolysis. Under the impetus of minor,

physiologic skeletal deformations, however, an alternating signal could aid electro-

phoretically in the ebb and flow of charged molecules and ions, thereby aiding

greatly in the nutrition of these cells (Fig. 4) (Bassett, in press). If the locus for

electrogenesis proves to be collagen-apatite junction, then the average osteocyte is

surrounded by more than 1.1 XIO'* generating loci!

If electrogenesis were increased above maintenance levels in a given region, local

cells might be activated to produce bone to stabilize the regions. Conversely,

diminished electrical activity might be followed by osteocyte death through starvation.

It should be re-emphasized here that the stress generated potentials apparently are

not dependent upon cell viability and, therefore, dead bone may continue to generate

potentials if subjected to intermittant deformation and if it remains electrically com-

petent. Should electrical activity cease in a region, osteoclasis would result. This

hypothesis seems to fit well with the observed behavior of teeth in orthodontia.

Normally, a tooth is suspended in its socket by a periodontal membrane comprised of

collagen bundles that penetrate the surrounding bone, much as Sharpey's fibers would

(Fig. 5). When orthodontists move a tooth with 1—2 grams of steady, lateral pressure,

the periodontal fibers become taut on the trailing edge of the root, where osteoblasts

appear to deposit layers of appositional bone. On the leading edge, where the fibers

are slack, osteoclasts are active, removing bone. Similar osteoblastic behavior has been

observed during regeneration of bone in Millipore-isolated defects in dog radii

(Bassett et al., 1961). Unless stimulated by major instability, these defects fill rapidly

with fibrous tissue which gradually is converted directly to bone in a centripetal

manner. The interface between bone and fibrous tissue is spanned by many collagen

bundles that are oriented along major lines of stress. At the point where they emerge

from the osseous tissue, rows of active osteoblasts are found (Ruedi and Bassett,

unpublished). This picture is not greatly different from that in ossifying turkey
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tendon (Johnson, 1964), and suggests that osteogenic "induction" has a major physi-

cal facet. In fact, it has long been recognized that tension above usual limits may lead

to ossification of tendon (Murray, 1936).

MUSCLE TONE -1

Fig. 5. Diagram ,.1 irl.u lonslup ,.t pci-i..a,.ni,il

tooth. Center sketch depicts biting, fibers are taut. At right, tooth is being moved by force which tightens

periodontal fibers at trailing surface of root where osteoblastic activity occurs and slac-kens libers at leading

surface, where osteoclasts are removing bone

If osteoclasts occur in regions where the electrical signal is diminished or absent,

it should be possible to find a common electrical link between factors known to cause

osteolysis. For example, although it has been stated that bone removal depends on

vascular changes (Geiser and Trueta,

1958), it is not entirely clear yet whether

they are attendant upon or responsible

for the removal. If, as Johnson (1964)

believes, active hyperemia causes bone

destruction, it might do so by providing

more electron "sinks" through hyperoxia

or streaming potentials. Arterial walls

are positively charged on the adventitial

surface and negatively charged on the

endothelial (Sawyer and Pate, 1953). It

is conceivable, therefore, that the erosion

of bone by an aneurysm may be electri-

cally mediated, since the vessel wall

could conduct away more electrons than

were generated by deformation.

Finally, since it appears likely that

bone mass and orientation may be con-

trolled by stress-generated electrical po-

d, . . c 1-1 fig. ''. four ni.iin sources ,it iiu-cnaiiKii input ti> normal
s, the origin of mechanical stresses skeleton

in the skeleton deserve brief attention.

Actually, bone may function in a manner similar to an exquisitely sensitive, piezo-

electric accelerometer, responding to the slightest jar or deformation. There are four

main sources of mechanical input for the skeleton (Fig. 6). The cardiovascular system

provides a continual deforming force (Gebhardt, 1905) through hydrostatics in the
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vessels and, quite possibly, through the ballistics of cardia action. Gravity causes

not only direct distortion of the skeleton, but is major impetus for the muscle

tone which stabilizes the body against its effect. Trough aponeurotic origins and

insertions, this muscle tone intermittently deforms the underlying bone. When

voluntary muscle action is superimposed, additional mechanical stress is developed.

If In the course of the voluntary action, the skeleton makes contact with its environ-

ment, the shock wave from the impact may be transmitted throughout the skeletal

system. Pity the skeleton and kidneys of the poor astronaut who is subjected to

prolonged periods of weightlessness! He will lose the major portion of the last three

mechanical stimuli to bone and must, therefore, become osteoporotic at a more

rapid rate than those subjected only to bed rest. A better understanding of these

electro-mechanical factors may lead, in time, to improved methods for combating a

loss of bone mass, whether generalized as the result of inactivity, weightlessness, or

metabolic aberration, or whether localized as the result of rigid, internal fixation or

loss of function.
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Topographic-quantitative Study of Bone Tissue Formation and

Reconstruction in Inert Bones

G. Marotti, F. Marotti
''

Istituto di Anatomia Umana, Universita di Bari, Bari, Italia

A quantitative estimation of the amount of new bone tissue formed in the shafts

of bones was carried out on bones rendered mechanically inert for various periods of

time.

The left anterior limbs of young immature and adult dogs were freed of skin and

fixed to the thoracic wall in a cutaneous pouch after division of the brachial plexus.

The animals were sacrificed from 20 days to several months after the operation; ten

days before sacrifice, 20 to 30 mg of Acromycin/Kg of body weight was administered

daily for three successive days.

The area occupied by newly formed acromycin labelled bone (NB) and by

unlabelled bone present before (PB) the administration of the antibiotic, was com-

puted using an automatic point counter on photomicrographs made with U.V. light

(color reversal film). Entire cross-sections taken from various levels of the unloaded

and denervated bones, as well as from corresponding levels of the homotypic bones

of the opposite mobile leg were examined. The relative amount of bone tissue laid

down during acromycin treatment was expressed as "/o NB/(PB-)-NB) and is shown

in Figs. 1 to 4.

=' Staff member of the Orthopaedic Clinic, University of Padova; Holder of a scholarship of the Italian

C.N.R.
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The data relating to 4 dogs operated when two-month old and sacrificed 20, 60,

180 and 360 days after the operation are shown in Fig. 1. On the left in Fig. 2, are

shown the results obtained from two dogs operated when four months old and sacri-

% 50 50 %
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(right) bones, namely humerus (H.), radius (R.), uhia (U.) and 3rd metacarpal bone

(3rd M.), are indicated on the x axis; recorded on the y axis are the means of the

values "/o NB/(PB + NB) of three consecutive cross sections of the mid-shaft taken

serially at 1 mm intervals. The numbers at the base of each couple of bars indicate

the mean percent reduction of the amount of osseous tissue (PB + NB) recorded in the

three mid-shaft cross sections of the inert bone compared to the contralateral mobile

bone taken as unity ( = 100). The maximum (Mx) and minimum (Mn) values of the

ratio between the relative amounts of labelled newly formed osseous tissue, recorded

for the left and right sides of the various pairs of bones studied, are reported for each

subject above the groups of bars.

50-

1 1 r/tjhf (rnnfrni )
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denervation. In groups of dogs operated at the same age, the reduction of bone tissue

appears, in general, to be more marked in subjects sacrificed 60 and 180 days after

limb immobilisation. Obviously, two concurrent factors play a part in this reduction

in the growing animals: namely, a decrease in appositional growth in the shaft and

an increase in resorption which is not fully compensated by deposition of newly

formed bone.

2. A relatively greater amount of osseous tissue is laid down in the mert than m
the contralateral mobile bones during the period of acromycin administration. This

is more marked in the two dogs operated upon in adult life: the relative amount of

newly formed osseous tissue Is from 5 to 20 times greater in the inactive than in the

mobile bones in these subjects (Fig. 2, right). In the two dogs sacrificed 20 days after

operation, such a difference in osteogenic activity in the inactive compared with the

control mobile bones was not observed (Fig. 1; Fig. 2, left).

3. The amount of bone tissue undergoing reconstruction in the inert as well as In

the mobile bones varies in different long bones In each subject: relatively it is smaller

in the humerus and much greater in the ulna.

The percentage values of the ratio of newly apposed acromycin labelled bone to

the total bone, estimated on an entire cross section at the middle level of the proximal

metaphysis of the humerus (H.), radius (R.) and ulna (U.) of the inert and mobile

7o

W-

35 ^

30-

25-

20-

15

I I
right (confro/)

Mx 13

Mn J.I

Mx 3

1

Mn 2.3

26 25 33

H. R. U.

A ffer 20 days

55 V7 70

H. R. U.

After eodays

35

20-

I I

riq/it (control)

n2 left

Mx 19 J

Mn 55

din
H. R a
After 60 da\js

Mx 5.6

Mn ^.7

n \v^
52 53 6S

H. R. U.

After J6(7days

F,g. 4

limbs of all the dogs studied are shown In Fig. 3 (operation at 2-month old) and in

Fig. 4 {left, operation at 4-month of age; right, operation at 3 years of age).

The results obtained at the level of the metaphysis are similar to those of the same

bones at the mid-shaft level. However, bone turnover, during the period of aero-
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mycin administration, is three to five times greater at the metaphysis than at the dia-

physeal level in both the inert and the loaded bones.

As previously observed by Vigliani (1955 a, b) in the dog, and in the rat by

Landry and Fleisch (1962, 1964), three successive stages can be distinguished in the

response of shaft bones to unloading and/or denervation. We observed an initial

stage, characterised by increased resorption and temporary decrease of bone tissue

deposition; a second stage, in which both resorption and apposition of new bone are

increased. During this period, the difference in the relative amount of new formed

bone in the homotypic bones of the inert and mobile limb are greatest; a third stage,

in which both bone resorption and deposition are greater in the inert than in the

mobile bones, but a decrease of bone turnover occurs in comparison to the second

stage.

These quantitative changes in bone apposition and bone turnover due to un-

loading and denervation are not paralleled by qualitative changes in structures of the

2nd and 3rd order. Amprino (1938) has shown in man and Vigliani (1955 b) in the

dog that normally structured osteones are formed and renewed in the cortex of bones

rendered mechanically inert for long periods of time. Hence, the stresses normally

undergone by skeletal components at rest and in motion do not appear to be strictly

necessary for the formation of normally structured and normally arranged bone

tissue, once the general pattern of bone architecture has been laid down.

It may, therefore, be claimed that bones, which no longer serve their normal

mechanical function, can participate to a greater extent than normally loaded and

innervated bones in the mineral metabolism of the organism, acting as stores of in-

organic and organic materials and undergomg contmuous turnover.
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Structure and Healing of Bone as a Response to Continuous
and Discontinuous Strain and Stress

H. Wagner

Orthoplidische Universitatsklinik Miinster, Deutschland

The structure of bone tissue is a response to the forces of stress and strain, these

control the disposition of the trabeculae in cancellous bone as well as the orientation

of the Haversian systems in compact bone. A change of the direction of force causes

an alteration of the bone structure.
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The influence of mechanical factors upon the weight-bearing skeleton has been

well known for a long time. The first investigator, who published on this subject, was

probably Galileo Galilei in 1638. However, the biomechanic relations seem to be

much more complicated, as we already know.

In the experiment we have studied the reaction of bone tissue to weight-bearing

metal implants, especially metal screws, such as we are using in orthopaedic surgery.

We have tested screws of a new type, being developed by the AO-Group in Switzer-

land (MiJLLER et al., 1963). The fundamental characteristics of these screws are:

1. the wide and spacious threads,

2. the fact that the weight-bearing side of the thread is standing at right angles to

the direction of force,

3. the electrolytically polished surface, which gives the implants a high corrosion

resistance in the body fluids.

Histological examination shows a tight embedding of the screws in bone tissue

during periods of years without any foreign-body reaction. Also two years after

implantation we see a close contact between the metal and the bone tissue without a

fibrotic reaction in the marrow.

But what is going on, when a screw is exposed to mechanical pressure?

Fig. 1. Screw inserted Into the feni

tional ossification on the wcight-bc (U'tt) Mde of th.

of bone tissue to

corresponding bone thread,

echanical pressure

ter Implantation apposi-

as a biomechanic adap-

In animal experiments it is difficult to keep a screw under continuous weight-

bearing, because fractures and osteotomies in animals heal very quickly. Therefore

we inserted the screws into the condyle of the femur across the epiphyseal line, by
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this means the screws were exposed to the constant growing pressure of the epi-

physeal cartilage. As a result we see in the corresponding bone thread on the weight-

bearing side an appositional ossification, as an adaptation of bone tissue to mechani-

cal pressure (Fig. 1). This adaptation does not occur in cancellous bone only, but also

in compact bone, where the osteons change their direction according to the stress-lines

of the screws.

The primary stability of metal implantation into bone tissue and a continuous

mechanical pressure between the screw and the bone are the basic conditions for this

biomechanic adaptation. A primary instability leads to fibrotic bone resorption.

In another experiment a screw was inserted between radius and ulna of a dog

(Fig. 2). The slight movement between both bones produced a discontinuous pressure

and a movement between bone and metal surface and led to an osteolytic reaction.

F.g. Screw inserted across radi

Because of the lesser d

IS and ulna in the dog. The slight movement produced tibrotic and osteolytic

the instability was relatively greater in the ulna, as well as the bone
resorption (hlstolog. section below)

Under the influence of rigid fixation fractures and osteotomies heal by primary

ossification without chondro-fibrotic callus. At the ends of the fragments the Haver-
sian cavities are reorganized by the so-called "creeping substitution", and the Haver-
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siAN vessels are recanalized across the fracture line, producing immediately mature

lamellar bone In concentric layers.

This phenomenon led to the opinion, that the reduction of bone fragments in cases

of internal fixation is so perfectly possible, that no tissue from the periosteum and

the endosteum can invade the bone

fissure and the healing is maintained by

the Haversian vessels alone.

This explanation is not satisfactory,

because we find a primary ossification

also in cases of rigid fixation without

anatomical reduction. Other factors,

mechanical ones, must therefore be re-

sponsible for this phenomenon.

In a further experiment we cut into

the femoral shaft of the dog small

transverse saw-slots of 60 micron width,

without opening the medullary cavity.

A number of the slots were closed to

the periosteum with a wire-suture (hemi-

cerclage), the other ones were left upon

(Fig. 3). Twenty-three days later we see

a primary ossification and a recanali-

zation of the Haversian vessels, with-

out any difference between the two

groups.

Now we modified the experiment:

we cut the saw-slot deep into the mar-

rowcavity until we got a slight move-

ment in the slot when bending the bone.

We now expected to find, under the

influence of discontinuous pressure and

traction, a chondro-fibrotic callus for-

^^ ~*****^Jfl ^___^i.,i
—

-

mation. "We actually found bone re-

^/^' |ni ^.,.«—
»-«*«"i^"

sorption and chondrofibrotic callus, as

^^Hbaas^V-Tfte. - ^m' we expected, but the expermient gave

us an additional result, which we had

not expected namely, at the ends of the

slot there appeared also a primary ossi-

fication (Fig. 4).

This finding can be explained by

the rate of motion in the bone-gap: in

the centre of the slot, where the amplitude of movement is high, we find bone

resorption and chondro-fibrotic callus, at the ends of the slot, where the amplitude is

low, almost zero, there appears a primary ossification.

These biomechanic relations are of great practical importance in bone surgery: the

primary stability of metal implantation is the basic condition for the rigid fixation of

bone fragments. The primary instability leads to bone resorption and delayed healing.

Fig. 3. Transverse saw-scciiDii m the U'ini>r.il sliatt c

the dog, without opening the marrow-cavity. After 2

days recanalisation of Haversian vessels, without an

difference, whether the bone defect was closed by hem
cerclage or not
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Fig. 4. Deep transverse saw-section in the femoral shaft of the dog, with slight movement in the gap, when
bending the bone. Chondrofibrotic callus formation in the centre of the saw-slot by the influence of discon-

tinuous pressure and traction (histolog. section above). Primary bone formation at the ends of the saw-slot,

where the amplitude of movement is low (histolog. section below)
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Rheologlcal Considerations in the Physical Properties of Bone ""

E. D. Sedlin '''•", L. Sonnerup '•'''"'•'

The Biomechanics Laboratory, Department of Orthopaedic Surgery, University of Goteborg,

Goteborg, Sweden

Our studies of the physical properties (p.p.) of bone have concerned three general

questions. (1). How are the p.p. altered by changing the method of testing, storage,

and preparation? (2) How may one account for the variations that are noted? (3) How
is bone to be classified in the general realm of physical bodies insofar as its mechanical

behavior? A complete description of all of our findings and methods is beyond the

scope of this presentation, and is presented elsewhere (Sedlin and Hirsch, in press).

Some of the findings relative to questions 1 and 2 are noted below. These are based

upon compression, bending, and tension tests on more than 500 samples of femoral

cortical bone obtained from 20 autopsy subjects. The tests were performed wet,

usually at body temperature, on an Instron Tensile Test Machine.

a. There is no significant effect of temperature on maximum stress (om) and energy

absorption, in the range from 21 ~C to 37 C. The modulus of elasticity (E) may

increase slightly at 21 ^'C.

b. Air drying alters the p.p. in less than 1 hour in most cases.

c. Freezing of specimens prior to testing increases on slightly, but does not change

any other p.p.

d. Fixation in formalin does not appear to alter E.

e. In small sample testing, size of specimen does not contibute to the variation

noted in ranges tested. (1 mm X 2 mm to 3 mm X 3 mm)
f. Repeated loading of the same specimen does not change E, if loads of the order

of 35''/o of the failure load are used, and one minute or more be allowed for recovery

between loads.

g. In bending tests, E can be significantly changed by changing the distance

between supports.

h. It is important to measure specimen size before testing.

i. There are significant differences in om and E in specimens from different quad-

rants of the mid-femur, the lateral ranking highest, with posterior lowest in regard

to these variates.

The volume occupied by the Haversian canals in these specimens did not corre-

late well with the p.p. in the majority of instances.

k. Significant differences exist in the p.p. of bone from different individuals that

are not accounted for by age.

1. An high correlation exists between o^[ and E in bending.

m. Testing of small samples appears to be a reliable method for the demonstration

of differences in p.p. between individuals.

During conduct of the experiments indicated above, some information became

available that provided insight into the third question posed. Some background is

necessary before considering this question.

* Work supported in part by U.S. Nation.iI Institutes of Health and Swedish Medical Research Council.
** Special Research Fellow, U.S. National Institutes of Health.

*'"' University Lecturer, Dept. of Strength of Materials, Chalmers Tekniska Hogskola, Goteborg.
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Bone has long been known to be an anisotropic material. As such, the laws and

formulae that are utilized in determining p.p. should be applied with caution. Our
use of the standard formulae has been for the sole purpose of comparing the effects of

methods of handling, or differences in individuals. An example of this would be the

use of the straightest portion of the stress-strain curve in determining E, when, in

fact, only a rare curve in our series possessed a truly linear component. To account

for this phenomenon, and to reconcile it and other findings with statements that bone

is an elastic material, visco-elastic material, two or three phase material, we were

lead into the field of rheology, which in the broadest sense is the study of the deforma-

tion of all materials (Reiner, 1958).

There are four fundamental properties of materials, all others being reducible to

definitions in terms of these. They are elasticity, plasticity, viscosity, and strength

(Reiner, 1958). We will consider the first three of these at this time, the fourth being

beyond the limits set for discussion. To better understand what is meant by the terms,

one can use idealized models, as are presented in Fig. 1. Thus, we can speak of the

[y^^" D-

(a) (b)

(e) (?) (H)

Fig. 1. Several models to depict the ideal behavior of certain materials. a= stress. £= strain. t = time. Os= yield

point, a) The perfectly elastic body. This is represented by a spring. A stress-strain diagram for this body (e)

is a straight line, the slope of which is determined by the modulus of elasticity, b) The perfectly viscous body.

Symbolized by a dash-pot. it is typified by a linear relationship between strain and time (o= k), and between

stress and the rate of strain (f). c) The rigid plastic. This material resists deformation below Og, and if o

exceeds this point, it flows indeterminately (g). d) The perfectly plastic or St. Venant body. Here a spring is

linked in series with a plastic. The material is able to deform in a linear fashion until a,, is reached, after

which the internal solid friction of the plastic is overcome, and the material flows indeterminately (h)

perfectly elastic body, the perfectly viscous body, the rigid plastic body, and the

perfectly plastic body (Jaeger, 1956). All materials can be characterized by various

combinations of these basic elements. In the perfectly elastic body, o is proportional

to strain (e) and Is related by the constant E. If this material be loaded. It Is Immedi-

ately strained, and If unloaded, the strain Is Instantaneously recovered, so that no

deformation remains when o = 0. In the viscous body, the rate of strain (f) is pro-

portional to o, and Is related by a constant //. These are statements of Hooke's and

Newton's laws. In the rigid plastic body, no deformation whatsoever takes place

below the yield point (og), and If a = Os, the material flows indeterminately. In the

perfectly plastic body, o = E f for o < o^ , and when o = Os the material flows indeter-

minately. Our stress-strain curves for all axes of testing show that bone Is a more com-

plex material than can be typified by the Ideal bodies cited. Other types of testing. In

addition to the ones cited have lead us to formulate a model for the behavior of bone

under moderate load (Fig. 2). This is a model of a Hooke body linked In series to a
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HooKE and Newton body linked in parallel. (Kelvin body). The rationale for

eliminating other model types is too lengthy for presentation here. It is not claimed

that the model is a complete rheological formulation for the behavior of bone, but it is

(a)

^vww-

(c)

Fig. 2. A rheological model to explain some mechanical features of bone. Notation is as in Fig. 1, and
text, a) The model consisting of a Hooke body linked in series with a Kelvin body. The independent
has its E_, as does the spring in the Kelvin element, Ej. The E for the material is a result of the comb
of the two separate E's combined with the damping effect of the dash-pot. If a load be applied very

or very rapidly, the damping effect of the dash-pot is minimized, and the stress-strain curve is more
linear. For intermediate cases, the slope of the curve is determined by relations of the various consta

the components. The constitutional equation for the model can be written:

a+ ao = bf -fcE

where „= rate of stress, i = rate of strain, a = j; (E,+ E.j), b = Eo and c = ?? E,Eo. The behavior

model under the condi of loading and unloading at a constant rate,

in diagrams (b) and (c)

and under a const tram

in the

spring

slowly

nearly

nts for

3f the

shown

the simplest reasonable model that we can formulate on the basis of the information

to date. Some of the properties of wet bone that lead to this model, and that can be

predicted by the model are:

If a specimen be loaded to a defined point, and then the strain be maintained

constant, stress within the specimen decreases asymptotically to a new level. This

phenomenon of stress relaxation under a constant strain has been true for all sizes,

rates, and axes of loading.

If a specimen be progressively deformed at a constant rate, the stress strain dia-

gram is a curve with asymptote determined by the rate of loading. If the rate of

deformation be made extremely slow or extremely fast, then a more nearly linear

relation of stress to strain is obtained. The obvious conclusion is that a straight line

on a stress-strain curve does not necessarily mean a perfectly elastic substance.

If a specimen is loaded up to some predetermined load, and then unloaded at the

same rate, then when the load returns to zero, some residual deformation is present.

The amount of residual deformation can be altered by changing the rate and size of

the load.

The residual deformation of the unload cycle described above will be recovered,

if the load is less than 40'Vo of the ultimate breaking load. If more, some permanent

deformation remains. In other words, while being loaded, bone is capable of conserv-

ing a certain amount of energy, a limit which can be exceeded.
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If a constant moderate load be applied to bone, the final deformation is usually

obtained within 10 minutes, with no further deformation appearing to occur after

this time. We have only studied this phenomenon for periods up to 30', this time

limit being used since it appeared to be the biological ultimate for substained load. It

can thus be stated that primary creep does not appear to exist in bone.

As bone is dried, a more nearly linear response is obtained on a stress-strain

curve. In terms of the model, the damping effect of the dash-pot is reduced, and two

springs are left in series, tending to approximate a single spring, or perfect elastic.

The modulus of elasticity is significantly changed by altering the rate of deforma-

tion. The more rapid o, the higher E becomes.

As stated, the model is not complete. Qualitatively, it explains, fairly well, the

behavior of bone under various types of load approximating 50'Vo of the breaking

strength or less. To account for the behavior of bone near the failure point, a rigid

plastic or a series of rigid plastics will probably have to be inserted. In addition, in

order to predict quantitatively the behavior under all conditions of loading, constants

for the springs, dashpot, and plastic that may be added must be derived. This task is

currently underway.

The use of a model system such as the one described, while old in theoretical

mechanics, is new to bone. Its advantages are many, but one of the chief ones is that

it enables one to predict behavior under complex circumstances which cannot be

tested in the laboratory.

Summary

Findings relative to the physical properties of femoral cortical bone tested in the

fresh, wet state have been described. A rheological model that explains the behavior

of bone under certain conditions has been presented.

References

Jaeger, J. O.: Elasticity, Fracture and Flow. London: Methuen 1956.

Reiner, M.: Rheology. In Encyclopedia of Physics. Vol. VI, Flugge, S. (ed.). Berlin: Sprin-

ger 1958, p. 434.

Sedlin, E. D., and C. Hirsch: Factors affecting the determination of the physical proper-

ties of femoral cortical bone. Acta orthop. scand. (in press).

Haemodynamic Data on the Osseous Circulation

M. Brookes

Department of Anatomy, Guy's Hospital, Medical School, London, England

The physical constants of the blood in the osseous circulation are likely to be

significant factors in the regulation of calcification and bone growth. This paper

describes a method for estimating some formerly unknown data, including flow rates,

pertaining to a variety of subcompartments of the femoral circulation in the rat.
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Materials and methods

Female albino rats, mean weight 140 gm were used. All investigations were

carried out under ether anaesthesia. Results are given on the middle third of the

femoral cortex, the marrow core inside it, the superior and inferior metaphyses and

the inferior epiphysis.

Blood Volume. A red cell dilution technique was employed. Rat red cells

were labelled with •^iCr, washed in saline and centrifuged. The labelled cells

were prepared and used on the same day. Each rat was given 0.3 ml i.v. packed

labelled cells. After 15 minutes to allow complete mixing of the label, the tail of the

animal was swiftly amputated and a drop of blood caught on a glass slide. The

anaesthetised rat was then dropped into acetone at — 50°C, and the circulation

thereby suddenly stopped. The femora were fixed in ice-cold formalin. All extra-

osseous soft tissue including cartilage was removed from the bone. It was then broken

down into the various samples to be investigated. The weight of each sample was

taken and its radioactivity measured as also that of a 0.005 ml sample of tail blood

collected in a micropipette.

From these readings, the blood volume/ 100 gm selected tissue was calculated In

terms of ml tail blood. The red cell volume was also arrived at knowing the haemato-

crit of rat tail blood (43.4''/o).

Rate of flow

The above procedure was modified as follows. Each rat was weighed and a

0.005 ml sample was taken of the measured volume of labelled blood given to the rat.

The rats were killed by freezing at known intervals varying from 5—45 sec. after in-

jection i.v. of the label. The radioactive concentration of the tissue was calculated and

appropriate corrections made for variation in rat weight, dose volume of label,

radioactive decay, and radioactive concentration of the dose given to each rat.

Graphs were then constructed relating measured radioactive concentration to time in

seconds after injection. From the graphs, it was possible to estimate the rate of flow

through individual tissues in ml packed red cells/100 gm/min, or In terms of peri-

pheral whole blood applying an arbitrary haemotocrit of 43.4o/o.

Circulation time and velocity

The former is given by Vol/Flow. A comparative estimate of the velocity of the

cells through the tissue is given by the reciprocal of the circulation time.

Results

Blood volume

Tables 1 and 2 summarize the findings on 21 rats.

Flow, circulation time, and velocity

These are derived from flow curves (Figs. 1, 2) constructed from the mean read-

ings of 61 rats. The area A under the initial wave divided by T, the transit time,

gives a measure of the bolus of label traversing 1 gm tissue in time T. The radio-

activity of 0.005 ml label is known. Fience the flow rate F can be calculated. V/F

then yields the circulation time C.T. Velocity is given by I/C.T. (Tables 3 and 4).
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Table 3. Haemodynamic constants for rat femoral tissues

Vols ml "o
Circulatiou

Vpjocitv

Whole T,T,r. Whole -„-„„ :„ ^„^^ (1 C. T.)

ood liloofl
EBC in sees

Inferior mctaphvsis

.

22.7 9.9 4.32 1.874 11.4 U.U877

Marrow 12.8 5.5 3.66 1.587 17.3 U.U578

Superior mctaphvsis 12.3 5.4 2.77 1.203 13.4 0.0746

Cortex 8.0 3.5 2.16 0.937 16.1 0.0621

Inferior epiphysis . 6.7 2.9 2.59 1.124 23.3 0.0429

Table 4. Relative haemodynamic data (inferior metaphysis = 100''lo)
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carried out under physiologically normal conditions providing that careful dissection

was performed. Studies on different tissues in the same limb were also shown to be

possible and the dependence of blood-flow in one tissue on the blood-flow in another

could be investigated. The present studies have been designed to examine the relation

between the circulation in bone and in the overlying muscle.

Materials and methods

Experiments were conducted on 15 adult cats anaesthetized with chloralose

(80 mg. per kg.). Tracheotomy was performed. Heparin was given to prevent

coagulation around the probes and cannulae. In 5 experiments the animal was fixed

in a frame to prevent movement of the hind limb in spite of muscle contraction. The

right tibia was transfixed at the upper and lower ends by a Kirschner wire held

rigidly in a frame and the pelvis was similarly fixed; the femur and its overlying

muscles which were to be examined remained undisturbed.

Pressure was measured by Statham pressure transducers; arterial blood pressure

from a carotid artery and femoral intramedullary pressure from a cannula in the

upper third of the right femur. Saline was used as a conducting medium.

Bloodflow was recorded in ten experiments using the heated thermocouple technique

(Shaw, 1963) and in five using the temperature compensated flow velocity probe

(Shaw, 1964); one probe was placed in the medulla of the upper third of the right

femur and another in the adjacent quadriceps muscle. In the studies using the heated

thermocouple the output was fed into Pye D.C. amplifiers and recorded by a Siemens-

Ediswan Pen recorder. The output from the temperature compensated flow velocity

probe was fed into an A.C. Amplifier (Cybernetics Laboratories) and the records tran-

scribed by a U.V. Recorder (S.E. Laboratories). In some animals estimation of the

hind-limb venous return was made with an electronic drop-counter sampling from

the femoral vein In the femoral triangle and simultaneous records of muscle blood-

flow were made with the temperature compensated flow velocity probe. The output

from the drop-counter was fed directly Into the U.V. recorder. Similarity In flow

changes recorded by the drop-counter and probe were considered to validate the

latter method as a means of estimating rate of change of muscle blood-flow.

The right femoral nerve was exposed in the femoral triangle and Isolated and

divided in a paraffin pool. Platinum electrodes were used for nerve stimulation and

square wave stimuli through an R.F. probe were used. Stimulus parameters were

varied from 2— 8 volts; 250 //sec. to 1 m.sec. duration and 10 per min. to 100 per sec.

frequency. The size of this stimulus Is sufficient to stimulate all components of the

nerve.

Decamethonium iodide was given to examine the eflect of peripheral nerve

stimulation on bone blood-flow when the surrounding muscles are paralysed.

Results

Stimulation of the proximal cut end of the femoral nerve caused a rise in arterial

blood-pressure which was reflected In the rise In femoral Intramedullary pressure

and bone and muscle blood-flow.

Stimulation of the peripheral cut end of the femoral nerve was also carried out:

(1) Continuous stimulation caused an Initial fall In muscle blood-flow, but during

sustained muscle contraction the blood flow increased above the resting level until
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stimulation stopped. Muscle relaxation was accompanied by a further increase in

muscle blood-flow which returned to its resting level after about three minutes. There

was an initial fall in medullary pressure and blood flow followed by a rise until

nerve stimulation ceased when there was a sudden fall followed by a marked rise in

both these characteristics of the circulation in bone (Fig. 1).

B.P.

M. P.
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BONE

MUSCLE
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PERIPHERAL FEMORAL NERVE

Fig. 1. Upper tracings — Arterial blood-pressure and intramedullary pressure. Lower tracings — Bone blood-

flow and muscle blood-flow. The muscle blood-flow falls initially but rises above its resting level during con-

tinued stimulation and reactive hyperaemia causes a further increase when nerve stimulation stops. The imme-

diate fall in medullary pressure and bone blood-tlow are apparent and the fall and subsequent rise when nerve

stimulation is withdrawn is shown
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Fig. 2. Upper tracings — Arterial blood-pressure and intramedullary pressure in the femur. Lower tracings —

.

Bone blood-flow and muscle blood-flow. There is a gradual rise in muscle blood-flow with repeated nerve

stimulation; sudden rises in bone blood-flow and intramedullary pressure occur with each muscle contraction,

but the intramedullary pressure gradually fails

(2) Repeated nerve stimulation caused intermittent muscle contractions each

temporarily reducing the muscle blood-flow, which however, increased progressively

during muscle relaxation. This change was associated with a momentary rise in the

intramedullary pressure and the blood flow in bone during each muscle contraction,

but there was a gradual fall in medullary pressure after each stimulus (Fig. 2).
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Stimulation of the peripheral cut end of the femoral nerve after injection of

decamethonium caused a fall in muscle blood-flow without affecting the circulation

in bone.

Discussion

The simultaneous rise in arterial pressure, intramedullary pressure and blood flow

and in muscle blood-flow which occurred when the proximal cut end of the femoral

nerve was stimulated could be ascribed to a central effect on arterial pressure

similar to stimulating a dorsal nerve root. The surprising feature was the sudden

increase in intramedullary pressure and blood flow in bone like that shown by

Trueta and Valderrama (1965) in dogs.

The fall and subsequent rise in muscle blood-flow during continuous stimulation

of the distal cut end of the femoral nerve suggests that during muscle contraction the

pressure on the muscle veins empties them. Sustained or rapidly repeated contraction

probably increases muscle blood-flow by arteriolar and capillary dilatation; an effect

of the products of local metabolism in spite of raised intramuscular tension. Muscle

relaxation further increased blood flow due to vasodilatation with vessels unrestricted

by external compression. The gradual fall in medullary pressure and blood flow in

bone which was observed may have been a passive effect owing to the diminished

resistance in the vascular bed of the overlying muscle.

The present studies suggest the possibility of a passive role of intra-meduUary

blood-vessels during phases of varying blood flow in muscle; that muscle contraction

squeezes blood into bone via venous channels is the more attractive idea, because

blood flow and intramedullary pressure tend to follow a similar pattern; that muscle

occludes the veins during its contraction and therefore causes a barrier to outflow

from bone is hardly acceptable, because blood returning from the femur may escape

from veins above the level of the contracting muscle. It may be that under certain

conditions the circulation in the medulla may act by a venturi effect in respect of

vessels in the surrounding soft tissues.

In some circumstances such as fracture of a long bone the haemodynamic system

of the medulla is destroyed and these effects would be abolished. Destruction of the

haemodynamic system may account for the oedema of the lower limb which is so

well-known after bony injury and prolonged immobilisation, and for the high

incidence of venous thrombosis after operations on the hip (Tubiana and Duparc,

1961).

Vascular connections between muscle and bone may be important collateral

channels for the spread of tumour cells. They may also be of importance in providing

ischaemic muscle or bone with an alternative route for a blood supply (Zucman,

1960).

In the present studies no direct effect of nerve stimulation on the circulation in

bones was found. However, there is little doubt that changes in muscle blood-flow

have a considerable influence on the circulation in bone through the osseomuscular

circulation which Heald (1951) originally described.

Summary

Stimulation of the proximal and peripheral cut ends of the femoral nerve in

anaesthetized cats had no direct effect on the circulation in bone. The changes in
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blood flow in muscle affected the circulation in underlying bone and the physiological

implications of this are discussed.
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A Biomolecular Survey of Calcification

F. G. E. Pautard

Astbury Department of Biophysics, Leeds University, Leeds, Yorksh., England

Deposits of inorganic calcium salts are so familiar to biologists that they seldom

warrant close attention and are dismissed frequently as waste products. In spite of an

increasing awareness that mineralization is a highly organized process, however, it

is immediately apparent from the literature that we derive most of our ideas about

the ultrastructural basis of calcification from studies of bone. There is little correlative

data from other tissues containing calcium phosphate, and the few publications on

the molecular structures associated with calcium carbonate in invertebrates are suf-

ficient to emphasize the lack of information about the nature and genesis of the same

salt in plants. The present grossly unbalanced state of knowledge is best illustrated

by an appeal to mass. The investigations of calcium phosphate in vertebrates far

exceed all other studies of calcium salts, yet bone, dentine and enamel are the least

abundant mineralized tissues, constituting a fraction of a percent of the calcium

oxalate in plants, where the nature of the inorganic substances present seems to have

been neglected and where there appear to be no reports of the ultrastructure in the

literature.

There is, therefore, only fragmentary evidence for any comparison of the molecu-

lar arrangements present in calcified structures throughout nature, and although each

type of calcium salt has a common basis in chemistry, it has yet to be demonstrated

that there is a common cellular plan of mineralization.



A Biomolecular Survey of Calcification 109

The following survey is designed to compare, at a macromolecular level,

analogous structures and analogous calcium deposits in a variety of animals and

plants. Certain features have been selected to comment on the three principal prob-

lems of distribution, structure and genesis.

Distribution

Comprehensive reports and reviews of the relative amounts of mineral matter in

animals (Clarke and Wheeler, 1922) and in plants (Pobeguin, 1954) serve as a

useful guide to the distribution of calcium salts in nature, but there are gaps in our

knowledge caused by lack of information about clearly defined crystalline salts (as

opposed to calculations based on chemical assay of cations and anions) and by the

precise geography of "mixed" salts within a single tissue or cell. It is well known,

for example, that many crustaceans contain calcium phosphate as well as carbonate

in their hard parts, yet until recently (Pautard and Trautz, in press) no species has

been found with crystallographic verification of bone salts, although the usual well-

detined X-ray diffraction pattern of calcite found in carbonate-rich invertebrates

might well conceal a second, less crystalline, phase of phosphate. The absence of

precise information about the relationship of anions to calcium has led to the

erroneous generalization that calcium phosphate is confined to the vertebrates,

calcium carbonate to the invertebrates and calcium oxalate to the plants. In fact, all

three salts are to be found in all three situations without any clear demarcation

between them, as can be seen by the distributions set out in Table 1.

Table 1. Distribution of calcium carbonate, oxalate and phosphate in normal biological

structures

Slllijrct
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of crystalline bone salt have been recorded in invertebrates, in the Protozoa (Pautard,

1959), in the Arthropoda (Pautard and Trautz, in press) and in the Brachiopoda

(Klement, 1938). In the vertebrates, the familiar "phosphatic" structures of bone,

dentine and enamel have been supplemented by the calcified keratins, many of which

contain appreciable quantities of salt (Pautard, 1963). In plants, reports of deposits

of bone salts have been confined to the bacteria (Ennever, 1963) although there are

records of other forms of calcium phosphate in various types of heartwood. Calcium

oxalate in the form of intracellular crystals of diverse shapes and sizes is widely

distributed in plants, often, as in the case of some xerophytes, constituting over half

the dry weight of the plant. Reports of oxalate in animals are numerous, although

scattered. Crystals of this salt are often found in the invertebrates, particularly in

the Arthropoda, where deposits are found in insect egg shells and are resorbed during

embryonic development (for example, Moscona, 1948). In the vertebrates, calcium

oxalate in pathological stones and calculi is a familiar substance; in normal con-

ditions there is evidence that oxalate is found as a constituent of hard tissues (in fish

scales, for instance — Nishihara, 1954) and it is likely that small quantities are

present in soft tissues as well (Johnson and Pani, 1962).

The present evidence, then, suggests that calcium in the form of carbonate, phos-

phate and oxalate is very widely distributed, can be found in one form to the

exclusion of others in animals and plants and often in individual species. Nowhere,

however, can we find evidence which confines any one salt to any one group. Instead,

we see a wide panorama of calcium salts with almost every variation and combi-

nation in different subjects.

Structure

At a molecular level, the structure of calcified tissues is resolved as a partnership

between inorganic deposits and organic substances. This partnership varies widely in

the amount and ordering of the mineral and organic phases, and we can find ex-

amples of different proportions of different salts in the same organic milieu and

similar proportions of similar salts in different organic milieu. There are wide

variations, too, in the order and crystallinity of the two phases. The three principal

calcium salts can be found in crystalline and non-crystalline states in organic environ-

ments varying from frankly fibrous proteins and polysaccharides to diffuse inde-

terminate stroma with no apparent structure.

Mineral phase

While chemical assay of cations and anions can give us figures from which we can

calculate plausible structures, the best criterion of a salt is its characteristic X-ray

diffraction pattern, which results from an exact arrangement of atoms in a lattice

and thus relates the components in a positive geometric way. Unfortunately, X-ray

diffraction methods have limitations, particularly in biological subjects, and these

are often overlooked in studies of mineral deposits. In the first place, the usual pro-

cedures associated with powder analysis, especially where organic enclosure may

prevent equilibrium between different types of salt, are not quantitative and it is

not profitable to relate the crystallographic evidence to the chemistry. Again, a

crystal ceases to give an X-ray diffraction pattern below a certain limiting size
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(about 50 A in the case of apatite, for instance) and in many mineralized tissues the

inorganic particles are at, or below, the threshold of detection; the term "amorphous"

applied to such a state is misleading. Finally, a small proportion of crystals of

detectable size will give a clear characteristic X-ray diffraction diagram in the

presence of relatively large amounts of "amorphous" material of the same, similar

or different chemical composition (Pautard, 1964). There is thus no reliable means

of estimating the structure of all the inorganic particles in a given tissue and no way
of deciding if the crystalline species that is present represents the total inorganic

content. The situation is further complicated by comparisons between X-ray diffrac-

tion data and observation in the electron microscope. While measurement of the size

of crystallites from electron micrographs can confirm the upper, or average, sizes

calculated from the width of selected reflexions in the X-ray diffraction patterns, it

cannot be assumed that all dense, crystal-like structures are, in fact, crystalline,

particularly as the instances of demonstrable single crystals by electron diffraction

are very few.

With these reservations in mind, however, it is still possible to detect a wide

range of crystallinity of calcium salts, varying from colloidal suspensions (for

example calcium phosphates in cestodes — Brand et al., 1960) to crystals of optical

size (oxalates in plants — Pobeguin, 1943) and even larger crystals visible to the

unaided eye (calcite in sea urchin spines). An important aspect of the structure of

the inorganic phase, in spite of the wide diversity of forms, is the remarkable

constancy of the deposits in each calcified tissue. While it is true that there are numer-

ous chemical variations in minor cations (Mg, Sr, Na, K, etc.) and minor anions

(F, Si03,S04) and mixtures of calcium salts often occur, each mineralized structure

seems to be characterized by a careful control of crystallite shape and size. Even in

shells hardened by calcium salts at some distance, apparently, from any cells, the

crystallite size remains constant in the mature structure, as shown in the valve of

Lingula unguis by Kelly et al. (1965). In pathological conditions, a certain sem-

blance of constancy is sometimes retained in regions of the inorganic deposit

(Gonzales and Sognnaes, 1960, report a laminated, regular structure in dental

calculus) but more usually the crystallite size, shape and distribution tends to be

random.

In normal tissues, the crystal characteristics of the three principal calcium salts

appear to remain relatively constant also. Calcium carbonate is found most frequently

in the form of calcite, occasionally as aragonite; both forms are sometimes found

together. Calcium phosphate occurs almost universally as an apatite, or in a closely

related crystallographic state. Calcium oxalate appears as several hydrates, the

optical characteristics of which have been long established (for example, Frey, 1929).

The X-ray crystallography of the oxalate, however, has been confined mostly to

comparative powder measurements (in a recent survey, Walter-Levy et Strauss

[1962], list the monohydrate, the dihydrate, a 2.25 hydrate, but question the ex-

istence of a trihydrate) although there are some limited data for the lattice of the

tetragonal polyhydrates (Honegger, 1952). Recently, measurements of the lattice

parameters of single crystals of monoclinic monohydrate raphides isolated from

Yucca have enabled us (Arnott et al, in press) to establish the dimensions of the

unit cell together with some information about the spatial arrangement of the

calcium atoms.
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Organic phase

It is unfortunate that the extensive investigation of bone collagen over the past

few years has tended to obstruct serious survey of the nature of other organic sub-

stances associated with calcium salts in biological tissues. An almost universal pre-

occupation with collagen structure and chemistry has obscured the fact that there are

numerous subjects which contain bone salts associated with other proteins and with

polysaccharides. Even in enamel, where it has been suggested on chemical (Eastoe,

1960) and crystallographic (Pautard, 1961) grounds that collagen might be absent,

the heterogeneous nature of the sparse organic phase has left us with the possibility

that collagen-like proteins, or macromolecules with some features in common with

collagen, might play a direct part in calcification. From considerations of bones and

teeth alone it is not easy to divorce collagen entirely from some specific association

with calcium phosphate, but if we look at the wider panorama of calcification we
find that there is no evidence for a close association of any one calcium salt with any

Fig. 1. X-ray powder diffraction diagrams (CuR a radiation) from four subjects each containing calci

phosphate, a. Tip of dorsal spine of Ictalunis piinctatus. b. Fringe fibre tip of baleen from BuLtoioptc

borealis. c. Tip of chela of SqiiilLi species, d. Shell of Llng:i!a unguis

one organic substrate and no real grounds for assuming that the "choice" of a

particular calcium salt for a particular structure is connected with the nature of the

fibrous macromolecules which are present.
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This feature of interchange of mineral with respect to the organic composition of

the tissue is best illustrated by first comparing a range of structures based on one

type of calcium salt and then examining analogous structures with two different types

of mineral deposit. In Fig. 1 the X-ray powder diffraction photographs have been

arranged to compare four subjects, each of which contains crystalline inorganic

deposits closely resembling bone salt; the four examples are chosen from different

phyla (two invertebrate, two vertebrate) and each is associated with a different

molecule. Fig. 1 a is the diagram from the tip of the dorsal spine of the Channel

Catfish, Ictalarus punctatHS. This subject, though of lower vertebrate origin, is

typical of bone and contains collagen as the principal organic component. On the

other hand, the specimen in Fig. 1 b from Sei whale (Balaenopterus horealis) baleen

contains crystallites of bone salt essentially similar to those found in Fig. 1 a, but in

this case the organic component is keratin and collagen is absent (Pautard, 1965).

In Fig. 1 c and 1 d, the inorganic salt closely resembles that in Fig. 1 a and 1 b, but

the main organic component in both cases is the polysaccharide chitin, in the r/-form

in the case of the chela of the Mantis Shrimp Squilla in Fig. 1 c and probably in the

/>-form in the case of the shell of the brachiopod Lingula unguis in Fig. 1 d.

Analogues structures often contain mixtures of calcium salts, but in some cases

one or another crystalline species predominates, occasionally in adjacent tissues. This

is particularly true in the keratins, where bone salts have been demonstrated

crystallographically, but where "amorphous" calcium deposits, probably of carbonate

as well as phosphate, have been suggested (Pautard, 1963). Fig. 2 a shows a quadrant

X-ray diffraction pattern of Sei whale baleen. The fibre axis is vertical and the

c-axis of the hydroxyapatite crystallites (judging from the meridional disposition of

the 002 reflexion) is generally parallel to the axis of the «-helices (shown by the

orientation of the reflexion at about 5.1 A on the meridian). On the other hand the

diffraction diagram of the tip of the anterior dorsal papillae of the tongue of a bull

(Fig. 2 b) shows "spotty" reflexions of calclte, suggesting crystals of large (about

1 micron) size not oriented with respect to a-hellces. Close Inspection of the original

diffraction pattern shows a second series of unorlented reflexions corresponding to the

apatite spaclngs in Fig. 2 a. In Fig. 2 c, the crystallographic pattern from the chela of

Squilla closely resembles that from the Sei whale baleen fibre In Fig. 2 a, but there Is

no evidence for any orientation of the crystallites with respect to the axis of the

appendage, which is vertical. In Fig. 2 d, a similar structure — the chela of the small

crab Callinectes found In the same area as the shrimp In Fig. 2 c gives an unorlented

diffraction pattern of calclte of smaller crystal size than the comparable salt In

Fig. 2 b. Thus, In one set of comparisons, we have large and small crystals of calclte

and apatite, oriented and unorlented and as discernable mixtures In two analogous

subjects, both of epidermal origin, containing keratin in one case and r/-chitin in

the other.

From the above, and from other, comparisons It Is apparent that the mineral

phase and the organic phase are not linked by the specific nature of the calcium salt

and the protein or the polysaccharide framework. At least, this cannot be true In the

gross sense, for where there are oriented fibrous macromolecules there can usually be

found also oriented crystallites of one salt and another. The term "matrix", which

is customarily assigned to collagen in bone, tends to be misleading when applied to

the organic moiety of other forms of calcification. Collagen is a relatively homo-
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geneous fibrous protein which is the bulk of the organic substance oriented with bone

salts, but in the calcified keratins, which are also fibrous and also oriented, the horny

material of the "matrix" is not one protein, but a family of proteins, each of which

Fig. 2. Comparison of X-ray Laue diffraction diagrams (CuK radiation, fibre axis vertical) from two pairs

of structures of epidermal origin, a. Fringe fibre tip of baleen from BaLtenoptcriis horealis. h. Tips of anterior

dorsal papillae from bovine tongue, c. Tip of chela of Squilla species, d. Tip of chela of Callinectes

is comparable to collagen in a mechanical sense. Again, in the calcified chitins (for

instance Kelly et al., 1965) the principal oriented organic component is the poly-

saccharide, but protein In some unknown configuration is present also and in this

case the "matrix" consists of a complex partnership in which the protein tends to

diminish as calcification Increases.

The diversity of organic molecules and macromolecules associated with calcium

salts prompts me to suggest the term topographical matrix to describe the skeletal,

usually fibrous, framework laid down In partnership with the mineral phase. This

term conveys the idea of an architectural arrangement of stable, frequently Insoluble

structures which are often oriented with the Inorganic crystals and which can be

distinguished from the more labile and sparse "ground substances" which fill the

Interstices of the fibrous network. The topographical matrix is related to the calcium

deposits in some way, but we are not committed to thinking of one macromolecule
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or of any specific relationship between macromolecule and mineral. We can regard

the topographical matrix as a fabric which may, or may not, be mineralized, and

which may, or may not, play a direct role in the calcification process.

Genesis

Our present ideas about calcification are based largely on studies of bone, and it

is understandable that there are numerous theories as to the initiation, growth and

control of calcium phosphate crystals with respect to collagen. In many ways,

however, the position has changed little from that proposed in the comprehensive

survey by Neuman and Neuman in 1953, which examined the problems of

calcium deposition in bone in terms of ion exchange and crystal structure, solubility

and growth and which laid down certain guiding principles. Not the least of the

persistent errors examined in the survey were those of the many calculations of

solubility products, which were not considered as applicable to solids of variable

composition. The failure to arrive at a satisfactory equation to account for the

necessary ions in a lattice of basic calcium phosphate led to the idea of crystalli-

zation, as opposed to precipitation, and in the words of Neuman and Neuman (1953)

the situation was apocryphal even for acid salt because "It has been shown that the

K^,, of CaHP04 must be exceeded for precipitation to occur, yet calcification occurs

in individuals whose blood levels of calcium and phosphate are well below this

product".

This conclusion, that apatite could form only by crystallization, principally

because of "the blood levels of calcium and phosphate'' led to the suggestion that

calcification takes place on sites within the matrix which form specific nucleation

centres. As a result, there have arisen several general theories to explain the process

of nucleation in terms of bound phosphate and bound calcium, either to collagen or

to some closely allied part of the matrix. Mineralization has been thus explained in

terms of physical chemical factors causing an epitactic growth of crystals from ions

migrating freely through the extracellular organic phase, in contrast to the earlier

views of RoBisoN (1932) which supposed that there was some local enzyme mecha-

nism which precipitated the calcium salt at the calcification front. When the bulk of

the studies on bone salt and bone collagen changed to explore the new ideas proposed

by Neuman and Neuman (1953), the emphasis shifted towards the chemistry of the

cell-free substances and little attention was paid to the role of the cell in laying

down the bone salt. Indeed, there is an inherent fallacy in this neglect, for if the

calcium and phosphorus destined to make bone salt goes through the cell en route to

the mineralization zone, then the "blood levels of calcium and phosphate" can have

no meaning in relation to the inorganic phase in bone other than to decide the rate

of transfer. We can find, for instance, the present calculations for serum calcium and

phosphorus repeated in a recent review by Hartles (1964) yet we find quoted also

the evidence of Whitehead and Weidmann (1959) that some, at least, of the

phosphate might go through the cell, since inhibition of the ATP production causes

lessening of bone salt formation. It would seem that unless it can be clearly established

that all the ions in bone salt accumulate directly from the serum, any attempt to

relate salt formation to the serum ion product is meaningless.

The curious lack of information as to the role of the osteoblast in the transference

of ions to the inorganic phase in bone is not reflected in studies elsewhere; a brief
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survey of other forms of calcification shows at once that in many cases the cell is

entirely responsible for salt formation and leads us to alternative suggestions as to

how mineralization might take place.

Before reviewing some recent experiments on bone, however, the results of some

of our present studies on the formation of calcium oxalate and calcium carbonate are

of interest.

Calcium oxalate

A common form of calcium oxalate in plants — the monohydrate — is found

within specialized cells in bundles (often as many as 2500) of lath- or needle-shaped

crystals up to 200 microns long and about 1 micron square in section. The bundles of

raphides are remarkably regular and each crystal is roughly parallel to its neighbour.

It is usually supposed that these deposits are "waste products" and it is believed

generally that the crystal arrangements arise within vacuoles, each crystal being

enclosed within some sort of sheath (see Scott, 1941). Since the crystal cells develop

rapidly, often in the root tip soon after it emerges from the seed, development of the

mineral can be traced. The present ultrastructural and biophysical studies of raphides

in plants (Arnott and Pautard, in press; Arnott, in press) suggest that the crystals

do not arise in a haphazard manner but are laid down by a complex cell organization

which involves the formation of chambers in which the inorganic material develops.

In Yucca, for example, these chambers are irregular when they are first formed

and they soon become filled with electron-dense material which does not give an

electron diffraction pattern. Later, as the chambers assume the characteristic tapering

profile of the oxalate crystals, the contents become crystalline and there is evidence

that the vacuole in which the chambers develop contains a detailed fine structure of

tubes and membranes. In Lemna, the chambers occur in sequence at regular intervals

between two membranes; here again the system becomes loaded with an electron-

dense, non-crystalline substance during the earlier phases of growth.

The large intracellular crystals of calcium oxalate, then, might not arise by

continuous growth from a single site nucleated by some fibrous orienting surface, but

by the rearrangement of a mobile inorganic mixture within compartments which

have been prefabricated in the vacuolar substance.

Calcium carbonate

Most of our information about the molecular basis of calcium carbonate for-

mation comes from the studies of shell development in molluscs, crustaceans, and

echinoderms. The evidence (for example, in the sand dollar Echinarachnius [Beve-

LANDER and Nakahara, 1960), in Crassostraea (Jodrey, 1953) and in the crustacean

exoskeleton (Travis, 1963) suggests that the epidermal cells play a major role in

laying down the organic phase. In Mytilis, the whole of the mantle calcium has been

reported (Rao and Goldberg, 1954) to turn over in 24 hours. The method by which

the mineral is transported to the developing shell is, however, a matter of dispute.

Some authors (for instance Wilbur, 1964) assume that the ions are extruded by the

cell into the extrapallial fluid; in some cases, the presence of crystals within the

mantle cells has been reported (Bevelander, 1953).

Our present studies of the ultrastructure of the cells in apposition to the de-

veloping shell in Pinna and Pedalium (Arnott et al., in press) show that the mantle

edge extends during the active phase into long filaments which have a detailed fine
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structure and characteristic bulbous termini, which may become associated with the

inner surface of the shell to be incorporated into the familiar lacelike mosaic of

conchiolin reported by Gregoire (1957).

Calcium phosphate

Raphide formation in plants is essentially an intracellular process and shell for-

mation in molluscs in possibly so, but in bone, dentine and enamel, calcification is

generally considered to be an extracellular process in which the role of the cell is to

provide the matrix. Precisely how the mineral gets into the "matrix" is not clear,

but it is assumed that the ions migrate somehow from the serum fluids. In other

structures containing bone salts, however, the relationship between the cell and the

mineralization front is quite clear. In Lingula, where the crystallites develop in

laminae within the shell, the mantle cells are firmly attached to the inner wall. In

baleen, the deposits of salt are within the cell and there is no evidence for dis-

continuity between mineral and keratin (Pautard, 1965). The close connection

between the intracellular deposits of apatite in baleen and the extracellular deposits

in bone leaves us with an ultrastructural anomaly which now seems to be resolved.

In baleen, the crystallites are usually surrounded by less dense, leaf-like structures

(arrowed D in Fig. 3 a inset) whereas in the past no comparable structures have been

observed in bone, although opinion as to the fine structure of the calcifying front has

varied. Earlier reports (Robinson and Cameron, 1956) suggest that crystals are laid

down "within a fraction of a micron of the bone cells"; later, Sheldon and Robin-

son (1957) reported that the osteoblast could carry out metabolic transfer between

the extracellular space and the calcified regions. Recently, it has been stated that

there is a clear zone between osteoblast and mineral (Ascenzi et al., 1963; Frank,

1963) while Cameron (1961) comments that mineral appears in cartilage beyond

invading capillaries and at a distance from any cell. On the other hand, Dudley and

SpirO' (1961) observed structural modifications of the cell surface at the site of

contiguity, and Hancox and Boothroyd (1964) have described short processes

extending from the cell to the bone edge.

Our present experiments on newborn mouse bone (Arnott et al., in press) using

modifications of the fixation techniques recommended by Sabatini et al. (1964)

suggest that there is a considerable amount of ultrastructure within the osteoblast

and within numerous filamentous processes which spread from the cell to the

mineralized front. Moreover, where a section has been cut by good fortune in the

plane of the filament, the filopodia can be traced directly into the body of the

crystallites as a delta of electron-dense material (arrowed D in Fig. 3 b) which closely

resembles the leaf-like structures (c. f. Fig. 3 a) so often observed in baleen. In these

areas, a faint electron diffraction pattern of apatite can be observed; nowhere can

we find any periodic deposition of "nuclei", either on the collagen fibres which are

always present, or as rows of electron-dense dots. The calcifying delta simply appears

to spread out, like a stain, into the organic substances adjacent to the filopodia.

In enamel, present opinion favours the view that the ameloblast is separated from

the mineral front by a continuous membrane. Some authors (Frank et al., 1960;

Travis and Glimcher, 1964) state that the organic phase forms a framework which

faithfully copies the outlines of the crystallites; there is no suggestion as to whether

this framework is created by the crystals or by the cell. Ronnholm (1963), on the
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other hand, in a detailed study of amelogenesis, makes it clear that the pattern of the

organic stroma before mineralization so closely resembles the crystal arrangement

that detailed analysis is essential to distinguish the one from the other.

Fig. 3.

opteru:

Fixed

Electron micrographs of analogous mineralized tissues, a. T.S. Fringe hbre

; borealis. Unfixed -130,000. b. Edge of mineralizing zone in the epiphysi:

glutaraldehvde'cadmium chloride • 130,000. Areas of electron-dense perlphei

of
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electron-dense substances that later become crystalline as the elongated chambers

reach their final size.

Our opinion is that the cell plays a more direct part in the formation of the

mineral deposits in bone and enamel than has been accepted hitherto, but we are still

left with a need to explain how the salt actually crystallizes in the organic phase. It

is possible, even in such widely differing subjects as bone, baleen and Lingula shell

that there is some common factor in the organic phase responsible for specific

nucleation of the mineral. In baleen, however, we have so far been unable to find

any significant evidence for bound phosphorus or serine phosphate in any fraction of

cells containing small (2Vo) or large (25''/o) amounts of salt. We have detected a small

amount of calcium in the EDTA-soluble, nondialysable portion of cell extracts which

increases with increasing mineralization and although this would tend to support the

present view of Urist (1964) that calcification is attended by increase in bound

calcium, we cannot say that calcification in baleen is closely associated with those

features claimed as significant in bone.

Some conclusions

A general theory of calcification is not possible without further study of tissues

other than bones and teeth. Indeed, there may be no general theory of calcification

and each type of deposit may have to be considered separately. It seems likely,

though, that there is some biological principal underlying all processes of mineral-

ization. A biomolecular survey of calcification produces the surprising conclusion

that bone and enamel seem to be the exception to the general rule that mineral-

ization is basically an intracellular event which is under the closest control until the

mineral substances are occluded, or "pinched off", by the cell. Even in the highly

complex silica skeletons of the diatoms, it has been shown recently by Reimann et al.

(1965) that every part of the mineral is encapsulated in an organic sheath.

A tentative general hypothesis for mineralization is illustrated diagrammatically

in Fig. 4, the basis of which is to assume that the cell creates the image of the mineral.

Improving techniques of studying ultrastructure seem to increase the certainty that

the cell is an enormously complicated structure right down to each macromolecule; to

suggest that all normal mineralization is the filling of chambers specially created to

receive a chosen salt is to ask no more than what we would expect of a cell. Such a

prospect solves many problems at once; it explains the regularity of crystal deposits,

their sequence of formation and their precise location; it removes the necessity to

look for specific arrangements in the topographical matrix — any structure will do,

providing it has a hole in it; it spares us the impossible physical chemistry of calculat-

ing ion products and it leaves us with new possibilities as to the function of many

mineralized tissues.

If the cell participates directly in the laying down of salt, however, we are left

with new problems as to how this is accomplished. The possibility that the cell may
"pump" inorganic structures has been enhanced by recent observations (Greenwalt

et al., 1964) on mitochondria which accumulate "amorphous" calcium phosphate. Even

in pathological conditions, the involvement of mitochondria (see Boyce and King,

1963, for a review of the position) has been repeatedly emphasized, and the transition

from "amorphous" to crystalline states in such structure may be a matter of met-

astable particles (for instance, Eanes et al., in press) rather than metastable solutions.
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And if mitochondria are involved in the metabolic transfer of mineral to a site,

then it is likely that there will be genetic information separate from the nucleus to

do so, and we can look forward to the exciting possibility that the evolution of

mineralization may be separate from the cell which makes use of it.

APHIDES

ENAMEL

Fig. 4. Diagram of intracellular mineralization ot comparable tissues. The pathway of the calcium salts within

each cell is shaded tentatively
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Introduction

Numerous attempts have been made to describe the evolution of bone tissue with

time. The model which has been applied to such descriptions is quite simple: bone is

considered as a mass of a homogeneous material which is being formed and destroyed

at finite rates.

Such models do not allow to take into account existing variations in the pro-

portions of organic to mineral material in the microscopic structures of bone, i. e. the

existence of a range of specific gravities. A fortiori, possible variations in the chemical

composition of the mineral phase in these same structures are ignored.

Actually, the finding of a range of specific gravities implies that the turnover

rate of the organic matrix and the turnover rate of the mineral phase are not identi-

cal functions of time. Variations in the Ca/P ratios of the microscopic structures of

bone would have the same implications regarding calcium and phosphorus turnover

rates.

It has been shown by Deakins (1942) for teeth, and later by Robinson (1960)

for bone, that in a constant volume of calcified tissues, the amount of organic

material does not change with time; the specific gravity of this volume increases

because water is progressively replaced by mineral.

One theoretical representation which can be based upon the data of Robinson

leads one to consider bone as being made up of a population of elementary volumes.

The evolution with time of the number of these elementary volumes is the result of

two processes: one corresponds to the appearance of new elementary volumes and

the other to the destruction of existing ones. From Rowland et al. (1959), it is known

that the amount of mineral present, expressed in g hydroxyapatite per cm^ varies

between 1.11 and 1.50, respectively for the least and the most calcified structures

(diaphyseal cow bone). One can calculate therefrom the range of expected specific

gravities which extends from 1.65 up to 2.25 mg/mm^ (Richelle, 1964).

In our theoretical representation, we will assume that elementary volumes of bone

appear with a specific gravity 1.65 mg/mni'''. This implies that bone does not exist as

such below that value.

The evolution with time of the specific gravity of a given elementary volume is

determined by its progressive mineralization raising its value from 1.65 up to a

maximum equal to 2.25 mg/mm^, provided it is not destroyed before reaching the

maximal value.

It is indeed considered that resorption can affect elementary volumes irrespective

of their degree of mineralization. Moreover, it can be assumed, as opposed to the

processes involved in bone formation, that bone destruction bears synchronously on

all the constituents. The elementary volume is destroyed as a whole, at the specific

•'" This work has received the support of the U.S. Public Health Service, National Institute of Dental

Research, Grant nr. DE-01931-Ol-O:.
"'' Charge de Recherches du FNRS.
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gravity and chemical composition it had reached. Such a representation permits a

formal analysis of the system.

Thanks to experimental data, obtained from combined kinetic analysis of calcium

metabolism and a technique of microsampling of bone tissue, the formal analysis

leads to the definition of mathematical expressions for the various functions.

It is the purpose of this paper to establish and discuss a particular aspect of the

analysis, namely the kinetics of the process of mineralization in the rat.

Experimental

Material and methods

All experiments were done Vv^ith female Wistar R rats. The animals were fed a

powder diet containing 0.65"'/o Ca, 0.690/0 P, 1 i. u. vitamin D per gram and distilled

water ad libitum.

Every experimental animal was studied by the method of Aubert and Milhaud

(1960) to measure the parameters of calcium metabolism. This requires the determi-

nation of a chemical and radiochemical balance and the analysis of the serum dis-

appearance curve of a single dose of Ca'*^ injected intravenously.

Diaphyseal bone samples from these animals were separated into fractions of

progressively increasing specific gravities by successive centrifugations in mixtures of

toluene and bromoforme (Herman and Richelle, 1961; Richelle, 1964). All the

chemical and radiochemical determinations were carried out, with the aid of auto-

matic machines. The experimental data as obtained from the records of the machines,

were transferred to punched cards and processed through an IBM 7040 digital com-

puter. The programme computed the individual data, analysed them statistically and

proceeded to the evaluation of the complete set of data, in terms of a logical analysis

based upon the selected model. All the methods and techniques are detailled elsewhere

(Onkelinx et al., 1965).

Abhreviations

The following abbreviations will be used:

t , time corresponding to the age of the animal;

0) , time corresponding to the age of an elementary volume of bone;

d , the specific gravity;

[Ca], mass of calcium per unit volume;

M , mass; Afc-, refers to mass of calcium, Af]> refers to mass of phosphorus, Mu
refers to mass of bone;

N , number of elementary volumes which are present;

N( , number of elementary volumes which have been formed;

N,\ , number of elementary volumes which have been destroyed;

/m , frequency distribution of the mass;

/x , frequency distribution of the number of elementary volumes.

All these parameters can be written as functions of one another; in this case,

the independent variable is written between parentheses. For example, the evolution

of the mass with time will be written M{t) and the value of the function at a given

time t\ will be referred to as M{t\).
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Results

1. Functions M{t)

It is possible to establish experimentally for given samples of bone (in this case,

the long bones of the rat), a series of functions M{t), namely M\,{t), Mc.^(t), Mi>(t),

for the diaphysis, the epiphysis or both.

Between age 30 days and 120 days, these functions can be expressed by an equa-

tion of the following type:

^(0:
^"^ max.

l+ae-W/n (1)

where, Af„i:ix. is the limit value of the function when time becomes large.

M,

In 1 =lna-kM, (2)

a= - —1,Mq being the value of the function at time 0,
Mq

khz constant (units: M~^ t^^)-

The numerical values of the parameters of Eq. 1, are derived from the linear

transformation of Eq. 1, that becomes:

M{t)

Since the value of A/,nax. is unknown, fitting the points to the best straight line was

realized by an iterative procedure, in which Mmax. was assigned values ranging

between ± 20''/o of the experimental value at time 150 days. The best fitted line was

selected by an analysis of

variances, based on the F test

of Snedecor.

Table 1 gives in the dif-

ferent cases, the numerical

values of the parameters of

Eq. 1. Fig. 1 shows Afcn(0-

In order to correlate ki-

netic data calculated from

measurements done in vivo,

with data derived from spe-

cific gravity separations of

diaphyseal samples, it is im-

portant to know whether or

not the diaphysis gives a

good picture of bone meta-

bolism, as a whole.

One comparison which can be done is to relate the evolution with time of the

mass of calcium deposited in the diaphysis on one hand, and in the whole skeleton

on the other. These latter data exist in the literature (Sherman and MacLeod, 1925)

and can be expressed by an equation similar to Eq. 1

:

Mc.it) =.
.2100

(3)''^ '
1 + 29.8 e-"'-055^ ^ ^

where Mc.,^ , the total mass of calcium in the body, is expressed in mg, and t, the age

of the rat, in days. This equation is valid for female rats between 30 and 120 days.

%2S0
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Though we did not measure the total mass of calcium in our experimental animals,

it is possible to evaluate it, by calculating a cumulative calcium balance, between 30

and 120 days. This gives a function of time, which is expressed in Eq. 4:

MUt):
2292

1+22.1 e-0.05W (4)

where Mqh , the cumulative calcium balance, is expressed in mg, and t, the age of the

rat in days. This expression has been derived by the iterative procedure used for the

other M{t) functions, but in the absence of variances of the mean cumulated values,

selection was made on the basis of minimal deviation of the experimental points from

the regression line, and of the t test of Student.

Table 1. Numerical values for the parameters of Eq. 1

1 + ae-^A^max. <
M{ty.

Saniiile i
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3. Function fy{(o)

In a population, the elements of which are continuously renewed by processes of

appearance and disappearance, it is possible, at a given time, to define an age for

every element of the population and to draw the curve expressing the frequency

distribution of the population as a function of the age of the elements.

In the kinetic analysis of bone metabolism, it is necessary, therefore, to distin-

guish two types of time functions: in the first case, the time is measured by the age

of the animal and is refered to as t\ in the second case, the time is measured by the

age of the elementary volumes and is refered to as co. Hence, for an animal of age ti ,

the range of ages for the elementary volumes will extend from up to t\

.

For any given age of the animal, i. e. for every particular value of N{t), there

exists a corresponding function of frequency distribution /x(('j), so that

J/x(oj)dw = N(fi) (7)

As N{t) is known (Eq. 5), in order to calculate /x(oj), it is necessary to know either

the function of formation or the function of destruction of the elementary volumes.

Because, as mentionned earlier, the process of bone destruction appears to bear syn-

chronously on all the constituents of bone, the experimental values of the intensity of

calcium removal from bone obtained by the kinetic analysis of calcium metabolism

in vivo can be used to establish the mathematical expression of the function of

destruction. This transformation is done by the same procedure as used to obtain

Eq. 5. One gets Eq. 8:

^'W-I +hE-Wt (8)

Eq. 8 expresses the evolution with the age of the animal (t), of the total number of

elementary volumes which have been destroyed, expressed in number of mm-''. Hence

the rate of destruction can be written:

' '' = 1.199X10-5 A? (4452 _N] (9)

Comparison of Eqs. 6 and 9 shows that the rate of growth and the rate of destruc-

tion are given by functions which, for all practical purposes, can be considered

identical. Identity of Eqs. 6 and 9 simplifies the mathematical treatment. A more

general solution when these equations are not identical is possible, but will not be

presented here.

The behaviour of the population of so-called elementary volumes can, therefore,

be described in a general manner by the following equations:

a) the rate of growth is given by

'Jj^
=kN{N„,,,,-N) (10)

b) the rate of destruction is given by

df

c) it follows that the rate of appearance is given by

with ki = 2k.

^^^'' =^N(N,„„.-N) (11)

^=k,N{N,,,..~N) (12)
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The mathematical analysis of the system defined by Eqs. 10, 11 and 12 shows that

there exists a series of functions /x(oj), such as, at any time ti

,

h{(o) = 2akN\,,^. [l + ae-'-^'.— '

with Q<.(o<.t\.

Eq. 13 can also be written in a simpler form:

[1- ^-kN\ (^l-w)]3
(13)

/xM -co)

(14)
2N{t[-oj)N'J^ti

N(ti) '

where N'{t) is the derivative function of N{t).

Eqs. 13 and 14 are formally correct only if the total number of elementary

volumes present at time t\ , does not include elementary volumes, already existing at

f = and not yet destroyed at t = t\, meaning

that the age of these volumes would be greater

than ^i. Practically, it is difficult to take this

number into account, which is actually small

and becomes rapidly negligible when the age

of the animal increases. Fig. 2 shows three such

functions for ^1 = 31, 61 and 119 days.

4. Function /x(r>)

Separation of bone samples into fractions of

increasing specific gravities yield values, which

have been expressed in terms of percentage of

the total sample calcium or phosphorus content,

found for a given interval of specific gravities

(RiCHELLE, 1964). In the theoretical represen-

tation developed here, such values express the

frequency distribution of the population of

elementary volumes for finite intervals of spe-

cific gravities. For any given age of the animal,

e. for any value of N{t), there exists a theoretical function /x(r')), such as

Fig. 2. Frequency distributions (/.\) of the

elementary volumes of bone as a function of

their age (w), for three different ages (t) of

the rat. One elementary volume is taken as

1 mm''. Ages are measured in days

J h{d)dd = N{t,) (15)

where d is the specific gravity of the elementary volumes expressed in mg/mm^.

Fig. 3 shows three histograms for ^[ = 31, 61 and 119 days. These histograms could

be used to draw the curve expressing jy,{d), if the class interval of specific gravity

was sufficiently small, which is experimentally impractical.

5. Function [Ca] (ru)

It is the purpose of this paper to establish an expression describing the kinetics

of the mineralization process.

There are several possibilities; one of them is to determine the function of calci-

fication [Ca] (oj), i. e. the kinetics of calcium deposition in any elementary volume.

As we know particular values of /x(^) and the mean calcium content of a volume of

bone, corresponding to a given specific gravity interval, it is possible to calculate the
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corresponding values of the function /x([Ca]), expressing the frequency distribution

of the population as a function of the calcium content of the elementary volumes.

i
^ 2S00

/500

J 500

^

31 i

1.6 1.7 1.S 1.9 2.0 2.1 22 2.3

//5d

^/d

J a -p
I.S 1.7 1.8 1.920 2.1 2.2 2.3 IS f.7 1.8 1.92.0212.22.3

Spec. grav. [mg-/Tum''j

Fig. 3. Frequency distribution (/x) of the elementary

for three different ages (/) of the rat. One elementar;

in mg mm"' .

umes of bone

lume is taken ,

the age in day

function of their specific gravity (<3),

mm'. The specific gravity is measured

If we had a mathematical expression for /x([Ca]) as it is the case for /x((o)

(Eq. 13), it would be possible to determine the function of calcification [Ca] (oj) in

the following way:

As/x(w)= ^^}^'^ (see Eq. 7) and /x([Ca])= ^^^'\ (see Eq. 15)
d[Ca]

it follows that

d[Ca]

d('j
(16)

/n(oj)

/x([Ca])

By integration, Eq. 16 would give the unknown function [Ca] (ej).

Practically, however, if drawing histograms for /x([Ca]) is possible, there is no

obvious linear transformation which would permit to obtain a simple and secure

mathematical expression for the corresponding function. Therefore, the function

[Ca] (cj) has been established by calculating particular values of the function. This

was done as follows.

By integrating the particular function /x("j) corresponding to any given time t\ ,

one obtains a new function, N{oj). The known values of /x([Ca]), at given ti , can be

used to calculate particular values of the integral of this latter function i. e. 7V([Ca]).

In this way, it is possible to find for every particular value of [Ca], the corresponding

value of (0.

Fig. 4 shows for all the animals, the calculated values of [Ca] plotted as a func-

tion of (o. Using the classical linear transformation, one finds that [Ca] {(o) can be

described by a single hyperbolic function, which can be written

[Ca] : 0.175+ °:2^A-
co+ 3.6

(17)

where [Ca] is the calcium content, expressed in mg present in the elementary volume

(taken as 1 mm^ of bone) and oj is the age of the elementary volume expressed in

days. The analysis of the adjustement of the hyperbolic function to the experimental

3'''' Europ. Symp. on Cal. Tissues
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points will be presented together with the refined solution of the model, unbiased by

the assumed identity of Eqs. 6 and 9. The line in Fig. 4 represents values of [Ca]

calculated from Eq. 17.

0.60

O.JO

0.20

a/0

10 20 30 W so 60 70 80 30 100 I/O 120

w [Days]

Fig. 4. Function of calcification [Ca] (w). The calcium content [Ca] of an elementary volume is shown as a

function of the age of the elementary volume (w). The calcium content is expressed in mg/mm' and the age

1 ! ' I

1 i \



Bone Mineral Metabolism in the Rat 131

Because of the complexity of the system and, moreover, of the existence of iso-

ionic exchange, it is evident that no simple description of the radioactive calcium

incorporation to the elementary volumes can be proposed. It is possible however to

test the validity of the function of calcification by another experimental approach.

Eq. 18 can be used to calculate the age of an elementary volume as a function of its

calcium content, which is given by

[Ca]-[Ca]„

[Ca],.ax.-[Ca] ^ ^

On the other hand, the age of the elementary volumes can be determined experi-

mentally by labelling collagen with radioactive proline. In such an experiment, at the

time of the injection, only the collagen of the forming elementary volumes is labelled.

Later, the maximum specific activity of the collagen hydroxyproline indicates the

calcium content of the elementary volumes formed at the time of the injection. This

measurement, done at different times after the injection, permits to establish on other

experimental data, the function (o [Ca]. The actual data (Lapiere, 1965) are in

agreement with the values calculated from Eq. 21.

Conclusions

This report represents an attempt to develop a formal analysis taking into account

the heterogeneity of bone tissue In this analysis, bone is considered as a heterogeneous

population of elementary units. The evolution of the system and of its elements has

been described by a series of time functions.

A set of these functions (Eqs. 10, 11 and 12) describe the evolution of the popula-

tion as a whole. They are obviously simplified expressions of the underlying phe-

nomena, which involve the complex processes of cellular activity. Such expressions

would be of little help if one attempted to study specifically these processes in growth

or aging.

However, general expressions of this type, which describe the evolution of the

whole system are nevertheless useful as operational definitions. They make it possible

to give numerical values for the rate of growth, the rate of appearance and the rate

of destruction of the elements of the population. Indeed, these values are necessary in

order to analyse the kinetic events which take place in individual elements of the

population.

Among the various events taking place, we have limited ourselves in this paper to

the study of the calcification. A hyperbolic function has been found to describe

adequately the kinetics of this process. It remains to be shown what are the actual

phenomena responsible for this type of kinetic behaviour.
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Physico-chemical Methods for the Identification of

Microcrystalline Basic Calcium Phosphates Prepared in Vitro

p. Lerch, C. Vuilleumier

Institut fiir anorganische und physikalische Chemie der Universitat, Bern, Schweiz;

Institut de Radiophysique Appliquce, Universite de Lausanne, Lausanne, Suisse

I. Introduction

The method of synthesis of hydroxyapatite proposed by Hayek (1960), which

consists of the reaction of Ca(NO.j)2 in the presence of NH3 with Na2HP04

,

permitted us by changing the conditions of the proceedings to obtain two specific

kinds of phosphates:

hydroxyapatite (HA) Cai(,(P04)6(OH)o

hydrated tricalcium phosphate (TCPH) Ca9(P04)6- 1/2 H.O.

For a better understanding of the synthesis mechanism of these components, and to

obtain a criterion which would permit the verification of the nature of the hydroxy-

apatite during synthesis, we thought that it would be interesting to measure the

variations of pH during this procedure; commonly, it seems that this operation takes

place as a simple neutralization.

The conclusions of this method should make it possible to discuss the composition

and structure of other calciumorthophosphates analogous to those mentioned above,

which might play a part in the processes of calcification, such as octocalcium-ortho-

phosphate (OCP) Ca8Ho(P04)6-H,,0.

For this purpose, we will use results already obtained (Lerch and Vuilleumier,

1964 a, b; Vuilleumier, 1965) in X-ray and electron diffractions, specific area

measurements and especially thermogravimetric (TG) and diiferential thermal analysis

(DTA).

IL Experimental part and results

The proportions of Ca"^"^ and PO4 were varied, thus giving excesses up to

200"/o of each ion. The reactives were permanently stirred at 25 C under N., during
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48 hr, to prevent reactions with atmospheric-COo . pH was continuously measured

by a combined glass electrode and registered.

Two kinds of curves were obtained: one by an excess of Ca^* or stoichiometric

mixture, the other by excess of PO4 .

The first type of curve (Fig. 1) shows an initial and fast neutralization, which

appears after PO4 is added to the Ca(N03)2 + NH3 mixture. In one minute the

pH falls from 10.7— 10.5 down to 8.8— 8.5 and stabilises during a period of 4— 8 hr

at an approximate value of 8. After this a new fall of pH occurs which lowers the

pH to 6.5 to 5.3.
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followed by a slow exothermic rise corresponding to a slow dehydration of the

thermogravimetric curve. X-ray analyses at the mentioned temperatures show that the

structure of the product does not change except the reflexes becoming sharper.

pH
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specific area of the intermediary product is 130±10m-/g according to the electron

micrograph. The suspension of the amorphous product in water leads to crystalline

material of hydroxyapatite X-ray diffraction patterns with the same pH-curve as the

HA. The Ca/P ratio of the amor-

phous product is the same as the

one for its water suspension at any

time and pH, and also the same

as that for the end product of the

uninterrupted Hayek synthesis.

TG- and DTA-curves of the a-

morphous product are very dif-

ferent to those of HA (Fig. 3). The

characteristic temperatures are now
100 ''C, 170 '-'C and 300 '-'C, re-

presenting waterlosses of about

8 moles (adsorbed water), 1.8 and

0.2— 0.3 moles. The total waterloss

up to 1000 °C is 3.2 to 3.3 moles.

The DTA-curve corresponds with

the TG-curve except for one exo-

thermic peak at 680 C.

These curves resemble those of

a mixture of TCPH and OCP,
which are shown in Fig. 4. X-ray

analysis shows that the product re-

mains amorphous up to 600 °C. At

650 '^C the reflexes of the r/-TCP

appear thus corresponding to the

exothermic peak of the DTA. At

650 C we can observe the X-ray

pattern of /j-TCP. Therefore, we c

can state that the amorphous pro-

duct is a mixture of TCPH and

OCP. If we consider the pH of :

the intermediary step as the end-

pH, we find according to equation

(1) a Ca/P ratio about 1.84. The

discrepancy in the experimental

value can be explained by surface

adsorption of Ca'-*. This shows us that global chemical analyses are unsufficient to

determine the real nature of hydroxyapatites. In aqueous suspension the amorphous

product is hydrolized and the pH decreased.

400 600 800 °C

:urves of amorphous product

200

Fig.

400 600 800 °C

ics of OCP

HA
III. Conclusions

is formed in two distinct steps: formation of the amorphous product then

hydrolization to the final HA. TCPH is formed directly as shown by X-ray dif-

fraction patterns which are crystalline from the very beginning. The synthesis can be
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steered either to HA or to TCPH by influencing the end-pH. It would even be

possible to obtain OCP by this method if an end-pH of at least 9 could be obtained.

Such required end-pHs can be obtained by excesses of Ca-^ or PO4 . It is quite

logical to use excesses of Ca"^^ and PO4 to obtain the final-pHs required and no

other buffers which could bring impurities into the reactives.

The different pH-curves found during the formation of HA and TCPH and the

fact to obtain intermediary amorphous products in the case of HA, and the for-

mation of crystalline products from the very beginning in the case of TCPH, brings

us to the conclusion that the TCPH is a real and distinct phase.

Summary

The continuous measurement of pH during the hydroxyapatite synthesis of

Hayek (1960) distinguishes two different kinds of reaction mechanism depending on

Ca*^- or PO4 -excesses. By thermic and diffraction methods it was possible to

establish the nature of the final products and also one intermediate amorphous product,

which appears at the beginning of HA-synthesis (Ca^*-excess or stoicheiometric

mixture). With PO4 -excess, the TCPH appears from the beginning of the reaction.

We wish to thank the Fonds National Suisse, for support of this research.
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Umwandlungsvorgange bei Calciumphosphaten

H. Newesely

Kristallchemische Abteilung, Institut fiir Kariesforschung und Forschungsgruppe fiir

Mikromorphologie im Fritz-Haber-Institut, Berlin-Dahlem, Deutschland

Bei mikromorphologischen Untersuchungen an der Remineralisationsschicht der

Zahnoberflache bzw. in Zahnbelagen wurden Calciumphosphatkristallite mit ver-

schiedenen Ausbildungsformen festgestellt (Johannsson, 1965; Muhlemann et al.,

1964; Lenz und Newesely, 1964; Lenz et al., 1964; Schroeder, 1964; Hohling

et al., 1962). Die Zuordnung zu bestimmten Strukturtypen war jedoch nicht immer

mit Sicherheit moglich.

Mit LinterstLitzung der Dcutschen Forschungsgemeinschaft, Bad Godesbcrg.

Die Untersuchungen werdcn in „Monatshcfte fiir Chcniie" (Wicn: Springer) ausfulirhch verofFcntlicht.
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In diesem Zusammenhang erschien es wichtig, in vitro genauere Angaben iiber die

Existenz- und Umwandlungsbedingungen der Calciumphosphate unter den dort zu-

treffenden chemischen Reaktionsumstanden — also auch im schwach sauren pH-Bereich

und bei erhohter Temperatur — zu erhalten; dies um so mehr, als in den verfiigbaren

alteren Arbeiten noch nicht das Auftreten des Oktacalciumphosphates bei der Hydro-

lyse des Brushits bekannt war (D'Ans und Knutter, 1953) bzw. diese sich auf Aus-

sagen bei Raumtemperatur beschrankten (Moreno et ai, 1960).

Wir untersuchten die Zusammensetzung und Struktur der kristallisierten Calcium-

phosphate, die bei homogener Reaktion im pH-Bereich von 4,0— 7,0, im Temperatur-

bereich von 20—80 "C und im Konzentrationsbereich von 0,01 m— 0,1 m auftreten.

Material und Methode

Homogene Kristallisation wurde in der Weise erreicht, dal^ genau eingestellte

Calcium- und Phosphatlosungen vorsichtig zu einem vorgelegten grofien Volumen

Pufferlosung (0,2 m Natriumacetat, pH und Temperatur vorgegeben) zugefiigt wur-

den. Als schwacher Komplexbildner soUten die Acetat-Ionen aufierdem die Losungs-

umgebung in vitro dem Mundmilieu angleichen.

Die Obersattigung ist so gering gehalten, dafi sich Kristallkeime erst nach Stunden

oder Tagen aus dem homogenen Medium bildeten. Die hierbei entstehenden Kristalli-

sationsprodukte erwiesen sich im mikroskopischen Bild als einheitliches Material; es

wurde sodann davon jeweils der analytische Gehalt von Calcium und Phosphat sowie

der Strukturtyp festgestellt.

Beim Ubergang zu hoheren Konzentrationen entstehen Fallungsprodukte. Diese

eigneten sich nicht fiir die angestrebte Identifizierung, da sie — obwohl auch sie zum

Teil einen kristallinen Charakter hatten — doch nicht mit Sicherheit einheitlich zu-

sammengesetzt sind (Newesely, 1964).

Ergebnisse

Im homogenen Bereich des Temperatur/pH/Konzentration-Diagramms treten

Brushit, Oktacalciumphosphat und Monetit auf; Hydroxylapatit wurde nur im Fal-

lungsgebiet gefunden.

Brushit, das Dicalciumphosphat-Dihydrat (Calciumhydrogenphosphat-Dihydrat),

entsteht im gesamten pH-Bereich, wird jedoch oberhalb pH = 6,3 bei physiologischen

Bedingungen (Temperatur ^ 40 ' C) in Oktacalciumphosphat umgewandelt. Zwi-

schen pH = 5,0 und 6,0 erfolgt diese Umsetzung erst bei hoheren Temperaturen

(60—70 "C). Die Existenzbedingungen des Oktacalciumphosphats umfassen somit

den pH-Bereich von 5,0—7,0 und den Temperaturbereich von 30—70 °C.

Die Bildungsbedingungen des wasserfreien Dicalciumphosphats, Monetit, schlief^en

sich an die des Oktacalciumphosphats gegen niedrigere pH-Werte (pH < 4,5), an die

des Brushits gegen hohere Temperatur (> 60 °C) an.

Die Ergebnisse dieser Messungen bezogen sich auf das reine System CaO-PoOj-HoO

(inclusive Natriumacetat).

Angaben iiber die Umwandlungsvorgange in Gegenwart von Begleitionen liegen

bereits an anderer Stelle vor. In Gegenwart von 1— 2*'/o Magnesiumionen bildet sich

/^-Tricalciumphosphat, Whitlockit (Trautz et ai, 1954; Hayek und Newesely, 1958),

bei Zusatz von > 50 /ng Fluorid/Liter der Losung wird die Oktacalciumphosphat-

Struktur instabil und geht in die Apatit-Struktur iiber (Newesely, 1961).
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Diskussion und Zusammenfassung

Nach den vorliegenden Ergebnissen kristallchemischer Untersuchungen an Calclum-

phosphaten, die bei homogener Reaktion in schwach saurem Medium entstanden, ist

bei der Ausbildung von Remineralisationsschichten und Zahnbelagen die Existenz von

Dicalciumphosphat-Dihydrat (Brushit), />-Tricalciumphosphat (Whitlockit), Okta-

calciumphosphat und Apatit — insbesondere letztere auch in Form von Fallungs-

produkten — moglich. Die Existenzbedingungen des wasserfreien Dicalciumphosphats

(Monetit) werden hingegen in der Umgebung der Zahne kaum erreicht werden.
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Some Observations on the Nature of Bone Mineral

J. MacGregor

Bioengineering Unit, University of Strathclyde, Glasgow, Scotland

Few will deny that there is a very rapid ionic exchange between the mineral

component of the skeleton and the calcium (Ca*^) and inorganic phosphate (P~~")

ions of the circulating body fluids. The mechanism which governs this exchange and

the question of whether a true physicochemical equilibrium exists is much more contro-

versial.

NoRDiN (1957) was the first to demonstrate that whole bone powder would

produce and maintain consistent products of the concentrations of calcium and

phosphate ions in buffers in equilibrium with it. In subsequent contributions
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id ion strength. We have

^^7

MacGregor and Nordin (1960, 1962) and MacGregor (1964 a, b) developed the

suggestion that bone mineral could be said to have a "solubility product" in terms

of {Ca""}3 {PO4"""}-
-'"

at physiological pH, temperatu

never suggested that bone was "tri-calcium

phosphate", only that the behaviour of pow- /a

dered bone going into solution in vitro could

best be described in terms of that ion product.
^

The studies were extended to rat bone
^

and also to child bone (MacGregor, 1962)

and data such as those shown in Fig. 1 were

obtained. It can be seen that at equilibrium

(see MacGregor and Nordin, 1960 for ex- ^

perimental details), the calcium concentrations v
in all three series of experiments were similar r^

and dependent only on the pH of the buffer -^

employed. On the other hand, the concen- ^

trations of inorganic phosphate are relatively

independent of pH but rise from about 0.2 mM
for human adult bone to about 0.4 mM for

powdered child bone and 1.0 niM for bone

from growing rats. Consequently, when the

empirical ion products were calculated they

were consistent for equilibrations with each

material, but very different for bone from

different sources. Nevertheless, it was clear

that the equilibrium concentrations were re-

lated to the blood levels of {Ca"""^} and jP }

in each case and it was concluded that if bone

mineral had an "equilibrium constant" then

either there were specific ion effects unallowed

for in both child and rat plasma and appropriate

equilibrating fluids (rather unlikely), or there was a pH gradient between bone and

plasma from rat to child to human adult (possible), or thirdly that the bone salt of

rats and children was qualitatively different from that of adults (MacGregor,

1964 b). This last alternative was thought to be unlikely but very recently Mac-

Gregor and Brown (1965) presented evidence to support the view that bone mineral

is first laid down as octocalcium phosphate (OCP) which then slowly hydrolyses to

hydroxyapatlte (HA). The anatomical skeleton, therefore, would be composed of

"reactive" and "unreactive" bone having predominantly OCP and HA in the lattice

respectively — young actively growing bone having proportionally more of the

former. It is interesting that Ibsen and Urist (1964) have independently shown that

homogenised bone fragments labelled with tetracycline yield more pyrophosphate

than equivalent amounts of unlabelled moities from the same mix (see also McLean,

1965, p. 6) when heated to 325 °C for one hour.

The presence of OCP stoichiometry in child bone and calf bone mineral was

demonstrated by calculation of the chemical potential relationships from equilibration

'' The brackets { } are used to Imply "the concentration of".
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data. However, if it is true that OCP is present then, being more reactive than

hydroxyapatite, the ion product representing its stoichiometry should be more con-

stant than any other possible products at equilibrium. I have calculated the various

ion products for the child bone data along with their distributions, standard errors

and coefficients of variation. These data are shown in the following Table:

pK{Ca++}{HP04=}
pK{Ca++}8{HP04=}MP04-}^
pK{Ca++}3{P04=}2
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In each case there are high values in the young which fall to a minimum around the

age of 40 before a further rise in later years. The general trend is highly suggestive.

It is interesting to speculate that in osteomalacia where the mineralisation of

osteoid is retarded, the observed low phosphate concentrations may be the result

rather than the cause of the condition, although in several cases secondary hyper-

parathyroidism with increased renal clearance of phosphate may also be a factor.

In carefully controlled experimental conditions, however, it may be that a

critical evaluation of plasma phosphate levels will indicate the trend in the rate of

new bone formation.

In conclusion, I would like to commend caution to those workers who assess

"calcification" and "calcifiability" in vitro. Dr. H. Fleisch has kindly made available

his data on the "formation

products" of calcium phos-

phate precipitation on to

collagen in vitro. The ap-

propriate calculations for de-

termining the stoichiometry

of the equilibrium at the

point oi precipitation have

been made using the chemi-

cal potential method as de-

scribed in MacGregor and

Brown (1965). The results

are shown in Fig. 3. A good

fit was obtained and the

regression coefficient was

such that the Ca : P ratio of

the equilibrium was not si-

gnificantly different from 1

(in fact Ca : P = 6.6 : 6). In

this case, therefore, CaHP04
must have been the dominant

phase, and not the OCP or

HA found when bone is present. It may be of interest here to mention in parenthesis

that an unselected group of renal calculi equilibrated at pH 7 in vitro have also

shown the presence of OCP (MacGregor et al., in press).

It appears probable that the precipitation of inorganic Ca and P in the absence

of formed bone or an "active" template does not represent either the process of

in vivo calcification nor even the physical-chemical equilibrium conditions for bone

mineral and, therefore, appropriate limitations should be set on the mterpretation of

such data.
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The Osteon Calcification as Revealed by the Electron Microscope

A. AscENzr, E. Bonucci

Istituto di Anatomia Patologica dell'Universita di Pisa, Pisa, Italia

The aim of the present study is to investigate for the first time the dynamics of

osteon calcification using the electron microscope. For this purpose a special technique

was devised to examine osteons in which the calcium content as well as the orien-

tation of the anisothropic components had been previously established.

Materials and method

Longitudinally sectioned specimens from femoral ox-shafts were fixed in neutral

formol and ground on a glass plate to a thickness of about 30—40 micra. A careful

examination was made in order to select osteons at the initial stage of calcification

(i.e. having the lowest amount of calcium as determined microradiographically) and

osteons which had reached their highest degree of calcification. The units were chosen

in such a way that under the polarizing microscope they appeared evenly bright

according to the marked longitudinal spiral course of the fibres in successive lamellae.

At this stage wedge-shaped bone fragments with a portion of the chosen osteon

on top were dissected from the section, according to the technique described by

AscENZi and Fabry (1959). Once the technique was mastered, it was easy to prepare

from each osteon two specimens shaped as in Fig. 1. They were dehydrated in alcohol

and embedded in Araldite. In the resin blocks the specimens were orientated in such
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a way as to obtain respectively ultrathin sections, (a) tangentially orientated as

regards the lamellae, (b) running radially and (c) cross-orientated in respect to the

osteon.

Fig. 1. Two dissected specimens showing top a longuudinal por

scope. X 75

The osteons were sectioned with a Porter-Blum microtome fitted with a diamond

knife. A Siemens Elmiskop I electron microscope was used to examine the sections.

For particular purposes the specimens were decalcified by EDTA before em-

bedding. Decalcification was also carried out on ultra-thin sections, using phospho-

tungstic acid, which also gives good staining of the collagen fibrils.

Results

In osteons at the initial stage of calcification, the calcium salts show two different

features at the level of the lamellae (Fig. 2). The first is a series of parallel bands

which are separated by clear interbands and run almost perpendicular to the osteon

axis. The bands have an average width of 400 A and the interbands reach 250 A.

These values indicate that the parallel banding identifies the broad bands at the

major collagen periods. Fiere small spots appear measuring no more than 10 A across.

These spots which apparently represent foci of crystal inception or centers of

nucleation (see Glimcher, 1959) fuse in linear or needleshaped crystallites which

span the band regions, reaching a maximum width of 40—45 A.

The second feature met in the lamellae of the osteons during the initial stage of

calcification are bundles of needle-shaped crystallites considerably longer than those

at the level of the broad band. Generally they have a longitudinal orientation as

regards the osteon axis. Owing to their length the crystallites can cover two or many

major collagen periods. The thickness averages 40—45 A.



144 A. ASCENZI, E. BONUCCI

Transitional figures are found between the needle-shaped crystallites lying at the

level of the cross-bands and the bundles of elongated needle-shaped crystallites.

Fig. 2. Ultrathin longitud

Fig. 3. Ultrathin cross-section of an osteon at al stage of calcification. Explanation in text. >' 60.000

In ultra-thin cross-sections crystallites are evenly distributed accordmg to their

penetration into the collagen fibrils (Fig. 3).
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In contrast with the lamellae, the interlamellar cementing zones show only one

feature, the calcified bands are missing or very rare. The crystallites have the same

shape and about the same size, but they are irregularly distributed and orientated in

all directions forming at some points whorled figures.

In fully calcified osteons the lamellae show no appreciable qualitative differences

from those of osteons in the initial stages of calcification (Fig. 4). However, compari-

ithin longitudinal sec of a fully calcified osteon. Expla

son of micrographs from osteons both at the initial stage of calcification and from

fully calcified ones suggests that the number of needle-shaped crystallites increases in

the latter. The surfaces covered by elongated crystallites as well as those covered by

calcified bands were measured in 56 micrographs. The results show that the areas

covered by needle-shaped crystallites are predominant in the osteon in the initial

stage of ossification and correspond to about 69 per cent. The same areas increase

by 14 per cent, when osteons complete their ossification going up to 83 per cent. The

statistical analysis shows that the differences between the two mean values are highly

significant, t being 6.334 for P = 0.05. This value is only indicative. In order to

obtain more reliable data on the actual increase of calcium it would be necessary to

consider the spatial distribution, density and dimensions of the calcified material in

the two types of apatite deposition as the cross-banding has a lower opacity to the

electron beam than the other calcified areas. At the moment this problem presents

difficulties which still have to be solved.

In the fully calcified osteons the interlamellar cementing zones are formed almost

entirely of needle-shaped crystallites, which makes it difficult to establish whether the

calcium salts are actually increased. However, the absence or scarcity of areas covered

yd £u,op. Symp. on Cal. Tissues
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by calcified bands, In which calcium is obviously low, supports the view that the

interlamellar zones are more highly calcified than the lamellae.

Ultra-thin sections obtained from previously decalcified osteons at the final stage

of ossification did not show, after treatment by phosphotungstic acid, any qualitative

difference from those of osteons at the initial stage of ossification. In the lamellae

the fibrils are closely packed in bundles and are preferentially orientated according

to the osteon axis, although the bundles interweave frequently at small angles. Con-

versely, in decalcified osteons the interlamellar cementing zone is composed of thin

fibrils irregularly orientated in all directions. The thick banded fibrils are few or

completely lacking. Where present, they show a cross-, or strongly oblique orientation

and pass through one lamella to the next.

Conclusions

The investigation under the electron microscope of the dynamics of the osteon

calcification reveals that after a sudden initial penetration of a large percentage of

the matrix by elongated needle-shaped crystallites, the apatite is laid down more

slowly and the areas covered by needle-shaped crystallites get larger at the expense

of the areas in which calcium is laid down only at the level of the main cross-banding

of the collagen fibrils.

A detailed paper on this subject is in press for the "J. of Ultrastructure Res.".
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Collagen and Apatite in Hard Tissues and Pathological

Formations from a Crystal Chemical Point of View

H. J. HoHLiNG, H. Themann, J. Vahl

Instltut fiJr Medizinische Physik, Miinster, Deutschland

During recent years electron microscopical investigations have been carried out

by us on ultrathin sections of dentine, cementum and bone (Hohling, 1960, 1961,

1963 a, b, c, 1964; Hohling and Pfefferkorn, 1964; Vahl and Hohling, 1964/65).

In these four examples of apatite mineralization on collagen we found the same

morphological phenomena on electron microscopical examination.

On one hand we observed light-looking, elongated formations all of the same

length, arranged parallel and in rows (Fig. 1, arrow 1) which were identified as

apatite-crystallites by means of a combination of electron "small-area" diffraction

with dark-field observation. On the other hand, we observed strands of thinner

(0 60—80 A), dark-looking, longer formations frequently of unequal length which

in general ran parallel to the rows of light-looking crystallites (Fig. 1, arrow 2). We
observed these formations only in the peritubular zone of the dentine and concluded
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by means of the above mentioned methods that they, too, were apatitic, although we

had first assumed them to be collagen subfibers without apatite.

Concerning the thin, dark-looking, apatitic formations (Fig. 1, arrow 2) we con-

cluded that: 1. they are formed earlier than the above mentioned light-looking

crystallites, 2. they are in a more disordered stage of crystalllnity. We reached the

first conclusion from the fact that in the initial stages of collagen mineralization in

myositis ossificans, cementum, dentine or turkey leg tendon (Nylen et al., 1960) only

the thin, dark-looking formations could be seen. In the case of myositis ossificans we

observed (Themann and Hohling, 1964— 1965), as Glimcher (1961) did in the

case of bone and collagen mineralization in vitro, first the so-called "dots" out of

which the very thin, dark, rodlike formations develop.

s the light-looking ip i i

ingi; ot 6301-.C \

lud in the pipei. M xgniiic

We reached our second conclusion i.e. that they are not apatite crystallites with

a fully developed crystal-lattice, from several independant observations. Reimer

(1962, Fig. 1) found on electron microscopic examination of thin metal foils that they

looked darker in a more amorphous state and that they became lighter in appearance

when converted into a more crystalline state. The dark appearance of the thin

apatitic formations might therefore, result from poor crystallinity. Furthermore, the

fact that they show relatively few electron diffraction lines, that they are often bent,

that they are of unequal thickness throughout their whole length and that they are

very thin, might support the conclusion that they are still in an initial state of

crystallinity.

10*
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The interaction of ions which leads to the "binding" of phosphate with the side

groups of the collagen fibres as matrix presumably accounts for the fact that the

lattice of these nuclei is still in a less organized state. Moreover, we concluded that

by this reciprocal action collagen subfibers ("spiral lattices" according to Sasisekha-

RAN and Ramachandran, 1957) are "cemented", for the diameter of these dark

apatitic elements (60—80 A) is within the range of the diameter which might be

assumed for collagen subfibers from equatorial low angle diffraction spots got by

Ramachandran and Sasisekharan (1960). By this apatitic "cementation" of collagen

subfibers the macromolecular arrangement and thus the cross-striation of the collagen

fibers is lost.

We concluded that the light-looking apatite crystallites (Fig. 1, arrow 1) are

generally formed from the thin, dark-looking apatitic formations when there is a

sufficient delivery of ions for apatite formation and sufficient micro-space for

expansion of the crystallites in width because in the areas of the dark-looking

apatitic formations the thicker, lighter-looking apatite formations mentioned above

gradually develop. The fact that these elements gradually become lighter may result

from an increasing organization of the atoms in the lattice.

'^2 ^^

Ml
Fig. 2. Ultrathin section of carious dentine. By the decomposition oi:' the thin, dark looking apatitic

"cemented" coUagen-subfibres were set free again and could combine to thicker collagen fibres with cross-

striation. (The arrows indicate light-looking apatite crystallites which lie at random in carious dentine.)

Magnification: 198 000:1

It was observed that the distance from one row of the light-looking parallel

apatite crystallites to the next lies within the range of the collagen macro-period

(640 A-period) (Carlstrom and Glas, 1959; Glas, 1962; Quigley and Hjorting-
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Hansen, 1962; Hohling, 1963 a, b, 1964; Hohling and Pfefferkorn, 1964). Thus we

concluded that the macromolecular arrangement of collagen influences the length of

the apatite crystallites.

Following the results of Hodge and Petruska (1963, Fig. 9) we assume that the

nuclei develop on certain "dark bands" of the collagen cross-striation within the so-

called "hole zone". In the area of the "hole zone" the nuclei grow in length (and also

in thickness), until they reach the "overlap zone" of the macroperiod in which there

seems to be a blocking force which prevents further growth in length (Hohling,

1964; Hohling et ai, in press, Fig. 5).

In the case of dentine caries as an example of hard tissue decay we made the

following observations. In carious dentine it is mainly the thin, dark-looking apatitic

formations which are decomposed. But the light-looking crystallites are also affected

and disorganized in their arrangement. By the decomposition of the thin, dark-

looking apatitic formations the "cemented" collagen subfibers are set free but then

combine again to form thicker collagen fibers with the characteristic cross-striation

and macromolecular arrangement. (Of course this is not a new formation of collagen

fibers but only a lateral aggregation of subfibers to thicker fibers which already

existed before mineralization, in embryonic dentine.) These carious changes are shown

in Fig. 2.

During further carious attack the macromolecular arrangement of collagen is

destroyed and the thicker collagen fibers are decomposed into their subelements. By

£JA

-V.SA-

// A

7./

A

rr\
Fig. 3. Diagrammatical representation of x-ray wide angle — and low angle — patterns for sound and diseased

tendon. The loss of reflexions from the sound to the diseased state (in the figure from left to right) is the

same as from sound demineralized to carious additionally demineralized dentine. But for carious dentine there

was seldom reached the stage i/, in which onlv the 4.5.4- and 11 A reflexion had remained

combined x-ray diffraction and infrared-absorption analysis we found that the

collagen decay caused by dentine caries occurs in the same way as the collagen decay

described by us for human tendon and meniscus (Dahmen and Hohling, 1962;

Hohling and Dahmen, 1963; Hohling, 1963 c; Hohling et ai, 1965; Hohling

and Pfefferkorn, in press).
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In Fig. 3 the x-ray patterns of sound and diseased human tendon are represented

diagrammatically with the effect of increasing disease shown from left to right in the

figure. In the upper row wide angle patterns are seen in the lower row low-angle

patterns. Above all there is a loss of the 7.1 A- and 2.9 A-reflexions together with a

loss of the reflexions of the 640 A period. This loss indicates changes in the poly-

peptide chain. Such changes in the wide angle range have also been observed by us in

carious dentine.

3

Fig 4 Infrared diagrams of sound dentine collagen (Nr. 2). Carious dentine collagen (weakening of the inten-

sity of the > 9 A- and 7.1 A x-ray reflexions) (Nr. 1) and diseased human tendon (loss of the 2.9 A- and

7 1 A x-ray reflexions) (Nr. 3). In the case of carious dentine, diagram Nr. 1 (with collagen not so much de-

composed), there is a beginning of a peak, and in the case of diseased tendon, diagram 3 (with more decom-

posed collagen), a full peak in the range of 5.8 ,,. We conclude that it indicates a C= valence oscillation

resulting from broken peptide bonds in the polypeptide chains

In the infrared diagrams (Fig. 4) of samples of carious dentine and diseased

tendon, showing decrease or loss of the 7.1 A- and 2.9 A-reflexion, we found the

same new peak near 1730 cm-'. It lies in the range of a C = valence oscillation.

Since the 2.9 A- and 7.1 A-x-ray reflexions had disappeared in the case of these

samples we concluded that peptide-bonds were affected or broken. This attack seems

to occur when the collagen fibers are split longitudinally to a sufficient degree.

Summary

In the case of collagen mineralization by apatite in dentine, cemcntum, bone and

tissues with myositis ossificans we observed on ultrathin sections: 1. light-looking,

elongated apatite crystallites (0 - 200 A) of the same length (^ 650 ± 50 A) ar-

ranged parallel and in rows. 2. strands of thinner (0 60-80 A), dark looking and

in general longer formations which were found also to be apatitic.

From a variety of observations we concluded that the thin, dark looking apatitic

formations were formed earlier than the light-looking, thicker apatite crystallites;

that they were still in a more disordered stage of crystallinity and that the light-

looking apatite crystallites gradually developed out of them by a change to a better

state of atom arrangement in the crystal lattice.

In carious dentine the thin, dark looking apatitic formations which cement the

colla-en subfibres were first decomposed. The collagen subfibers were then set free
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and could combine again to form thicker collagen fibrils with typical cross-striations.

In the event of further carious attacks the thicker fibres were also affected and split up

into subelements. We found by x-ray diffraction and infrared absorption analysis

that peptide bonds in the polypeptide chain had been broken.
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It has long been known that insoluble calcium salts in the forms of the carbonate,

sulfate, and oxalate occur as optically visible crystals in a wide variety of plants

(SoLEREDER, 1908). The deposits are commonly considered to be waste products and

occur in a variety of shapes, often seeming to fill a cell. Calcium oxalate crystals are

by far the most common, and a single cell may contain from one to many hundreds.

Crystal cells have been studied by light and polarization microscopy (see reviews in

GuiLLiERMOND, 1933; KusTER, 1956) and the crystals have been studied by various

techniques including X-ray and infra-red analysis (Pobeguin, 1943; Walter-Levy,

1962).

The salient features of a variety of crystal cells investigated by Arnott and

Pautard (1965) are: 1. Crystals are produced within active cells as a part of their

program of differentiation, usually in meristematic tissues. 2. Crystal formation is

not a random event but takes place in a series of biologically organized steps.

3. Crystal development occurs within chambers which first become loaded with an

electron dense material and subsequently appear to function as boules in which

crystalization occurs, often, but perhaps not always, shaping the crystals.

A previous study of the growing root tip of Yucca (Arnott, 1962) revealed that

raphide cells develop in linear rows with as many as 27 cells in a single file. The

present research has shown partly differentiated crystal cells within the zone of active

mitosis, in juxtaposition to cells in division and only a few hundred microns from

the root tip. In the root zone, where the major growth parameter is cell enlargement,

raphide cells are very well differentiated (Fig. 1) and exhibit two characteristics not

found in their immediate neighbors. First, they contain a series of electron dense

compartments within a crystal vacuole, /. c, the vacuole in which the crystals

develop. Secondly, they possess numerous highly differentiated crystaloplastids, /. e.,

the modified plastids which occur in crystal cells.

The crystal chambers are elongate, and when cut in transverse section have

rectangular or rounded profiles. At an intermediate stage in crystal ontogeny, the

chambers exhibit an electron-dense material which does not give an electron diffrac-

tion pattern; however, after prolonged heating in the electron beam a pattern

suggesting calcium oxide is produced, and at the same time obvious changes occur in

the electron-dense material. This dense material is rapidly leached by water in

sectioning or by the staining of thin sections with uranyl acetate and/or lead citrate.

Therefore, it must be studied in unstained preparations rapidly picked up from the

trough. Such data indicates that the chambers are not crystals or crystalline at the

electron diffraction level, but are merely loaded with an electron-dense material of an

unknown nature. The exact manner in which crystallization occurs is also not under-

stood; however, X-ray data (Steinfink et al., 1965) shows calcium oxalate mono-

hydrate to be present in the mature crystals. The fact that the mature crystals in

Yucca and other plants often have rounded contours rather than sharp facets, means

one cannot overlook the possibility that the crystal compartments act as boules,

and are in part responsible for the rounded contours found in many plant crystals.
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fixation; post stained lead hydroxide

cc = crystal chambers; cp = crystalloplastids; cv = crystal vacuole; er = endoplasmic reticulum; g = Golgi
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bodies; Ice = loaded crystal chambers; m — mitochondria; n pp = proplasti

By enlargement and internal membrane proliferation, proplastids in the raphides

of Yucca develop into crystalloplastids, characteristic only of crystal cells. These

plastids are bounded by a double membrane, the inner of which invaginates at several

points to produce the series of internal membranes. Three zones can be observed in

these plastids, viz., a relatively dense zone, a transparent zone, and a lamellar zone.
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The crystallopkstids are often constricted into segments connected by a narrow isth-
mus. These plastids appear to degenerate as the crystal cells mature. The plastids do
not give an electron diffraction pattern.

CI/

Transection of a crystal idioblast ,„ /,..„,, .„,„,„, a series of paired membranes wuhin the crystal
.

are m the process of chamber formuu.,,. KM„0, fixation; post stained w.th uranyl acetate and lead
citrate
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In isolated crystal cells, raphide idioblasts, of the developing frond of the duck-

weed, Lemna minor, crystal chambers also develop within a crystal vacuole. How-
ever, in this case the chambers are formed within a series of "parallel" paired lamellae

Fig. 3. A developing raphide idioblast of Eichbornia crassipe; cut transverse to the long axis of the cell. Cell

contains ca. 2140 crystal chambers. KMnO, fixation; post stained with lead citrate
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(as many as 15 or more pairs may be present in one cell) extending from the peri-

pheral cytoplasm into the vacuole (Fig. 2). The chambers arise by successive changes

in the membranes (Fig. 2). When the paired membranes are cut transverse to the long

N

i^

Fig. 4. Tr.inscction of styloid idioblast of Eichbornia crassipes. Fixation KMnOj poststained

axis of the cell, a series of hourglass profiles can be seen. By densification at the center

of the hourglass profile the crystal chambers develop in a linear sequence (Fig. 2). The
growing chambers often show rounded contours but later they become rectangular in

transverse section. The electron-dense loaded chambers, at an intermediate stage in
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development, do not produce an electron diffraction pattern. Mature crystals give an

X-ray diffraction pattern characteristic of calcium oxalate monohydrate. No special

differentiation of plastids was observed in the Lemna idioblasts; however, the cells

are exceptionally well provided with Golgi bodies, endoplasmic reticulum and mito-

chondria.

In the shoot of the water hyacinth (Eichhornia), raphide idioblasts with over

2000 crystals per cell were observed; cells with 2140 (Fig. 3) and 2012 crystals were

counted. Paradoxically, in the same tissue cells having only a single crystal per cell

are quite common (Fig. 4). In principle, the development of the raphide cell with its

many needle shaped crystals and the styloid cells with one (or a few) large tabular

shaped crystals is the same. In each case the crystals form within a chamber produced

in the crystal vacuole. As in Lemna, the crystal chambers of Eichhornia are in

intimate association with a series of tubules and membranes which extend into the

crystal vacuole from the peripheral cytoplasm. In this case it is clear that if a cell is

to produce over 2000 crystals in close proximity to each other, it must exercise more

or less complete control of the process, /'. e., crystal formation in plants may have

physical and chemical parameters but it is a biological controlled phenomenon.

Summary

The formation of calcium oxalate crystals in the plants investigated is a

biologically controlled process, intimately associated with cellular differentiation.

Crystal development occurs by the formation of loaded chambers associated with

membranes and tubules; subsequently crystals are formed within these chambers. The

possibility that the chamber acts like a boule is suggested.
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In a paper published in 1962, Kohn et al. showed that the "Pseudogout Syn-

drome" of chondrocalcinosis articularis was accompanied by the presence in synovial

fluid of a form of calcium pyrophosphate crystals. By their size, these crystals are

comparable with those of sodium urate and therefore are presumably able to induce

articular attacks. Moreover, they can produce two types of joint disturbances: a synov-

ial inflammatory reaction that may present a picture similar to that of rheumatoid

arthritis; a cartilage deterioration creating the morphological condition of osteo-

arthrosis, which is found occasionally in several joints. However, these deposits may
be observed without clinical signs and found in routine radiographical or post-mortem

examination. It is also interesting to note that the histological pictures are in several

ways similar to those of gout, in cartilage as well as in reacting synovial membrane,

where microtophi can sometimes be observed (Lagier, to be published).

The purpose of this paper is to study these deposits of chondrocalcinosis and

compare them with other tissue calcifications.

Material and techniques

This study is limited to tissue calcifications, excluding mineral deposits in cavities

or canals. Tests were performed on 108 samples from 42 cases, collected by means of

biopsy or from post-mortem material; each sample was ground and studied by the

X-ray diffraction method for crystallographic identification.

Results

Our results are presented in three tables, corresponding to three groups of findings.

We have indicated the nature of the different samples and their number, and also

given the number of cases (i.e., of subjects) from whom the samples were collected.

In some instances specimens of a different nature were obtained from the same case.

Three types of crystals were observed; apatite, whitlockite and calcium pyro-

phosphate dihydrate.

The first group includes deposits with apatite only and corresponds to a broad

spectrum of pathological calcification (Table 1).

The second group is represented by deposits with whitlockite and apatite

(Table 2). They were found predominantly in lesions of tuberculous or hydatid

disease. In some of these deposits a tuberculous or parasitic origin was only suspected,

though the probability was great; here the situations and conditions were different

from those of the first group. The relative amount of whitlockite, as compared to

that of apatite, was apparently in direct relationship to the degree of inflammatory

activity. In some extreme conditions only whitlockite or apatite was observed, the

latter occurring in old and stabilized processes.
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The third group is that of chondrocalcinosis (Table 3). It includes eight cases of

primary chondrocalcinosis, most of these having been found by routine biopsy or

post-mortem examination, and only two of these cases were accompanied by clinical

Table 1. Cases in which the calcareous deposit ^ted of apatite (A

Mo. of
cases

No. of
sami)les

Calcinosis

.

circumscripta

("chalk gout")

universalis

milk-alkali syndrome

Atheromatous plaques

Calcified deposits in the shoulder's rotator

cuff (so-called peritendinitis calcarea)
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osteochondrosis dissecans. In six specimens apatite alone was found in calcifications

of intervertebral discs; they occurred in two spines containing discal deposits of

calcium pyrophosphate in other locations. Nevertheless, in those patients showing

Table 3. Cases in ic'hich the patient presented with chondrocalcinosis articularis. According to

their site, the calcareous deposits consisted either of apatite (A), calcium pyrophosphate

dihvdrate (P), or a mixture of the two in a single sample (A + P). (As in the preceding tables,

the type of calcium deposit is indicated by + in the corresponding column)

No. of
cases

No. of
samplps
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These calcifications were composed of calcium pyrophosphate, but curious intra-

osseous calcareous deposits in the metatarsal bones were identified as apatite.

Discussion and conclusions

We can only interpret the present findings within the limits permitted by the

techniques employed. However, this preliminary study has led to certain conclusions.

1. Among the well-known pathological tissue calcifications, a great number are

apatite deposits. Of particular interest were those found in the following conditions:

calcinosis (circumscripta, universalis, milk-alkali syndrome); atheromatous plaques;

constrictive pericarditis or calcification of meninges; intra-osseous calcareous deposits

in an osteochondroma or a chronic bone infarct (in the latter this well-known fact

corresponded to the "apatite membrane"). In addition to histological data, the pres-

ence of apatite in the calcification of the shoulder's rotator cuff (so-called peri-

tendinitis calcarea) is another means of distinguishing it from that of chondro-

calcinosis articularis.

2. In calcareous deposits of tuberculous or parasitic origin whitlockite and apatite

are present; this substantiates the previous observations of Brandenberger and

ScHiNZ (1945). The amount of the former is seemingly related to the rate of in-

flammatory activity of the process. In some rare instances, we find only apatite in

old cases.

3. Chondrocalcinosis articularis is characterized by calcium pyrophosphate

dlhydrate deposits in articular structures, including the fibrocartilage of the menisci,

of the intervertebral discs or of the symphysis pubis. In eight cases of primary

chondrocalcinosis, asymptomatic or with clinical signs of polyarthrosis, we have

confirmed the findings of Kohn et al. (1962) and Bundens et al. (1965) in cases with

the clinical picture of "pseudogout". Similar observations were made in two cases of

chondrocalcinosis which were accompanied by diagnosed diseases. One of these was

primary hyperparathyroidism in which the cartilaginous lesions were histologically

similar to those described by Bywaters et al. (1963). The other was accompanied by

a uratic gout secondary to polycythemia vera.

All these cases were characterized by the fact that the extra-articular calcifications

examined consisted of apatite. If this point were confirmed with visceral calcifica-

tions as in nephrocalcinosis, this would imply that calcium pyrophosphate deposits

do not correspond to a disease per se but are a common denominator in articular

tissue, depending on different etiological conditions. In primary chondrocalcinosis

these deposits are related to a condition of unknown origin but seemingly associated

with a genetic factor (Valsik et al., 1963); sometimes they are accompanied by a

metabolic disturbance like hyperparathyroidism, hemochromatosis (Delbarre, 1964;

DE Seze et al., 1964) or even gout. The possibility of an association between gout and

VON Recklinghausen's disease has been suggested (Bywaters et al., 1963; Vix,

1964). However, in our case of gout there was neither clinical nor pathological

evidence of hyperparathyroidism. We did not have the opportunity to examine

visceral calcifications of such origin with X-ray diffraction; nevertheless a single

examination with the polarizing microscope of nephrocalcinosis in von Reckling-

hausen's disease showed no crystals of the calcium pyrophosphate type. This ob-

3'''' Europ. Symp. on Cal. Tissues 11
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servation agrees with those of Caulfield and Schrag (1964) concerning the presence

of apatite in experimental nephrocalcinosis with parathyroid extracts, and thus

supports the idea advanced above.

As regards the presence of apatite in some articular structures in cases of chondro-

calcinosis, it should be noted that it was found in particular locations, i. e. in inter-

vertebral discs and in a knee meniscus. In the intervertebral discs the apatite deposits

were macroscopically dissociated from the areas containing calcium pyrophosphate;

the presence of the former seemingly corresponded to foci of connective tissue

deterioration. The only sample where apatite and pyrophosphate were associated

was taken from a remodelled meniscus in a knee suffering from osteochondrosis

dissecans. These findings support the idea that chondrocalcinosis reflects a special

local disturbance by itself, independent of, even though sometimes adjacent to, other

pathological calcifications which occur in a previous tissue deterioration.

References

Brandenberger, E., und H. R. Schinz: Ober die Natur der Verkalkungen bei Mensch un«d

Tier und das Verhalten der anorganischen Knochensubstanz im Falle der hauptsachlichen

menschlichen Knochenkrankheiten. Helv. med. Acta 12, suppl. 16, 1 (1945).

BuNDENS, W. D., Jr., C. T. Brighton, and G. Weitzman: Primary articular-cartilage calci-

fication with arthritis (pseudogout syndrome). J. Bone Jt Surg. 47 A, 111 (1965).

Bywaters, E. G. L., a. St. J. Dixon, and J. T. Scott: Joint lesions of hyperparathyroidism.

Ann. rheum. Dis. 22, 171 (1963).

Caulfield, J. B., and P. E. Schrag: Electron microscopic study of renal calcification. Amer.

J. Path. 44, 365 (1964).

Delbarre, F.: Les manifestations osteo-articulaires de rhemochromatose. Presse med. 72, 2973

(1964).

KoHN, N. N., R. E. Hughes, D. J. McCarty, Jr., and J. S. Faires: The significance of cal-

cium phosphate crystals in the synovial fluid of arthritic patients: The "Pseudogout

Syndrome". Ann. intern. Med. 56, 738 (1962).

Lagier, R.: Les manifestations anatomiques de la chondrocalclnose; comparalson avec celles

de la goutte. Communication a rAssocIatlon libre des pathologlstes suisses. Berne 1964

(to be published).

Si;zE, S. DE, A. HuBAULT, J. Welfling, M. F. Kahn, et J. Solnica: Les arthropathies des

hemochromatoses. Fiemochromatose et „chondrocaIcInose" artlculaire. Leur place dans le

cadre des arthropathies metabollques. Rev. Rhum. 31, 479 (1964).

Valsik, J., D. ZiTNAN, and S. Sitaj: Chondrocalcinosis artlcularls. Section IL Genetic study.

Ann. rheum. Dis. 22, 153 (1963).

Vix, V. A.: Articular and fibrocartilage calcification In hyperparathyroidism: Associated

hyperuricemia. Radiology 83, 468 (1964).

Infrastructural and Crystallographic Study of

Experimental Calcifications

A. PoLicARD, C. A. Baud, A. Collet, H. Daniel-Moussard, J. C. Martin

Centre d'Etudes et Rechcrches des Charbonnages de France, VerneuIl-en-Fialatte, Olse, France;

Institut de Morphologic, Ecole de Mcdecinc, Geneve, Suisse

Electron microscopic examinations of experimentally produced calcified deposits

led the authors to investigate the nature of the substances deposited both within and

outside the cells and to observe the changes induced by different sampling techniques.
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Materials and methods

Nephrocalcinosis was produced in rats (Wistar or Long Evans) according to

FouRMAN (1959) by daily intraperitoneal injections for 6 to 8 days of 1.5 ml of a

10 per cent solution of calcium gluconate. The animals were killed directly after the

last injection or 10 days or so later; the deposits did not appear to be different in

either case. Fragments taken from the kidneys were fixed in P/o osmium tetroxide

mixture according to Sjostrand and embedded in methacrylate or Epon. At the same

time control examinations were made using the light microscope in particular after

staining according to von Kossa and microincineration.

In another experiment, surgical fibrin sponges impregnated with calcium gluconate

were introduced into the peritoneal cavity of Wistar rats. After 5 days fragments

were taken as above for light and electron microscopic examination.

Crystallographic examinations were made by electron diffraction (Triib-Taiiber

diffractograph and Siemens Elmiskop electron microscope), using thin sections

prepared as for the electron microscope. Residues from organs prepared by the

method of Gabriel (1894) were also analysed by X-ray diffraction.

Results

1. Renal deposits

In the kidneys two kinds of deposits are observed. Some, mostly intracellular, of

small extent, consist of clusters of needle-shaped crystals 170 A long and 70 A wide.

They are very similar to the apatite crystals of bone. Others, in large number, appear

as very fine granular masses of about 50 A diameter. They are extracellular and

generally found within the basement membrane of the proximal convoluted tubules,

which is thickened and modified. The grains are often arranged in concentric layers,

like LiESEGANG rings. In exceptional cases small clusters of needle-shaped deposits are

found among them. A detailed description was previously reported (Policard et al.,

1960, 1961).

Occasionally small, dense granulations are seen in mitochondria near the basement

membrane. They are similar to those already described in the mature osteocyte (Baud

and DuPONT, 1965).

Electron diffraction studies of selected areas of the intracytoplasmic needle-

shaped deposits show patterns consistent with apatite (d = 3.41, 3.09, 2.79, 2.60, 2.26,

1.92, 1.81, 1.71, 1.44, 1.245, 1.160).

The total calcareous residue of the kidney prepared by the method of Gabriel

should correspond to the granular deposits which are by far in the majority. With

X-ray diffraction, a pattern similar to that of whitlockite or /] tricalcium phosphate

is obtained. It may be, however, that the residue was modified by the method of

preparation used. Extensive areas in ultrathin sections give an electron diffraction

pattern with 10 equidistances (d = 4.05, 3.63, 2.92, 2.43, 2.34, 2.19, 2.04, 1.72, 1.54,

1.49); some of them might correspond to whitlockite.

2. The granulome surrounding the sponges

A direct electron microscopic examination of the granulome shows numerous

needle-shaped deposits similar to the intracytoplasmic deposits of the kidneys. The

needles, often arranged in small clusters, are found in the residues of the sponge or in
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cells, often polymorphonuclear leukocytes. The clusters of needle-shaped crystals are

separated from the cytoplasm by a vacuole limited by a single cytomembrane.

The ultrathin sections of the material embedded in methacrylate give an electron

diffraction pattern which is to be interpreted as a mixture of hydrated acid calcium

nd 15 davs without injecti

orthophosphate or brushite and hydrated calcium metaphosphate (d-=4.26, 4.10,

3.68, 2.96, 2.93, 2.48, 2.45, 2.37, 2.19, 2.08, 1.87).

By extraction with boiling glycerine and potassium hydroxide according to

Gabriel, a mineral fraction is obtained which diffracts X-rays like apatite. There

is no disagreement with the result from electron diffraction, since synthetic brushite
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treated according to Gabriel is transformed into apatite which can be identified by

X-ray diffraction.

convoluted tubule.

Discussion

The morphological arrangement of calcium salt depositions vanes to a great

extent according to their crystallographic form. Various explanations are given con-

cerning the conditions governing the different forms of crystallisation: local pH
value, presence of mucopolysaccharides, function of a particular segment of the

nephron in the case of the kidney. It will be noted that in the kidney at least, the
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needle-shaped appearance is clearly observed in the cytoplasm, while the other

deposits are extracellular and preferably in the basement membrane which is rich in

mucopolysaccharides.
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Granular rosette-like deposits are observed in mitochondria in an early stage. On the

other hand, injections of calcium gluconate produce granular deposits arranged in

concentric lamellae, located in the basement membrane of the proximal convoluted

tubule. They do not diffract the electrons and are ascribed to calcium carbonate and

related to the activity of the carbonic anhydrase.

Renal deposits of apatite were observed by Gershoff and Andrus (1961) in

rats fed with a diet rich in calcium and poor in magnesium.

Human extracellular deposits diffracting electrons but giving no interpretable

pattern were also observed by Galle (1962). Devik's experiments (1962) provide

precise information on the periodic precipitation of calcium phosphates to explain

the mechanism of formation of Liesegang rings in extracellular deposits.

According to Howell et al. (1961), the presence of cells, connective tissue fibers

and fundamental substance is necessary to induce the deposit of mineral matter

around sponges. An enzymatic reaction or other local factors are possibly induced

by such elements. Polyvinyl sponges produce a strong reaction which is weakened by

a preliminary treatment of the sponges with silicones; sponges of cellulose acetate

give a moderate reaction while polyurethane sponges give a negative one.
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Protein Phosphorus and Phosphokinases In Connective Tissue

S. M. Krane, M. J. Glimcher

Departments of Medicine and Orthopedic Surgery, Harvard Medical School,

Massachusetts General Hospital, Boston, Mass., U. S. A.

We have previously discussed the evidence which suggested that interactions

betweeen phosphorus and groups on the side chains of the structural proteins of

mineralized tissues played a major role in the nucleation of apatite crystals. (Glim-

cher and Krane, 1962). It was shown that purified, reconstituted collagen fibrils,

incubated in vitro with inorganic orthophosphate, bound as many as 150—170 moles

of phosphorus per mole collagen (Glimcher and Krane, 1964 a). Furthermore the

interaction between collagen and phosphate was found to encompass a wide spectrum

of bond types from readily dissociable, electrostatic bonds to covalent bonds.

Covalently bound phosphorus would be ideally suited for a role in the nucleation

process, since such groups would be fixed at specific sites on the molecule as well as

have relatively fixed distance, direction and orientation, and still be reactive. Sub-

sequently we were able to demonstrate that ^-P-orthophosphate administered to

rabbits and guinea pigs in vivo, was found associated with both the neutral and acid

soluble collagens of skin and healing wounds (Glimcher et al., 1964). Furthermore

organic phosphorus was detected chemically, in varying amounts in different species,

in soft-tissue collagens and gelatins derived from collagens. In addition the single-

stranded a chains of several of these gelatins were purified by chromatography on

carboxymethyl-cellulose resin columns and shown still to contain the organic phos-

phorus, with the higher concentration in the a, compared to the a^ chains. C. J. Fran-

cois (personal communication) has recently found organic phosphorus in purified

a gelatin chains from chicken bone. Veis and Schlueter (1964) and Schlueter and

Veis (1964) have also reported the presence of organic phosphorus in fragments

produced by periodate treatment of bovine dentin. We observed that after digestion

of the collagens and gelatins with bacterial collagenase and partial acid hydrolysis

followed by various chromatographic and electrophoretic procedures, that the organic

phosphorus was present in several peptide fractions rich in glycine and serine and

containing relatively large amounts of sugar. However, in all but one of these frac-

tions more phosphorus was present than could be accounted for by the content of

serine and threonine alone. In addition, the phosphorus linkage was more stable to

alkali than is usually found for peptide-bound phosphoserine. It was, therefore,

suggested that at least part of the organic phosphorus in collagens was bound to a

carbohydrate moiety.

Since tooth enamel is the most highly mineralized of all the calcified tissues in

vertebrates, phosphorus analyses were performed on the decalcified, soluble organic

matrix proteins of both fetal and adult bovine enamel (Glimcher and Krane,

1964 b). These proteins contained large amounts of organic phosphorus, some frac-

tions as many as 90 residues per 1000 amino acid residues. After partial acid

hydrolysis it was possible to identify O-phosphoserine and O-phosphoserine-

containing peptides. More recently we have demonstrated the presence of organic

phosphorus in the proteins of newly formed enamel from the incisor teeth of adult

rabbits and rats.
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Although the peptide fractions of dental enamel which we obtained after partial

acid hydrolysis, column chromatography and electrophoresis may not have been

homogeneous, it is of interest to compare their amino acid compositions to the phos-

phorus-containing peptides from collagens and phosphopeptides derived from other

proteins (Table 1). The similarity of the amino acid composition of these fractions of

different proteins is indeed intriguing.

Table 1. Predominant amino acids of phosphorus-containing peptides of various

phosphoproteins

Source Aiiiinn Acids lU'lVrunce

Enamel proteins ,Vr, Asp, Glu, Gly, Leu Glimcher and Krane,
(calf embryo) 1964 b.

Gelatin Ser, Asp, Glu, Gly, Ala Glimcher et a!., 1964

(guinea pig skin)

Fibrinogen (human) ' Ser, Asp, Glu, Gly, Ala, Leu Blomback ef al., 1963

Ovalbumin Ser, Asp, Glu, lieu, Ala
i

Flavin, 1954

Ovalbumin Ser, Asp, Glu, Leu, Ala, Val
|

Perlmann, 1952

Casein (human) I Ser, Glu, Thr, lieu
!

Mellander, 1963

When it was shown that the enamel matrix proteins contained phosphoserine, we

considered the possible pathways of synthesis of the protein-phosphorus linkages.

Burnett and Kennedy (1954) had demonstrated the presence of enzymatic activity

in liver mitochondria which catalyzed the transfer of the terminal phosphoryl from

ATP to protein-bound serine of casein. Rabinowitz and Lipmann (1960) purified

protein phosphokinases from yeast and calf brain and further characterized the reac-

tion. These protein phosphokinases catalyze the phosphorylation of protein or poly-

peptide-bound serine but not of the free amino acid. The observations of Sanger and

HocQUARD (1962) using hen oviduct as an ovalbumin-synthesizing system are also

consistent with the concept that phosphorylation of the serine residues of phospho-

proteins occurs after incorporation of serine into the polypeptide chain.

We, therefore, have assayed several connective tissues for protein phosphokinase

activity. Enzymatic activity which catalyzed the phosphorylation of casein and

partially dephosphorylated phosvitin was found in all of the tissues examined includ-

ing bone, cartilage, skin, tendon, muscle and enamel organ (Krane et al., 1965). It

was possible to purify the enzymatic activity from acetone powders of several of

these tissues approximately 45-fold by ammonium sulfate fractionation, Sephadex

and DEAE resin column chromatography. These enzymes, as well as one purified

from hog kidney by similar procedures, catalyzed the transfer of the terminal phos-

phoryl from ATP to enamel matrix protein, whereas the enzyme purified from

brewers' yeast was inactive towards this substrate. The reaction was measured using

the transfer of label from ATP-y'-P. At the end of the reaction, 900/o of the ^-P

which was transferred to the protein was released as inorganic orthophosphate in

1 N NaOH, 100° for 1 hour whereas only 50/o of the ^^p was liberated in 1 N HCl,

100° for 10 minutes. The alkali lability and acid stability are characteristic of poly-

peptide-bound phosphoserine. Furthermore, "'-'P-labeled phosphoserine was identified

in partial acid hydrolysates.

More recently we have tested this reaction using collagens and gelatins purified

from several sources as substrates in the phosphokinase reaction. The results of
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representative experiments are shown in Tab. 2. In these experiments, the reaction

was stopped by heating at 65 °C for 15 minutes and the reaction mixture transferred

to a 30X2 cm column of Sephadex G-25 equilibrated with a pyridine-acetic acid

Table 2. Gelatins as phosphoryl acceptors in protein phospbokinase reaction

Experiment
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The Relationship between Swelling of Hard Tissue Collagen in

Acid and Alkali and the Presence of Phosphate Cross-links

W. M. McKernan, S. D. Dailly

Research and Development Department, Gelatine Division, British Glues and Chemicals Ltd.,

London, England

While the swelling characteristics of soft tissue collagens have been extensively-

studied (Bowes and Kenten, 1950 a, b) only recently has attention been directed to

similar studies of hard collagenous tissue. This latter work has arisen from the

observation that the solubility of dentine collagen is very much less than that of

corium collagen and this has been attributed to differences in the type or extent of

intermolecular stabilisation in these two materials (Veis and Schlueter, 1963). More

recently (Veis and Schlueter, 1964; Schlueter and Veis, 1964) it has been pro-

posed that specific phosphate diester bonds are involved in cross-linking dentine

collagen and that these esters are attached to the polypeptide chains through serine.

Bovine bone collagen is, in many respects, similar to dentine collagen particularly

with regard to its physical organisation and the difficulty with which soluble com-

ponents can be extracted. Comparative chemical analyses show, however, that purified

bone collagen has a very much lower phosphorus content than dentine collagen and it

was, therefore, of interest to determine whether bone collagen follows a similar pH-

swelling relationship to dentine collagen and, if so, whether the intermolecular

stability could be attributable to similar phosphate diester covalent cross-links.
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Experimental

Raw material

The inside portion of dehaired, defleshed bovine hide was intensively washed in

distilled water to remove all traces of lime salts and was blotted dry.

Bovine bone collagen was isolated from fresh cattle bones which were thoroughly

degreased with water (Chayen and Ashworth, 1953) and the mineral matter

removed by extensive demineralisation in N hydrochloric acid with several changes

of acid. This treatment was continued until a constant value of phosphorus content

was obtained for the bone collagen. Residual acid was removed by thorough washing

and the collagen was blotted dry.

Swelling curves

Swelling curves were determined over a relatively short time period at pH 2.3

(the maximum acid swelling pH for corium collagen) and at pH approx. 14.0. Bowes

and Kenten (1950 a) have shown that the swelling of collagen in sodium hydroxide

solution increases progressively with increase in pH and shows no pH maximum
corresponding to that occurring in acid solution.

10 g. samples of the purified collagens were suspended in 50 ml. 1.0 N sodium

hydroxide or hydrochloric acid solution (pH 2.3) for varying periods of time up to

24 hours at room temperature. At various intervals samples were removed and

weighed. In all experiments swelling was taken as the amount of solution retained

expressed as a percentage of the weight of the original collagen.

Phosphorus

After determination of the swelling factor the collagen was washed and dried

overnight at 105 ^C and a known weight ashed at 550 '"C. Phosphorus was deter-

mined as the molybdovanado-phosphate complex using a slight modification of the

method of Michelson (1957). Potassium dihydrogen phosphate was used for the

determination of the calibration curve.

Results and discussion

The effects of time on the swelling of collagen in solutions of sodium hydroxide

and hydrochloric acid are shown in Fig. 1 and Fig. 2 for bone collagen and corium

collagen respectively. In the series of experiments carried out in acid solution the

curves obtained for purified bone collagen are similar to those described by Veis and

ScHLUETER (1964) for dentine collagen and confirm the lack of swelling properties of

this type of hard tissue. Extension of the swelling time from 24 hours to several days

did not result in any increase in the swelling factor.

In contrast, in alkali, bone collagen behaves similarly to corium collagen, ex-

hibiting a rapid uptake of solution during the 24 hour period. Extension of the

swelling period beyond this time leads to rapid disintegration of the collagen.

A series of experiments was also carried out whereby purified bone collagen was

removed from alkali after a swelling period of 9 hours, thoroughly washed and

re-suspended in hydrochloric acid at pH 2.3. Further swelling investigations were

carried out at this pH as shown in Fig. 1. No further increase in swelling was ob-

served although the phosphorus content of the bone collagen had been reduced by

approximately 80", o during the 9 hour alkaline treatment (Fig. 3). The series of



The Relationship between Swelling of Hard Tissues Collagen in Acid and Alkali 173

experiments carried out in acid solution showed no reduction in phosphorus content

over the period of swelling investigated whereas the alkaline series exhibited a

dramatic reduction in phosphorus as swelling progressed.

^^200
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would suggest that the "extra" cross-links are responsible for the structural acid

stability of both bone and dentine collagens. The nature of these cross-links has yet

to be elucidated but current information on the role of hexoses in cross-linking

collagen and their stability to oxidation suggest that such structures are likely to be

involved.

Summary

1. The swelling behaviour of purified bone collagen and corium collagen has been

investigated under both acid and alkaline conditions.

2. In alkali both collagens show progressive swelling increases with time and, in

the case of bone collagen, there is a simultaneous release of phosphorus. In acid

solution no release of phosphorus was observed for bone collagen and no swelling

occurred. In contrast, corium collagen swelled by a factor of approximately 700Vo

under the same conditions.

3. The results are consistent with the presence of acid-stable, alkali-labile cross-

links in bone collagen but not to the participation of phosphate cross-links in the acid

stability.

4. The presence of additional, unidentified, cross-links which may well be common

to both dentine and bone collagens is proposed.
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Impaired mineralisation of bone in primary vitamin D-resistant rickets (familial

or essential hypophosphataemia) is not limited to the presence of wide osteoid bands

covering the trabeculae of spongious bone or lining the central canals of growing

osteones. There also is a conspicuous lack of mineral around many osteocyte lacunae

and their canaliculi as shown by microradiography of undecalcified bone (Engfeldt

et al., 1956; Jowsey, 1964). Ordinary histological examination of decalcified bone

has hitherto failed to demonstrate any abnormality in the organic matrix at these

sites. No exhaustive studies have yet been published and a more detailed investigation

into the structural and histochemical characteristics of the perilacunar matrix was,

therefore, indicated.

Material and methods

Diaphyseal bone from the fibulae of 2 young adult patients with vitamin

D-resistant rickets was removed in the course of orthopaedic procedures. Appropriate

pieces were fixed in ZC/o ethanol for subsequent embedding in methyl-methacrylate

and microradiography. Similar pieces were fixed in lO^/o formalin, or in a mixture

of formalin, mercuric chloride and picric acid for subsequent decalcification in EDTA
or in nitric-picric acid and embedding in paraffin. From the latter material 6 jli

sections were cut and treated with various histological stains (see "Results"). Some of

the EDTA-decalcified material was cut in the frozen state at 20 // and used unstained

for phase-contrast microscopy, or stained with a modified Schmorl-method (O.OP/o

azure II in water at pH 9.0, followed by 20 ml saturated picric acid in 200 ml of

water). Sections from the same blocks were treated with Bodian's silver stain.

Results

The pattern of uptake of the azure Il-picric acid stain in decalcified bone from

the rachitic patients appeared disturbed in a specific way. In addition to its normal

distribution along the walls of the lacunae and canaliculi, the stain was concentrated

in the vicinity of many osteocyte lacunae, i. e. at the sites where microradiographs of

undecalcified sections revealed a subnormal degree of mineralisation. The localisation

was not strictly perilacunar, but rather extending from the lacunae toward the center

of the osteone, along the centripetal canaliculi (Fig. 1). Careful inspection of the

microradiographs disclosed that the lack of bone mineral was also predominant on

that side of the lacunae (Fig. 2). At high magnifications of the stained sections, it

appeared that neither lacunae nor canaliculi were enlarged and that the matrix had

taken up the stain in a globular fashion (Fig. 3). Similar pictures were obtained after

Bodian's silver impregnation technique. By phase-contrast microscopy of 20 // de-

calcified unstained sections, the abnormal pattern of the matrix was visible as a

conglomeration of small globules, interrupting the normal lamellar architecture of
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the osteone (Fig. 4). Non-mineralised osteoid, at the inner aspects of growing

Haversian systems, did not take up these stains and did not exhibit an abnormal

pattern under phase-contrast. The van Gieson-, Mallory-, PAS-, and Sudan-black-

Fig. 1. Azure II — picric acid stained, 20 /< thick section from decalcified bone from the fibula of a 22-year-

old man with primary vitamin D-rcsist.inr rickets (X 190)

t

Fig. 2. Microradiograph from a 100 n thick undecilcilicd cross

• ;,(

Fig. I. ( •; 100)

stains failed to reveal anything abnormal. A slight affinity for alcian blue at these

sites was observed only very occasionally; with haematoxylin the perilacunar regions

were discernible with difficulty and inconsistently by a slightly darker hue. Prior
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digestion of the sections with pepsin or trypsin did not interfere with the pattern as

revealed by azure II; the acrolein-Schiff reaction for protein (van Duyn, 1961) failed

to demonstrate the lesion.

j|*'^%'

\
Fig. 3. Azure II — picric acid stained, 6 a thick section from the same bone as in Fig. I. (,\ 12C0)

'^^^•:S'^

'*rr"^0^
^ ^

Fig. 4. Phase-contrast photomurogi iph ot an unstained, 10 n thick section irom the s.ime bone as in Fig. 1.

( < 1200)

Discussion

The findings described above favour the hypothesis that a structural change rather

than a chemically defined abnormality of the matrix is responsible for the observed

affinity for azure II. As far as the authors know, this particular type of lesion has

3'''' Europ. Symp. on Cal. Tissues
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not been described before. It may be of interest, however, that Sheldon and Robinson

(1961), using the electron-microscope, found in osteoid from rachitic rats an ab-

normal, random orientation of the collagen fibrils surrounding osteocytes.

The causal relationship between the matrix lesion and the concurrent lack of

bone mineral can only be speculated upon. As has been mentioned before (Engfeldt

et al., 1956; Jowsey et ai, 1964), it is not known whether the lack of mineral in the

immediate vicinity of osteocytes is the result of a failure of mineralisation or of

removal of mineral from calcified tissue. It is conceivable that a structural change of

the matrix is involved in either of these processes.

Recently one of the authors pointed out that osteocytes probably are capable of

controlling the composition of the adjacent tissue in terms of mineral and matrix

(Jowsey et al., 1964). The peculiar localisation of the lesion — predominantly on one

side of the lacunae — indicates that, at least under certain circumstances, the effect

of this controlling capacity is not evenly distributed. The significance of this finding

as regards osteocyte metabolism is not known at present.

Summary

By histological examination of decalcified bone from patients with vitamin D-

resistant rickets it was found that the bone matrix in perilacunar regions, which were

characterised by a subnormal degree of mineralisation, had an abnormal affinity for

certain stains, in particular for azure II — picric acid. These findings are discussed.

It is pointed out that the observed abnormality probably is structural rather than

chemical in nature.
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Therapeutic Response and Effect on the Kidney of 100 Units

Vitamin D Daily in Osteomalacia after Gastrectomy
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Departments of Chemical Pathology and Pathology, Leeds University Medical School;

and the York County Hospital, England

The Peptic Ulcer Clinic in York follows 1443 persons who have had an operation

for ulcer during the last 22 years. To establish the prevalence of osteomalacia after

gastrectomy we have surveyed 1228 of these persons. Patients with osteomalacia were

given a minute dose of vitamin D.
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Of the patients surveyed, 6 had classical osteomalacia. The incidence of osteo-

malacia among patients with a Polya gastrectomy was 1 per cent for men and 3 per

cent for women. There were 2 other patients not drawn from the survey with osteo-

malacia after gastrectomy. These 8 patients all had bone pain; 4 had Looser's

nodes; all had a raised serum alkaline phosphatase activity; all had extensive osteoid

seams in a bone biopsy.

Table 1 shows the prevalence of a raised alkaline phosphatase and of a low

calcium concentration in the serum of 975 of the patients in the survey with the

more common operations compared with 185 patients with peptic ulcer who did not

have an operation. Many operated patients had a raised alkaline phosphatase but so

did many unoperated patients. While this abnormality is more common in the

Table 1. Prevalence of raised alkaline phosphatase and of low serum calcium concentration

in the serum of 975 patients after gastric surgery and 185 patients with peptic ulcer who
had not had an operation

Serum alkaline

phosphatase

> 12 K. A. units
per 100 ml.

< 9.1 mg
per 100 ml

Peptic ulcer



180 D. B. Morgan, C. R. Paterson, C. G. Woods, C. N. Pulvertaft, P. Fourman

-i; 50

of 1,000 units. Three patients also had calcium 2 g daily. The bone pains disappeared

within 3 to 12 weeks. Some Looser's nodes healed. Fig. 1 shows that the alkaline

phosphatase in the serum, remarkably constant before treatment, nearly always
changed greatly and significantly after treatment but the direction of the change

varied. In 3 patients it fell to

near normal after 3, 31/2 and

5 months. In 3 patients it rose,

from 30 to 40, from 32 to 45

and from 42 to 90 K.A. units

per 100 ml. In one patient it did

not change at all. Changes in

the serum calcium and phospho-

rus were small and inconsistent.

Two patients had a second bi-

opsy after 4 and 5 months of

treatment. In one who had had

calcium the broad osteoid seams

had disappeared; in the other,

who had not had calcium, they

were beginning to calcify. It is

clear that these patients had

responded to 1,000 units weekly

of vitamin D 2.

We have studied in more

detail the immediate response

to vitamin D.

Dr. Ph. Bordier had sug-

gested to us that a fall in

the phosphate clearance is the

most sensitive sign of response to vitamin D in patients with osteomalacia. Because it

is difficult to measure the rate of urine excretion accurately, it is difficult to measure

clearances accurately and we have therefore resorted to the use of the ratio phosphate

Cp

c,.,.

c,,

c

1
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responded to 50 units of vitamin D. Fig. 3 shows the relation between the changes in

the —- and the changes in the serum calcium and serum phosphorus in one patient
Ccr

p
with severe osteomalacia. When the '' fell the serum calcium fell; the serum phos-

Pgtienfs offerporfialgosfrectomy

Vit D2 /0(>i.u.'M\ I I

I

wUh
without

osteomo/ocia

<;
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Changes in the Activities of Plasma Acid and Alkaline

Phosphatases during Egg Shell Calcification in the Domestic Fowl

T. G. Taylor, A. Williams, J. Kirkley

Department of Physiological Chemistry, The University, Reading, England

The calcium metabolism of the laying bird is probably more intense than that of

any other organism. The laying hen, for example, secretes on the egg shell 1.6—2.4 g

calcium, in the form of the carbonate, in a period of 20 hours or so, most of it during

the last 16 hours of the shell-calcification process. The total plasma volume of an

average hen is 100 ml and the average level of total plasma calcium is 25 mg/100 ml

and it may thus be calculated that a weight of calcium equal to the total amount in

circulation at any one instant is removed from the blood every 10— 15 minutes

during the main period of the formation of the egg shell. When the rate of calcium

absorption from the gut is less than the rate at which calcium is deposited on the

shell the balance is derived from the skeleton, and during the early hours of the

morning the bulk of calcium is supplied from the latter source.

During the laying period the marrow cavities of the majority of the bones of

female birds contains a system of secondary bone which grows out from the endosteal

surface in the form of fine interlacing spicules, and it is this bone (known as

medullary bone) which is mobilized during the process of shell formation, and re-

built when shell calcification is not in progress. The phase of bone-destruction is

characterized by the presence of large numbers of osteoclasts and in the bone-forming

phase osteoblasts predominate, and the cell population thus undergoes cyclic changes

during the formation of the egg.

Because of the rapid changes in cellular activity which the medullary bone under-

goes, the laying hen is a most useful species for the study of bone metabolism and in

the present work the changes in the activities of acid and alkaline phosphatases in

the plasma during critical stages of laying cycle have been studied. The overall
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pattern of the changes in the activities of these enzymes has already been reported

(Taylor et ai, 1965), and these changes are shown in Fig. 1.

/^c//c changes in the levels ofplosmoAcidandAlkalinephosphatases

in relation to egg shell calcification

3n pre

the
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Hours after start of shell calcificalion
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ss. The points represent mean corrected values for each particular
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j

elation to the eggshell calci-

tage of shell formation and

en below each point

Experimental

Ten laying hens were bled at the following times:

Sample A — at the time the egg entered the shell gland (determined by regular

palpation).

Sample B — 4 hours after A, when maximum alkaline phosphatase activity was

expected.

Sample C — 18 hours after A, when maximum acid phosphatase activity was

expected.

Sample D — 2 hours after oviposition.

Samples A, B and C were assayed for alkaline phosphatase and samples A, C and

D for acid phosphatase.

The acid phosphatase was determined by the method of Bell and Siller (1962)

using 0.2 M acetate buffer at pH 4.9 and the alkaline phosphatase according to Bell

(1960). Both methods employ disodium p-nitrophenyl phosphate as substrate and the

units of activity were calculated in terms of //M substrate hydrolysed per minute

per litre plasma.

Results

The activities of plasma acid and alkaline phosphatase obtained for the individual

birds at the 3 stages of the laying cycle are given in Tables 1 and 2 respectively. The

marked increase observed in the acid phosphatase values from the time the egg

entered the shell gland (A samples) to the time 18 hours later when shell calcification
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was almost completed (C samples), and the sharp fall during the subsequent 4 hour

period confirmed the results obtained previously (Fig. 1). The expected fall in the

level of plasma alkaline phosphatase during shell calcification from the peak observed

4 hours after the start of shell formation (B samples) was also confirmed.

Table 1. Activities of plasma acid phosphatase for individual hens at 3 stages of the laying

cycle expressed as iiM p-nitro-phenol phosphate hydrolysed per minute per litre plasma
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increasing osteoclast activity in the medullary bone reported by Bloom et al. (1958)

and Stringer (1962).

The presence of acid phosphatase in regions of osteoclastic resorption has been

demonstrated histochemically by Schajowicz and Cabrini (1958) and since bone

trabeculae which are undergoing active ossification are rich in alkaline phosphatase

(SiFFERT, 1951; Heller-Steinberg, 1951; Pritchard, 1952), it may be inferred that

osteoblasts liberate this enzyme. It is not known, however, whether bone cells secrete

phosphatases when they are actively carrying out their normal metabolic functions,

whether these enzymes leak passively out of the cells or whether they are liberated

only when the cells degenerate.

There is no direct evidence that the phosphatases studied in this experiment

originated in the bone but the fact that the changes in the plasma levels observed

during shell calcification did not occur in the absence of shell formation (Taylor

et al., 1965), point to the skeleton as the most likely source, and the remarkable

manner in which changes in the cell population of the medullary bone during shell

calcification were reflected in changes in the levels of plasma acid and alkaline phos-

phatase suggests that the osteoclasts and osteoblasts release their respective phos-

phatases during their active metabolic phases.

Acid phosphatase is one of the most active of the enzymes found in the lysosomes

and a study of other lysosomal enzymes in the plasma of laying hens might be

expected to shed light on the possible role of these enzymes in the activity of the

osteoclast. Mr. K. M. L. Morris working in this Department has recently shown that

there is a sharp fall in the level of /^-glucuronidase following oviposition in the fowl.
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Calcium Exchanges in the Aorta of the Rat

J. C. Stoclet, Y. Cohen

Laboratoire de Pharmacodynamic, Faculte de Pharmacie, Paris, France

The present experiments were carried out to study the chemical dynamics of

aorta mineral of the non-treated rat. Calcium exchanges were measured in vivo with

•*3Ca and the data interpreted by comparison with extracellular ions diffusion spaces:

«-Br and ^^Na.

The marked sensitivity of the wall of the aorta to calcification has been reported

in arteriosclerosis (Lansing et al., 1950) and after treatment by vitamine D or

dihydrotachysterol (Selye and Renaud, 1959) but until now no quantitative data

have been reported on calcium exchange reactions inside the aorta maintained in a

physiological state.

Methods

The experiments were carried out on male Wistar rats. Their weight averaged

200 g and they were between 60 and 70 days old. All animals were freely fed on an

equilibrated diet (calcium 1 per cent, inorganic phosphate 0.8 per cent, vitamin D
1,270 i. u. per Kg) and tap water.

High specific activity ^'^Ca CI, (15 //Ci-, 0.02 mg of calcium in 0.25 ml of isotonic

NaCl solution) was given intravenously to 50 rats. Groups of five animals each

were killed by bleeding under ether anesthesia at varying intervals ranging from one

minute to 48 hours after injection. The thoracic and abdominal aorta were dissected

out, carefully and rapidly cleaned of adhering tissue and weighed (un-washed, wet

weight about 40 mg). Total calcium (Solomon et al., 1946) and ^'^Ca (Comar et al.,

1951) were determined in blood plasma and aorta samples after wet ashing by nitro-

perchloric mixture and addition of 50 //g of Ca.

-*Na and ^-Br spaces have been measured on two groups of five rats each, killed

twenty minutes after intravenous injection of 5 //Ci of one of the radioisotopes

('^NaCl or Na^-Br). Tissue samples were dissolved in concentrated OHNa solution

(40 per cent). The volume was adjusted to 1.5 ml and the radioactivity was counted

directly.

For each group of rats the result was expressed as the mean of experimental

determinations plus or minus standard error of the mean multiplied by t 0.05 (fiducial

limits at a probability of 95 per cent).

The kinetic study of specific activity of plasma and aorta calcium permits

measurement of size and exchange rates of different compartments In which aorta

calcium is distributed. It Is assumed that calcium concentration does not vary In the

aorta and in blood plasma during the course of the experiment.

For further details on the collection of samples, analytical methods, counting and

calculations, see Stoclet (In press).

Results

The wall of the aorta Is surprisingly high in calcium. We found 19.2 ± 2.5 //M

per gram of wet aorta, Instead of 2.7/; M/ml in blood plasma and 1.5 //M/g In

skeletal muscles.



Calcium Exchanges In the Aorta of the Rat 187

The decrease with time of the specific activity of plasma calcium in the same

rats as presently used has been described previously by one of us (Stoclet, 1964)

and has been shown to correspond to the scheme shown in Fig. 1. '•'Ca once intro-

Male rats of 200 g

Plasma Ca
0.6 mg

56 mg/hour

Absorption

+
bone resorption

•

3 mfr/hour

Interstitial fluid calcium

4 ms

5 mg/hour

SI
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it fits all other experimental determinations. The corresponding rates of exchange are

2.8//M/min/g for the rapid exchange and 0.012 //M/min/g for the slow exchange.

We found a ^-Br space of 650 ± 15 //I and a 2-»Na space of 830 ±350 //I per gram

of aorta.

P.S.i

\
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Summary

The kinetics of calcium have been analysed in the wall of the aorta of the living

rat. The calcium content of the aorta in the physiological state is surprisingly high

(19.2 //M/g). It exchanges with blood calcium according to the same modalities as

bone calcium and includes three fractions: rapidly exchangeable (3.5 /<M/g), slowly

exchangeable (6.7 //M/g) and non exchangeable calcium (9.0 //M/g).
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Estimation of the 24 Hour Exchangeable Calcium Pool in

Children Using ^^Ca

G. D. McPherson

The Hospital for Special Surgery — Affiliated with the New York Hospital —
Cornell University Medical College, New York City, U.S.A.

Stable •^^Ca is now produced in enrichments sufficiently high in relation of its low

natural abundance to permit its use as a non-radioactive tracer in dilution studies

of calcium metabolism. Changes in the abundance of •'^Ca may be determined

precisely by either mass spectrometry or neutron activation analysis.

The ten milligram samples of calcium required for •'^Ca abundance estimation by

neutron activation analysis are isolated from timed urine collections by oxalate

precipitation. Sodium, which is an important source of interference in activation

analysis of biological samples, is removed to a considerable extent by the simple

isolation procedure. The induced -'^Na does not interfere with the counting of '"Ca

because of the high energy of •'^Ca (3.1 MeV). As the specific activity of urine and

serum are similar, the abundance of a stable tracer in samples of calcium isolated

from urine collections reflects the specific activity of the isotope in serum.

This report describes the use of stable ^^Ca in the estimation of the 24 hour

exchangeable calcium pool in children.
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Methods

Methods are described in detail elsewhere (McPherson, 1965). The ten cases

studied are listed in Table 1. Except for cases H3 and H5, all were active children

Table 1. Children studied using ^*^Ca as a tracer

Case
No.

Age
(years)

AVeifiht

(ka)

H-3
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Results

In all cases -^^^Ca specific activity fell rapidly following injection so that normal

abundance levels were reached within one week. A typical pattern of '*'^Ca abundance

change following injection is shown in Fig. 1. When plotted logarithmically the

Abundance of Ca in urine calciur

Subject H-

Dose: 4.03mg ""Ca as 39.7% enrichment

2
—

r = 0.9%l

72

Hours

Fig. 2

144
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specific activity appeared to fall on a straight line during the period from 24 to

120 hours as shown in Fig. 2. The '^^Ca specific activity at 24 hours was considered to

represent that of the exchangeable calcium pool. The values for specific activity

between 24 and 120 hours were treated by least squares analysis to derive an equa-

tion representing the decline during this period. The reciprocal of the 24 hour

specific activity represented the exchangeable calcium pool in Gms. In the 10 cases

studied, the 24 hour exchangeable pool was 9.34 + 2.29 Gms or 307 + 95 mg/Kg ideal

body weight. See Table 2 and Fig. 3.

Table 2. Estimation of 24 hour exchangeable calcium pool in children using *^Ca

Case
No.

H-3
H-4
H-5
H-6
H-7
H-8
H-9
H-10
H-11
H-12

24 hour
Specific

Activity

(% dose
^8Ca/Gm. C'a)

24 hour
Exchangeable
Ca Pool (Gm)

24 hour
Ca Pool (mg.)
Ideal Weight

(kg.)

10.5

15.9

8.6

8.4

8.8

10.8

12.5

16.1

15.8

7.8

9.5
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permit further analysis of the disappearance curve in terms of both accretion and

excretion.

In the cases studied, the '^^Ca abundance in pre-injection urine Ca as well as in

samples at the end of the experiment was similar to the abundance of the standards

used. There was no evidence of biological fractionation of ^^Ca.

Discussion

Because of a reluctance to employ radioactive tracers In young children-particu-

larly normal children, little Is known about the kinetics of calcium metabolism In

young normal subjects. Calculation of the 24 hour exchangeable calcium pool based

upon the 24 hour specific activity of radioactive calcium isotopes gave a value of

440 mg/Kg in seven normal one-year-old infants studied by Hoffenberg et al.

(1964) using *^Ca. Data from Bronner et al. (1956) on eight adolescent boys using

^^Ca gave a pool size of 291 ± 54 mg/Kg Ideal weight. Eight normal adults under age

50 years (mean age 36 years) studied by Dymling (1964) with ^^Ca had a 24 hour

exchangeable calcium pool of 86.5 ± 20 mg/Kg. The relation of these values to the

data from this study Is shown In Fig. 3.

Conclusions

Stable ^''Ca in enriched form may be used as a tracer In dilution studies of calcium

kinetics in young children and other radiosensitive subjects. In the 10 cases studied,

the 24 hour exchangeable calcium pool relative to body weight was three to four

times as high as in normal adults.
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Transfert du calcium intestinal chez I'homme dans les maladies

demineralisantes de I'os

L. MiRAVET, D. Hioco

Centre du metabolisme phospho-calcique, Flopital Lariboisiere, Paris, France

(Groupe Recherches I.N.S.E.R.M.)

Pour explorer le transfert du calcium Intestinal chez I'homme, nous avons effectue,

en utilisant la technique simplifiee d'AuBERT et Milhaud (1960), 218 explorations

chez 5 sujets normaux et 182 sujets attelnts des maladies sulvantes: 39 osteoporoses com-

munes, 29 osteoporoses Idlopathiques, 2 maladies de Lobstein, 7 osteomalacles d'apport

(5 fois sans traltement et 4 fois sous calciferol), 9 osteomalacics par diabete phosphore

3'''' Europ. Symp. on Cal. Tissues J3
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(4 fois sans traitement, 5 fois sous calciferol et 3 fols apres calciferol), 10 hyperpara-

thyroidies avant intervention et 8 apres adenomectomie, 3 hypoparathyroi'dies,

4 spasmophilies normocalcemiques, 2 hyperthyroidies, 2 hypothyroidies, 5 acro-

megalies, 2 syndromes de Gushing, 13 affections traitees par les corticoides, 5 in-

suffisances renales, 9 diabetes calciques, 2 lithiases renales, 5 gastrectomies dont 3 avec

une osteoporose, 8 maladies de Paget, 15 neoplasies dont 13 cancers secondaires du

sein, 9 maladies de Kahler, 1 maladie de Waldenstroem.

Nous avons explore dans chaque maladie le pourcentage absorbe (r/ "/o) du calcium

ingere et la quantite de calcium qui est eliminee par voie digestive et qui n'est pas

reabsorbee (Caf); nous avons essaye de preciser si I'intestin est une voie d'elimination

calcique et s'il existe un rapport entre I'elimination calcique digestive et I'elimination

renale.

1. Variation du pourcentage d'absorption du calcium {y. " u)

II est calcule par la formule suivante:

(Cal + Caf) — CaF
Cal

X100 = aO/o

Sujefs normoux

Osteoporose commune

Osteoporose idiopothique

Lobstein

Osfeomolacie d'opport

Qsfeomolocie d'opporU Vif. D^

Osteomolociepor diob.phospbori

— sousW.Ds

— apres Vd.D^

Hyperporofhyroidie

Hyperporaffiyroidie operee

Hypoporothyroidie

Spasmophilie

Hyperfhyroidie

Hypofhyroidie

Hypothyroidie fro/fee

Acromegolie

Cashing

Corl-isone

InsuFfisonce renale

Diabefe calcique

Lithiase renale

Goslrectomie

Neo. secondaire

Kahler

10 SO

Pourcentage d'absorption vrolela)

200 300r^Za.\Zl\\.

Calcium endogene fecal (Caf)

Cal = Calcium ingere; CaF = Calcium fecal total; Caf = Calcium fecal endogene.
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— Les resultats sont indiques dans la Figure 1.

— Chez le normal (5 sujets), nous trouvons SB^/o.

— Nous n'avons trouve d'hyperabsorption (> 70Vo) que dans I'hyperpara-

thyroi'die 7 fois sur 10 (dans les 3 autres cas, d'absorption normale, il existait una

insuffisance renale), dans les osteomalacies traitees par la vitamine D, dans quelques

osteoporoses communes (5 sur 40) et idiopathiques du sujet jeune (3 sur 29), enfin

dans les diabetes calciques (4 sur 9).

— Par contre, I'hypoabsorption est tres frequente; nous I'avons trouvee dans les

osteomalacies d'apport (5 fois sur 5) et dans certaines osteomalacies par diabete

phosphore (2 fois sur 4), chez les sujets traites par les corticoides (11 fois sur 14) ou

atteints de maladie de Gushing (2 fois sur 2), I'insuffisance renale (2 fois sur 5),

I'hypoparathyroi'die (4 fois sur 4), quelquefois dans la spasmophilie (2 fois sur 5) et

dans I'hyperthyroidie (3 fois sur 3). L'hypoabsorption est aussi observee dans un

nombre important d'osteoporoses (osteoporoses communes 14 fois sur 40, osteoporoses

idiopathiques du sujet jeune, 5 fois sur 29) et elle est tres frequente dans des neo-

plasies secondaires (11 fois sur 17) et la myelomatose (10 fois sur 12).

En revanche dans la maladie de Lobstein, I'acromegalie et la maladie de Paget,

I'absorption est normale.

Ainsi, le pourcentage d'absorption du calcium est modifie au cours de certains

etats pathologiques etudies et parfois meme caracteristique de la maladie consideree

(MiLHAUD et ai, 1961).

2. Variations du calcium fecal endogene et ses correlations avec le pourcentage

d'absorption

Le calcium excrete par voie digestive et non reabsorbe par I'intestin (Caf) a ete

calcule d'apres la formule suivante:

Caf = T^^7 ^

Ri \1— e-

La quantite calculee chez le sujet normal est de 135 mg/j; la moyenne des 218

etudes realisees est de 149 ±80 mg/j. Si Ton supprime les chiffres nettement superieurs

aux 2 o (6 malades se repartissant ainsi: 2 osteomalacies, 1 acromegalic, 1 sujet traite

par les corticoides, 2 maladies de Kahler), la moyenne est de 141 ±65 mg/j et nous

pouvons constater que Caf est tres variable a I'interieur d'un meme groupe de ma-

lades.

Heaney et Skillman (1964) ont trouve une correlation entre a, Cal et Caf; en

effet, cette correlation semble exister pour les absorptions extremes (< 20''/o ou

> 70*'/o), les Caf suivent cette regie, sauf pour quelques exceptions. Mais, en fait,

les deux valeurs sont liees par la technique de calcul elle-meme; il est done surprenant

d'observer que, lors de certaines maladies, cette relation ne soit plus suivie, notam-

ment: dans I'hyperparathyroidie (Fig. 1) ou Ton trouve a extremement eleve (moy.:

76''/o), tandis que Caf est normal, voire meme augemente (moy.: 146 mg/j) et dans

I'acromegalie (Fig. 1) ou un a normal (moy.: 51*'/o) est accompagne d'un Caf extreme-

ment eleve (moy.: 243 mg/j).

' T = turnover; RF = radioactivite fecale totale; Ri = radloactivite injectee; t = jours.

13*
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Contrairement a ce que Ton pourrait croire d'apres les variations importantes du

Caf dans un meme groupe de malades, Caf parait etre lie a I'etat pathologique des

sujets puisqu'il est en rapport avec a. et que a est en relation avec la maladie.

3. Relations entre la calciurie (CaU) et le calcium fecal endogene (Caf)

Chez I'individu normal, le rapport CaU/Caf est voisin de 1; ce rapport est

conserve dans quelques maladies, lorsque la calciurie reste dans les limites de la

normale. II peut se modifier fortement quand il se produit des variations extremes de

la calciurie, soit une diminution comme dans I'osteomalacie ou les insuffisances

renales, soit une elevation comme dans le diabete calcique, I'hyperparathyroidie,

I'hyperthyroi'die, I'acromegalie, les lyses osseuses.

LAR. RAU. COE.

4. Facteurs qui modifient a et Caf

MON. DUH.

WOO



Transfert du calcium intestinal chcz I'homme dans les maladies demineralisantes de I'os 197

c) Effet de I'adenomectomie chez 7 hyperparathyro'idiens

Apres I'extirpation de I'adenome, le coefficient d'absorption, eleve au depart,

diminue presque regulierement; mais, contrairement a ce que Ton pouvait escompter,

le calcium fecal endogene diminue aussi (Fig. 4).

Discussion

1. Uhyperahsorption est rare

Nous avons trouve une hyperabsorption calcique dans les hyperparathyroidies et

les osteomalacics traitees par le calciferol, bien en accord avec I'importance de ces

deux regulateurs, hormone parathyroi'dienne et vitamine D, dans le metabolisme du

calcium. Mais, fait important a signaler, I'hyperabsorption calcique existe aussi dans

certains diabetes calciques et paradoxalement dans quelques osteoporoses. Dans ces

derniers cas, il peut exister soit un trouble de receptivite a la vitamine D ou a I'hor-

mone parathyroi'dienne. En outre, diabete calcique et osteoporose ont d'autres traits

communs qui peuvent faire penser qu'il y a une parente entre eux (Hioco et al., 1964).

Quant a I'hypoabsorption, elle est tres frequente: elle existe non seulement dans

les hypoparathyroi'dies et les osteomalacics ou manquent les regulateurs bien connus

de I'absorption, mais encore dans de tres nombreuses maladies. II est vraisemblable

que tout trouble du fonctionnement digestif puisse entraver I'absorption du calcium.

La rarete des hyperabsorptions plaide en faveur d'un processus actif dans I'absorp-

tion calcique qui ne peut etre augmentee que dans des circonstances bien precises.

2. Relations entre le calcium fecal endogene et le coefficient d'absorption

Bien qu'il semble exister une relation entre Caf et a, les variations de Caf dans

notre serie sont tres importantes, probablement parce que le calcium apporte par

les secretions digestives n'est pas absorbe (pour une part importante au moins) dans

les memes conditions que le calcium alimentaire. La grande frequence des troubles du

transit intestinal peut expllquer des larges variations de Caf. Celui-ci est dans

I'ensemble relativement bas lorsque a est inferieur a 20"/o; ceci est peut-etre la con-

sequence d'une diminution des secretions digestives et, de ce fait, du calcium apporte

par ces secretions. Le cas inverse se produit dans I'acromegalie ou une augmentation

des secretions digestives serait responsable du Caf eleve.

3. Relation entre la calcinrie et le calcium fecal endogene

Apparemment, il n'existe pas de relation, mais en fait celle-ci est peut-etre

masquee par I'existence de variations de la calciurie plus larges et plus etroitement

liees a I'etat pathologique que les variations du calcium fecal. La calciurie est

fortement diminuee dans I'insuffisance renale, alors que le Caf est irregulierement

augmente. Malgre ces limites, dans certains cas et dans une certaine mesure, I'intestin

peut devenir une voie d'elimination du calcium, complementaire de la voie renale,

mais probablement cette compensation est limitee par suite de la variabilite de la

quantite des secretions digestives d'un sujet a I'autre et d'une maladie a I'autre.

4. Factenrs qui modifient a et Caf (Bronner, 1964)

Les cas etudies sous regime riche en calcium ou sous calciferol montrent que ces

deux facteurs ont un effet contraire sur le coefficient d'absorption et sur le calcium

endogene fecal. Par contre, I'adenomectomie des hyperparathyro'idiens provoque une
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diminution paradoxale de Caf en meme temps que le coefficient o. diminue; ceci fait

penser que, dans ces cas, la variation de concentration calcique provoquee par la chute

importante de la calcemie peut diminuer I'elimination de calcium par voie digestive.
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Absorption of Calcium in Man: Effect of Disease,

Hormones and Vitamin D "'

L. LuTWAK

Clinical Nutrition Unit, Graduate School of Nutrition, Cornell University, Sage Hospital,

512 East State Street, Ithaca, N. Y., U.S.A.

The kinetics of the absorption and retention of calcium were calculated from

measurements in vitro of isotope content of the forearm by counting in a large

volume liquid scintillation counter after the oral administration of '*^Ca (Lutwak

and Shapiro, 1964). The fecal excretion of unabsorbed tracer, and the urinary

excretion of absorbed isotope were also followed. These measurements permitted an

estimate of the rates of transfer of calcium from the gut to the arm during the initial

absorptive phase and the subsequent turnover of tracer calcium retained during the

first phase.

After the oral administration of the tracer dose of ^"Ca of between four and eight

microcuries admixed with 100 mgm. of stable calcium, in the form of skim milk or

calcium gluconate, the radioactivity appearing in the patient's forearm counted in

vivo is followed at three minute intervals for the first five to six hours and thereafter

twice a day. Blood samples were obtained at 15 minute to half hour intervals over

the course of the first four hours to monitor the procedure. Maximum levels of blood

radioactivity are seen in most of our patients between two and four hours after the

ingestion of the tracer, and thereafter fall quite rapidly. Assuming a value for extra-

cellular fluid in the forearm of approximately 150—200 ml., between 20 and 40''/o

of the radioactivity appearing in the forearm in the first three of four hours can be

attributed to radioactivity in the blood, and remainder being that which has been

taken up by bone.

* This paper was prepared with the support of grant number AM-07451 from the National Institutes of

Health.
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Typical curves for the first four hours of observation are presented in Fig. 1.

There are two separate studies of the same individual, a normal 21 year old male,

plotted on the graph; the studies were performed approximately six weeks apart.

Excellent reproducibility of observations

was achieved.

In all patients there was a lag period

of 10 to 30 minutes after ingestion before

any discernible radioactivity above

background could be measured in the

forearm. Thereafter, there was a relati-

vely rapid increase, persisting for about

two hours in most subjects. From this

point on, the increase was more gradual,

levelling oft' in about for to six hours.

The maximum activity in the forearm

was usually present at between 24 and

36 hours after administration of the dose

and thereafter, fell gradually.

Attempts have been made to cor-

relate values for apparent absorption

obtained from direct stool measurements

with various numerical parameters of

the arm count curves. Numerical ana-

lysis of the plot indicated that four

numbers could be readily calculated

to describe the semi-logarithmic plot

of data: "kj", representing the initial

slope; "ko", representing the slope of the last portion; "a/', representing the intercept

of the first portion; and "ao", representing the intercept of the last portion. Statistical

correlations were made between each of these four parameters and the net absorption

calculated from stool recoveries. Absorption was directly related to "a^", the inter-

cept value for the asymptotic horizontal portion of the curve and to "ki". The

correlations obtained, however, were of the order of 0.6 with a probability of less

than 0.001 that these were due to chance. Because of the low correlation values for

individual observations, it was concluded that while absolute absorption of calcium

could not be ascertained from this type of study, considerable information could be

derived from sequential studies in the same patient under various modes of therapy

and from comparisons of groups of patients with difi'erent diagnoses.

Fig. 2 shows four curves obtained from studies of a patient with idiopathic hypo-

parathyroidism. Curves 1 and 2 represent studies approximately a month apart when

the patient was without any treatment other than a dietary regimen of high calcium,

low phosphate. The shape of this curve is similar to that obtained in the study of the

normal subject, but the maximum value achieved is considerably lower. Curve 3 was

measured while the patient was receiving 400 units daily of parathyroid extract

injected intramuscularly. It can be seen that the maximum value attained was

markedly increased in comparison with the baseline studies. Curve 4 was determined

after the patient had been receiving 10,000 units daily of vitamin Do for a period of

m m 210 28.

t in minutes

Empirical Arm Counts. Normal 21 year old

Two oral ^"Ca studies, six weeks apart. C)rdi-

nate, arbitrary units; absciss, minutes
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several weeks. This curve begins to resemble the normal pattern described previously.

The values obtained were approximately twice as high as those when the patient was

untreated.

W.I//U1,
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in any of these parameters

between patients with radio-

logically diagnosed osteo-

porosis, both male and fe-

male, and a small group of

apparently normal indivi-

duals. Therefore, the normal

and all of the osteoporotics

were grouped for statistical

purposes in Group IV.

Significantly decreased

"ki", and "ao" and appa-

rent percent absorption val-

ues were obtained in three

patients with malabsorption

syndrome (Group V). On
treatment with gluten-free

diet, in two of these patients

(Group VI), the "k/' value

still remained abnormal and

was not significantly dif-

ferent from that in the in-

itial studies. The only value

which changed significantly

was that for percent appa-

rent absorption.

Group VII, the two pa-

tients with hypoparathyro-

idism, showed significantly

decreased "k^" values but no

significant change in either

of the other two measure-

ments. When these patients

were treated with adequate

dosages of vitamin D (Group

VIII), the "kj" value became

normal and was significantly

different from the un-

treated state. The change in

"ao", although quite marked,

was not significant because

of the small number of pa-

tients. The change in percent

apparent absorption is of

interest in that it decreased

on vitamin D. The next

group (IX) consists of three
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patients with generalized psoriasis who had extensive exfoHation and, consequently,

loss of calcium through the skin. None of the parameters of absorption measured

were significantly different from normal. In Group X, two patients with Paget's

disease showed significantly decreased values for "kj" but no significant changes in

any of the other measurements. In one patient with acute rheumatoid arthritis all of

the values were significantly decreased. When the patient was in remission on treat-

ment with salicylates and intramuscular gold, the measured "kj" and percent absorp-

tion increased, but still were significantly lower than normal subjects. The last two

groups shown here consist of a single patient each with Fanconi's syndrome and with

vitamin D resistant rickets. In Franconi's syndrome the value for "kj" and for per-

cent apparent absorption were markedly lower than normal and the value for "ag"

was greater than normal. In the patient with vitamin D resistant rickets the "k/'

value was greater than normal and both the "a^" and percent apparent absorption

were less than normal.

From these studies it has been tentatively postulated that the value for "kj" is

related to the phenomenon of absorption from the gastrointestinal tract and "3.0" is

related both to absorption and to the avidity of the bones in the forearm for tracer.

A new procedure, based on in vivo counting of limb, has been demonstrated to

yield data related to mechanism of calcium absorption in man. It has the advantages

of obviating the need for blood, urine and stool sampling and of yielding results

within three or four hours of observation.
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Therapeutic Results in Renal Tubular Osteomalacia with Special

Reference to Calcium Kinetics

J.-F. Dymling
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Introduction

Renal tubular osteomalacia may be defined as a clinical entity characterized by

hypophosphatemia, decreased renal tubular reabsorption of inorganic phosphate and

vitamin D resistant rickets or osteomalacia: Sporadic and familial occurence has

been reported, the probable mode of inheritance being sex-linked, dominant (Williams

et ai, 1960).

The pathogenesis is not known. Albright et al. (1937) postulated a primary

defect in the intestinal absorption of calcium, complicated by secondary hyperpara-

thyroidism. Fanconi and Girardet (1952) postulated a primary defect in tubular

reabsorption of inorganic phosphate leading to hypophosphatemia. A primary

skeletal defect was proposed by Engfeldt ct al. (1956) and Frost (1958). Frame
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et al. (1965) proposed a combination of a primary renal defect and a primary

skeletal defect. Kuhlencordt (1958) proposed a general disturbance of phosphoryla-

tion. These theories have recently been reviewed by Falkson and Frame (1958),

Williams et al. (1960), and Frame et al. (1965).

The treatment of choice has generally been vitamin D in massive doses. This

treatment has not been entirely satisfactory, since a complete cure is not often accom-

plished (Tapia et al., 1964; Pierce et al., 1964). Addition of calcium supplements has

been advocated as has oral supplements of phosphate (Lafferty et al., 1964; Fraser

et al., 1958; Frame and Smith, 1958; Kuhlencordt, 1958). Three cases are reported

here, in which the effect of treatment with oral supplements of inorganic phosphate

and phosphate supplements plus vitamin D was investigated with the aid of '"Ca

or ^^Sr.

Clinical material

consists of three cases of renal tubular osteomalacia. TheThe clinical materia

most important clinical findings are found in Table 1.

Table 1. Laboratory data in three cases of renal tubular osteomalacia. Averages of several

determinations

T. C.

Iiitreatcd Treated

M. B.

Untreated Tri-.it(

J. ('.

'11 treated Treated

Height (cm)

Weight (kg)

Plasma

:

Ca (mEq/L)
P inorganic (mg"o). . . .

Alk. phosphatase (U) . . .

Creatinine (mg'',,) ....
Stand, bicarbonate (mEq/L)

Urine

:

Ca (mg/day)

P inorganic (mg/day)

Tubular reabsorption

ofP(%)
Hydroxyprolinc (mg/day) .

Glucose
Aminoacids
Radiography

158

57

4.7

2.1

6

0.9

23

110

550
190

1500

Occasionally

Normal
Severe osteopenia

133

35

5.1 4.6

2.0 2.1

6 31

0.8 0.5

23 22

180

500

61

4.6

2.9

19

0.7

23

200

1350

54.9

None
Normal

Severe osteopenia

150

68

4.9

1.6

6

0.6

25

120

450

78

4.9

2.9

7

0.8

24

47.3

None
Normal

Severe osteopenia

Case T. C. Male, born in 1912. The father and paternal uncle probably suffered

from the same disorder. As a child he is said to have had rickets. At the age of 35 he

first noted skeletal symptoms. At the age of 48 he was admitted with the fullblown

clinical picture of renal tubular osteomalacia. After a detailed study treatment was

started with vitamin D plus oral supplements of sodium monophosphate. The dosages

were settled at 65.000 I.U. vitamin Do and 8 Cm sodium monophosphate.

Case M. B. Female, born in 1944. Family history non-contributory. Skeletal

symptoms were first noted at the age of 12. Admitted to several hospitals, and

treated with vitamin Do In doses amounting to 240.000 I.U. This treatment was

sedated 20 months before admission to Malmo General Hospital. At that time, age 18,
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she presented a clinical picture of severe renal tubular osteomalacia. After a detailed

study treatment was started with sodium monophosphate 8 Gm daily. After another

study vitamin D, was given in addition. The dosages were settled at 6 Gm sodium

monophosphate and 675.000 I.U. vitamin Do .

Case J. C. Male, born in 1908. Family history not possible to trace. Skeletal

symptoms were first noted at the age of 25. Admitted to several hospitals, and given

a tentative diagnosis of Albright's disease. No treatment before admission to Malmo
General Hospital in 1963. At that time he presented a clinical picture of moderately

severe renal tubular osteomalacia. After an initial study with ^^Sr, he refused treat-

ment, but later he changed his mind and a second study in the untreated state was

performed using ^"Ca. Treatment was started with sodium monophosphate, 10 Gm
daily. After another study vitamin Do was given in addition. The dosages were

settled at 10 Gm of sodium monophosphate and 65.000 I.U. of vitamin Do

.

Methods

The kinetic studies were performed with

(1964).

Results

The results are found in Tables 1 and 2 and Fi

Case T. C. During treatment

"Ca or ^'^Sr according to Dymling

Treated

there was a slight increase In serum calcium and

urine calcium. There was no change in serum phos-

phate but a striking increase In urine phosphate.

After seven months of treatment there was an

Increase of the accretion rate, which returned to

the orglnal level after two years of treatment.

Radiographically there appeared healing of the

pseudofractures and calcification of vertebral

osteophytes. The clinical improvement was dra-

matic and he resumed work as a painter.

Case M. B. During treatment there were no

changes in serum or urine calcium. The serum

phosphate rose as did the urine phosphate. The

level of alkaline phosphatase decreased. The ac-

cretion rate increased on oral supplements of phos-

phate, and increased further on phosphate supple-

ments plus vitamin D. Having reached a peak

value the accretion rate slowly returned to the

original value two years after treatment was

started. The exchangeable compartment Sn re-

mained unchanged during the first six months of

treatment but tended to decrease thereafter. Radio-

graphically an increased mineral content was

established after two and a half years of treat-

ment. The clinical improvement was very dramatic and she has for the first time in

her life been able to work and to take part In out-door life.

Fig. 1. Kl

Un-
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Case J. C. The chemical findings during treatment were essentially the same as in

case M. B. The accretion rate increased on phosphate supplements and increased

furthermore on phosphate supplements plus vitamin D. The clinical improvement

Table 2. Kinetic data in three cases of renal tubular osteomalacia, kg: accretion rate (1

plasma/day). Si and 5//; exchangeable compartments (1 plasma). k„: urinary clearance rate

(1 plasma/day), kf: endogenous faecal clearance (1 plasma/day)

Isotope

T.C.

J.C.

60.12.
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Summary

Kinetic studies with -^'Ca or ^''Sr have been performed in three cases of renal

tubular osteomalacia in the untreated state and during oral treatment with sodium

monophosphate and sodium monophosphate plus vitamin D. The accretion rates were

high in the untreated state. They were increased by phosphate supplements, but even

more increased by phosphate supplements plus vitamin D. The kinetic changes have

been interpreted as signs of healing, which was supported by the observed clinical

and radiographic improvement.
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Etude du metabolisme du calcium chez I'homme a I'aide de

calcium 45: 1'osteopetrose et I'osteopsathyrose

G. MiLHAUD, J. Bourichon

Laboratoire des Isotopes, Institut Pasteur, Paris, France

Nous nous sommes propose de mettre en evidence les perturbations du meta-

bolisme du calcium qui existent dans deux affections hereditaires et rares de I'os,

I'osteopsathyrose ou maladie de Lobstein et 1'osteopetrose ou maladie d'Albers-

Schonberg. Nous rapportons les valeurs des principaux parametres du metabolisme

du calcium de deux enfants, un adolescent et deux adultes atteints d'osteopetrose et

d'un enfant et d'une adulte atteints d'osteopsathyrose.

Techniques

Chez I'adulte ou I'adolescent, la methode d'analyse du metabolisme du calcium a

ete exposee precedemment (Milhaud et Aubert, 1958; Aubert et Milhaud, 1960).

Chez I'enfant, nous avons employe une methode simplifiee comportant 7 prises de

sang aux temps 2, 4, 6, 24, 32, 48 et 72 heures. La courbe representant la variation

de la radioactivite specifique du calcium en fonction du temps est exprimee a I'aide

de la somme de deux exponentielles, comme nous I'avons fait pour le rat (Milhaud

et al., 1960 a).

Tableau 1

]N° d'ob-

Sexe
I

serva-
tion

Age
(anuses)

Poids
(kg) «(%)

i

F
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Resultats

Les resultats relatifs aux 5 cas d'osteopetrose, aux 2 cas d'osteopsathyrose et a

6 sujets normaux d'age comparable, sont rapportes dans le Tableau 1. Le Tableau 2

rapporte I'efTet de radministration d'un derive de la cortisone sur le metabolisme

du calcium dans un cas d'osteopetrose de I'adulte. La triamcinolone a ete donnee a

raison de 4 mg par jour pendant 18 jours.

Discussion

Osteopetrose — L'augmentation progressive de la densite de I'os, qui caracterise

cette affection, implique que les perturbations du metabolisme du calcium continuent

a se manifester a I'age adulte. II en resulte que les anomalies devraient etre plus

faciles a mettre en evidence lorsque la croissance est achevee. Considerons tout

d'abord les deux cas d'osteopetrose de I'adulte (observations N*^ 217 et 131): ils different

des sujets normaux d'age comparable par une hyperabsorption du calcium au cours

de la digestion et un bilan fortement positif. Les autres parametres sont soit normaux

ou diminues — comme le fonds commun calcique, I'anabolisme osseux et le cata-

bolisme osseux — soit normaux ou augmentes comme la calciurie; de ce fait, leurs

variations ne peuvent etre considerees comme caracteristiques de I'osteopetrose.

Si Ton admet que l'augmentation de I'absorption du calcium est constante dans

I'osteopetrose, on pent se demander comment se comporte I'excretion de calcium

endogene par I'intestin.

Chez le sujet normal, il existe une relation lineaire entre la quantite de calcium

endogene fecal, Vj , et la quantite de calcium absorbe, Va, qui est Vf = 0,232 Va + 42

(unites: mg/jour) pour une ingestion moyenne de calcium de 900 mg/jour (Milhaud

et al., 1961; Milhaud et Aubert, 1963). La Fig. 1 montre que cette relation est

fortement perturbee dans I'osteopetrose de I'adulte puisque les 2 cas se situent en-

dessous de la droite de regression du sujet normal. Ce comportement signifie I'existence

dans I'osteopetrose d'une diminution de I'excretion de calcium endogene, Vf, par

rapport a I'absorption au cours de la digestion, V^

.

Chez I'adolescent normal, I'absorption du calcium au cours de la digestion est

elevee, ce qui a pour consequence de masquer I'hyperabsorption de I'osteopetrose

(obs. N" 59). Dans cette affection, le bilan est plus positif, le fonds commun calcique

diminue et I'intensite du metabolisme osseux nettement augmentee.

Enfin, chez le jeune enfant (obs. N*^ 236 et 361), la quantite moyenne de calcium

absorbe est plus elevee que chez le sujet normal (obs. N° 287, 385, et 384), ce qui est

d'autant plus frappant que I'ingestion de calcium est plus faible dans les cas d'osteo-

petrose.

En ce qui concerne le metabolisme osseux, le fonds commun calcique est du meme
ordre de grandeur que chez I'enfant normal. L'anabolisme osseux est normal (obs.

N° 236) ou diminue (obs. N'^ 361), le catabolisme est normal dans le premier cas et

effondre dans le second.

Correction des perturbations de i'osteopetrose par la cortisone

La cortisone diminue rabsorprion du calcium au cours de la digestion chez le rat

(Milhaud et al., 1960 b) et chez I'homme, bien que de fa^on moins reguliere (Milhaud
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et ai, 1961). II etait done logique de suivre les effets de I'administration de cortisone

sur le metabolisme calcique dans I'osteopetrose.

Ces effets comportent (Tableau 2):

1. une diminution de moitie de la quantite de calcium absorbe au cours de la

digestion. — 2. la reduction de la positivite du bilan qui passe de + 368 mg/j a

+ 43 mg/j. — 3. une reduction du fonds commun calcique, qui porte particulierement

sur le compartiment osseux. — 4. une augmentation de I'intensite du metabolisme de

I'os, qui interesse I'anabolisme osseux,
300

-^200

fcn

^ 100

o Normoux
^ Cos d'osfe'ope'frose

A Sous cortisone

• Cas d'osh'opsafhyrose

Vfi -
, et surtout le catabolisme osseux,

V(i-, dont la valeur sextuple. — 5. la

calciurie et la quantite de calcium endo-

gene fecal ne sont pas modifiees. Enfin,

la cortisone corrige la perturbation de la

relation V., , Vf de I'osteopetrose: apres

traitement, le point correspondant au cas

131 se situe sur la droite du sujet nor-

mal (Fig. 1).

On peut conclure de ce qui precede

que la diminution du catabolisme osseux

n'est pas la lesion primaire de Tosteo-

petrose puisque si I'on diminue par la

cortisone la quantite de calcium absorbe

au cours de la digestion, on observe une augmentation considerable de I'intensite du

catabolisme osseux. L'effondrement du catabolisme osseux serait done la consequence

de I'hyperabsorption.

100 200 300 WO 500

Va(mg/yj
600 700

die

tion entre la quantite de calcium excrete,

uantite de calcium absorbe par rintestin,

'homme normal, dans I'osteopetrose et

I'osteopsathyrose de I'adulte

Heredite de rosteopetrose

En ce qui concerne I'aspect hereditaire de I'osteopetrose, une etude recente fait

etat de 12 sujets touches en 4 generations (Lievre et al., 1962); le N" 131 fait partie

de cette famille.

Osteopetrose animate

Les anomalies du squelette de la souris microphtalmique ressembleraient a celles

de I'osteopetrose humaine. L'etude du metabolisme du calcium de ces animaux a ete

faite a I'aide de ^'Ca et de ^-^Sr; elle a montre une diminution tres nette de la vitesse

du catabolisme osseux (Adams et Carr, 1965). L'aft'ection humaine differe de

I'affection animale puisque le catabolisme osseux peut etre normal et meme dans le

cas ou il est effondre, il peut redevenir normal si Ton diminue I'absorption intestinale

par de la cortisone.

Osteopsathyrose

Les perturbations du metabolisme du calcium liees a cette affection, caracterlsee

par un amincissement et une grande fragilite des os, apparaissent avant la naissance

ou peu de temps apres. Elles peuvent done etre etudiees commodement chez le jeune

enfant. A propos du cas N" 360, on constate, par rapport aux deux enfants normaux:

1. une reduction du fonds commun calcique de plus de 30''/o; 2. une diminution de

3''<' Europ. Symp. on Cal. Ti 14
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I'anabolisme et du catabolisme osseux respectivement au 1/3 et au 1/4 de la normale;

3. une augmentation considerable de I'excretion fecale de calcium endogene; 4. une

hyperabsorption du calcium au cours de la digestion; 5. un bilan moins positif que

chez I'enfant normal.

Chez I'adulte, cas N'^ 392, on observe une diminution du fonds commun calcique,

de I'anabolisme et du catabolisme osseux. L'absorption du calcium au cours de la

digestion est a la limite inferieure de la normale. La relation Va , Vf est desequilibree

dans le sens d'une augmentation de I'excretion fecale, Vf, par rapport a l'absorption,

Va (Fig. 1). Enfin, le bilan est legerement negatif.

En resume, I'enfant atteint d'osteopsathyrose a une enteropathie avec deperdition

de calcium (Milhaud et Vesin, 1964), et I'adulte, un desequilibre de la relation

calcium endogene fecal-calcium absorbe. Il n'est pas possible avec un cas de savoir

si I'enteropathie avec deperdition de calcium est un facteur pathogenique important

ou accidentel de I'osteopsathyrose.

Lee (1965) a mesure la formation de I'os femoral a I'aide de la tetracycline chez

deux enfants atteints d'osteopsathyrose; il conclut a une augmentation de la vitesse

de deposition du calcium osseux par unite de masse d'os. Ce resultat, qui concerne un

OS isole, ne s'accorde pas avec nos constatations qui portent sur I'ensemble du

squelette et montrent une diminution tres importante de I'anabolisme osseux. Ce

desaccord tient au mode d'expression utilise par Lee, qui ne tient pas compte de la

diminution de la masse totale de I'os dans I'osteopsathyrose.

Conclusion

L'etude cinetique du metabolisme du calcium met en evidence dans I'osteopetrose,

une hyperabsorption du calcium au cours de la digestion et dans un cas d'osteo-

psathyrose, une enteropathie avec deperdition de calcium, qui peuvent contribuer a

expliquer la pathogenie des lesions osseuses.
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Calcium Clearance and Re-absorption in Patients with

Osteoporosis, Renal Stone and Primary Hyperparathyroidism

D. A. Smith, J. C. Mackenzie

University Department of Medicine, Gardiner Institute, Western Infirmary,

Glasgow, Scotland

Introduction

Hypercalciuria is known to occur in patients with hyperparathyroidism and in

about 300/0 of patients with renal stone disease. It is not yet known for certain

whether there is any difference in calcium reabsorption by the tubules in these

conditions. Kleeman et al. (1958) reported that there was decreased clearance of

calcium in normal subjects following the administration of parathyroid hormone

during calcium infusion. Loken and Gordan (1959), and Gordan et al. (1962)

reported that calcium clearance was in fact increased in patients with primary hyper-

parathyroidism and decreased in patients with hypoparathyroidism. Bernstein et al.

(1963) showed a decreased calcium clearance in patients with hypoparathyroidism

given parathyroid hormone during calcium infusion. They also pointed out the

importance of associating the calcium clearance with the level of the plasma diffusible

calcium. Since some doubt remained, it was decided to investigate this further.

Patients studied

Three groups of patients were studied. Firstly, eight patients with osteoporosis

and normal renal function; secondly, nine patients with recurrent renal stone with

normal parathyroid function and creatinine clearances; thirdly, eight patients with

hyperparathyroidism with normal creatinine clearances.

Methods

The calcium : creatinine clearance ratios, and the calcium reabsorbed per 100 ml

of filtrate, were estimated in all the patients with renal stone disease and those with

osteoporosis before and during the infusion of 10% calcium gluconate in physio-

logical saline. 22.5 mg of calcium/kg was infused over 6 hours in six of the osteo-

porotic patients and eight patients with renal stone disease. In the remaining two

osteoporotic subjects, and one patient with renal stone disease, 15 mg/kg of calcium

was infused over 4 hours. Two patients with primary hyperparathyroidism were

studied in a similar manner each being given 15 mg of calcium/kg over 4 hours. Urine

samples were collected over one hour periods, and blood samples were taken at the

midpoints of the urine collections. In a further six patients with primary hyperpara-
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thyroidism, the calcium : creatinine clearance ratios and re-absorption of calcium per

100 ml of filtrate were estimated during two hour urine collections, a blood sample

being taken at the midpoint of the collection.

Calcium was estimated in plasma, ultrafiltrate and urine by a modification of the

Autoanalyzer technique (MacFadyen et al., 1965). Creatinine was estimated by the

standard Autoanalyzer technique (Technicon Instruments Limited). Ultrafiltration

was performed on fresh serum, transferred to cellophane tubing without exposure to

the atmosphere and centrifuged at 37 °C for one hour at 2,000 g in tubes similar to

those devised by Toribara et al. (1957).

Results

The calcium : creatinine clearance ratios are seen to be directly related to the

plasma ultrafilterable calciums in all three groups of patients. In Fig. 1 it can be seen

that the calcium : creatinine clearance ratios in patients with ^ primary hyperpara-

3.
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parathyroidism and those with osteoporosis, this being more apparent at higher levels

of ultrafilterable calcium. Fig. 2 shows the distribution of the data obtained in the

patients with renal stone disease with the 95''/o confidence limits.

In Fig. 3 the re-absorption of calcium per 100 ml of filtrate is related to the

plasma ultrafilterable calcium in patients with osteoporosis and renal stone. The

re-absorption of calcium in patients with renal stone is significantly lower than in

the osteoporotic group, especially at the higher levels of plasma ultrafilterable cal-

cium. It is also evident that the maximum tubular re-absorption of calcium is ap-

proached only in the patients with renal stone, and this occurs at about a value of

6 mg per 100 ml of glomerular filtrate. Fig. 4 shows the tubular re-absorption in the

osteoporotic and hyperparathyroid patients. The tubular re-absorption is slightly

higher in patients with primary hyperparathyroidism. It is evident that a maximum

tubular re-absorption of calcium has not been reached in the hyperparathyroid

patients.

The percentage re-absorption of calcium falls in all three groups of patients as

the plasma calcium rises during calcium infusion, a typical example being shown

from each group in Table 1.

Table 1

°o Keabsorp-
tion of calcium

A. M.

A. S.

H. C.

Osteoporosis

Renal stone disease

Primary hyperparathyroidism

95.9

94.6

92.7

90.6

90.2

87.2

85.8

91.2

91.3

87.3

85.6

84.0

74.0

77.0

95.5

94.0

90.0

87.0

85.6

Discussion

The lowered calcium clearance and slightly raised calcium re-absorption in

patients with primary hyperparathyroidism would tend to support the evidence of

Kleeman et al. (1958) and Bernstein et al. (1963). The increased calcium clearance

and decreased re-absorption in patients with renal stone disease has not been

described before, and strongly suggests a specific tubular resorptive defect for calcium.

In contrast to the findings of McPherson (1959), it is only in this group that a Tm
for calcium was approached. Since the calcium clearance and re-absorption is so differ-

ent in patients with renal stone disease and primary hyperparathyroidism, it is

suggested that the estimation of calcium clearance during a calcium gluconate in-
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fusion might help to estabHsh the diagnosis in those patients in whom the diagnosis

remains in some doubt. The importance of relating clearance or re-absorption to the

level of plasma ultrafilterable calcium is stressed as the percentage re-absorption falls

in all three groups of patients as the plasma ultrafilterable calcium rises. If this is not

taken into consideration an apparently lower tubular re-absorption of calcium will

be seen in patients with primary hyperparathyroidism as they have a higher ultra-

filterable calcium than normal subjects.
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Bony Targets of Non-"skeletar' Hormones

G. Nichols, jr.

Harvard Medical School, Department of Medicine, Boston, Mass., U.S.A.

Even the most superficial review of the older literature in endocrinology quickly

reveals that there was a time when skeletal changes were considered to be among the

important features expected in any endocrine disorder. It seemed obvious, for

example, that changes in skeletal growth should be a prominent if not central feature

of disturbances of pituitary function and growth hormone secretion. Thus, as the

etfects of other endocrine glands — thyroid, adrenal, gonads — began to be explored

it was not surprising that the list of organ systems examined almost always included

the skeleton. Thanks to this broad view a considerable number of empiric observa-

tions about hormonal effects on bone gradually accumulated (Silberberg and Silber-

BERG, 1956; AsLiNG and Evans, 1956). In some instances this search for skeletal

eft'ects was richly rewarded, as in the case of the parathyroids. In others, the effect

could only be clearly shown in certain species as for example the marked influence of

female sex hormones on avian bone (Kyes, 1934). In still another group — the

thyroid and adrenals are good examples — while effects on the skeleton were seen

these were far less dramatic than the effects observed in other organs and systems.
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The inevitable result of these early discoveries of different degrees of organ

response to various humeral agents was the development of the concept of target

organs or systems for each hormone. The classic example of this idea, of course, was

its application to the anterior lobe of the pituitary. Once the secretion by the hypo-

physis of trophic hormones for other endocrine organs had been shown, several things

happened. First, there was an enormous surge forward in understanding the systems

for the control of body processes. Not only could endocrinologists use this concept

in "reverse" to predict the existence of trophic hormones for each endocrine gland,

but in addition it provided the necessary background for the development of the

whole theory of feed-back control — a control system now recognized as one of the

most fundamental in all living systems.

However, this target organ concept had another, perhaps less desirable, out-

growth. Attention became so closely focused on the effects of each hormone on what

appeared to be its particular target that interest in its effects in other areas tended to

wane. On the positive side this resulted in the learning of all sorts of details concern-

ing the nuances of the action of each hormone. On the negative side, so many details

were learned that the study of each hormone's action on its chief target threatened to

become a field of specialization in itself while the broader biological influences of

these agents tended to be forgotten.

Two phenomena combined to rescue the field of endocrinology from a limbo of

ultimate reductionism. First, as the focus of experimental approaches to endocrine

effects improved a number of inconsistencies and even contradictions in the apparent

actions of hormones were revealed. These not only further complicated the field but

convinced many that a number of effects long accepted as primary were in reality

only secondary reflections of effects on more fundamental processes. Second, bio-

chemists and cellular physiologists having described a number of metabolic pathways

and having found them to be common to many types of cells began to become

interested in hormones as potential controls for these processes.

The outcome of all this has been the development of a new phase in endocrino-

logy — one in which the old complexities are beginning to be set aside in favor of

concepts of more universal application. Hormones are being classified in terms of

chemical structure, and hormone effects are being sought at the molecular rather than

the tissue or organ system level. Although so far attention has remained focused

largely upon effects on specific target organs, the fact that the systems which are

being examined are common to many cells suggests that similar effects are going to be

found in many other tissues — even bone. Thus a variety of hormones once thought

important in the control of bone metabolism and then ignored in the face of the

more dramatic effects of others with clearer skeletal effects promise to become again

the subject of fruitful investigation.

My purpose in this discussion will be to review some of the ideas about cell

physiology and general biochemistry upon which this new phase of endocrinology is

based and indicate how they can be used to formulate and test hypotheses regarding

sites and mechanisms of hormone action. In so doing I shall use bone and bone cell

physiology as my model — not because in most cases such effects have even been

considered in bone — but rather because it is the tissue of ultimate interest in this

symposium and can be used advantageously to indicate how widely these ideas can

be applied. At the end I will attempt to indicate how far these ideas have actually
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been carried with respect to skeletal physiology. While little material of this sort has

been available the situation should be very different after this session.

The first step needed to develop these concepts is to review the anatomy and

physiology of a cell in order to identify potential sites for hormone action. To this

end the chief physiological systems of a bone cell have been drawn schematically in

Fig. 1. Clearly this is a biochemist's cell, since all the processes carried on by a variety

of bone cell types have been confined inside a single cell wall! However, despite the

obvious violation of anatomical truth, this diagram can serve to illustrate the im-

portant points.

BONE CELL

LACTATE CC^ CITRATE 0,

Fig. 1. A biochemist's view of a bone cell (see text for details)

Three general schemes of metabolism are shown which represent the 3 major func-

tions of bone cells: a scheme for the biosynthesis, storage, and release of a structural

protein, collagen, which is, of course, the matrix upon which the mineral phase is

ultimately deposited (Glimcher, 1960); a scheme illustrating the biosynthesis, storage

and release of an enzyme, collagenase, which is specifically required for the resorp-

tion of bone matrix (Nichols, 1963; Woods and Nichols, 1963; Woods and

Nichols, in press); and a scheme representing the systems which produce the

chemical energy to drive these processes (Borle et al., 1960). Although these represent

only a fraction of the metabolic paths present they are sufficient to remind us of the

major features of the systems available for hormonal control.

All 3 begin with the transfer of substrates across the cell membrane. This can

occur by diffusion, illustrated by the passage of Oo ; by transport, which, when

requiring energy, leads to intracellular concentration of substrates as shown here for

glucose and amino-acids (Flanagan and Nichols, unpublished studies) or by the

process of pinocytosis. Similar membrane transfer systems, responsible for main-

tenance of normal intracellular concentrations of salts and water, have been omitted

for simplicity.
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Once inside, substrates can be used for a variety of purposes. Glucose and amino-

acids have both been shown to serve as fuel for energy producing systems. These, we
know, follow the same general scheme in bone as in all tissues — hexoses are degraded

in step-wise fashion through the glycolytic pathway to pyruvate. Unlike most tissues,

however, the majority of this pyruvate is used in bone to form lactate which is

excreted from the cell while only about 10 per cent goes on through the tricarboxylic

acid cycle. Thus ATP is produced both anaerobically and aerobically (presumably

via mitochondrial oxidative phosphorylation) with the release of chiefly "non-

volatile" acid end products — lactic and citric acids — which seem likely to play an

important role in bone resorption and calcium homeostasis (Nichols, 1963).

Amino-acids (Flanagan and Nichols, 1962), concentrated in the cell sap by

active transport or synthesized intracellularly from carbohydrate precursors (Flana-

gan and Nichols, 1964), are used chiefly in the biosynthesis of proteins. In the dia-

gram a single common pathway for protein synthesis is shown because only one is

believed to exist — the particular amino-acid sequence characteristic of each protein

being determined by the particular messenger RNA upon which the polysome which

makes it is assembled. The messenger RNA is represented as being derived from the

nucleus — a notion whose application to bone cells is supported by recent experi-

ments (Simmons and Nichols, 1964; Steinberg and Nichols, unpublished studies).

Current belief, of course, holds that at least part of this nuclear RNA is a com-

plementary copy of a section of a DNA chain in which is encoded the necessary

information for specifying the structure of the protein whose synthesis is guided by

the RNA "messenger". The arrow representing the transfer of messenger RNA to the

polysomes has been made double to remind us that the differences between the

systems which make collagen on the one hand and coUagenase on the other probably

lie at this "informational" level.

One other point about these 2 bone cell products is shown. Both are thought to

be stored in membrane bounded vacuoles before being released into the extra-

cellular space (Porter, 1964; Woods and Nichols, in press). Although the

apparent intermittency of collagen deposition under certain conditions (tanzer,

1964) suggests that this feature might be important in the control of new bone matrix

synthesis, no evidence on this point is yet available. Fiowever, recent evidence

(Asher and Nichols, 1965) suggests that the storage of coUagenase in such intra-

cellular bodies may offer an important means of controlling bone resorption.

Having refreshed our memory regarding the main features of bone cells and

their physiology we can examine these schemes and current biochemical knowledge

for likely hormone targets. Three general areas where hormones might act form the

3 main headings of Fig. 2. Possible mechanisms of action at the molecular level under

each heading are listed below it — predictions which are based on what is commonly

known about the biochemistry, biophysics, and fine structure of cells. The fact that

these mechanisms occur in more than one area is indicated by repetitions and the

arrows between headings.

The extraordinary prominence of membranes in the structure of all cells suggests

that the rates of cellular metabolic processes could readily be controlled by regulating

the passage of materials across these boundaries, as indicated by the first heading.

Three general modes of transfer across membranes are known: 1) diffusion whose rate

depends on the physical characteristics of the membrane and an electrochemical
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gradient; 2) pinocytosis — the name currently given to the active engulfing of

materials by cells through invaginations of the plasma membrane; and 3) the pro-

cesses of transport under which name all cell membrane transfer systems involving the

concept of a carrier have been grouped.

Possiblemodes ofocfion ofhormones atthe molecular level

On amembrane

-OifTusion (integrity)

Pinocytosis

energy substrate

ai^o/Mtity

—Transport

active or "facilitated"^ Kr. ^
availabiiity ovaitoMity

energy
carrkr^^ qq^^

Biosynthesis bindim Destruction

Competitive Non-competitive

_^ Ona enzyme

—Activity

Inhibition Acly ^ - . „
'ive Non-competitive Degradation t

vtivotion

Availability

vsis felease Destruction

from

membrane

—Environment

pW Ions H^O

On transfer ofgenetic information

fronslationofDNA "message"

"Messenger'RNA

Biosynthesis Release Destruction

The rate of transfer of a substance by any of these methods depends on a variety

of factors potentially amenable to modification by hormones. Even the rate of

transfer by diffusion (the simplest case) depends on pore size, charge, bound ions etc.

while the 2 more complex processes are often coupled to cell metabolic activity and

potentially depend on a host of items. Thus pinocytosis, which clearly involves cell

movement and new membrane synthesis, must depend at least on the availability of

pools of energy and appropriate substrate. In the case of transport, besides energy to

drive the system, a carrier must be supplied whose movement in the membrane (real

or apparent) depends on some of the same factors as diffusion. The availability of

this carrier to transport a given molecular species will, in turn, depend on its rate of

biosynthesis, its rate of destruction, and the degree to which it is bound — either to

the material under study or some competitive molecule. While this analysis obviously

could be carried further enough has been said to indicate the general line of reasoning

which can be pursued.

Clearly, the processes of transport, pinocytosis and even diffusion must ultimately

depend on enzymes and their activity. Thus potential effects of hormones on enzymes

form the second major area which must be considered in any survey of molecular

mechanisms which might be affected by these substances.

A direct effect of a hormone on an enzyme or enzyme system could occur in

3 ways: through direct modification of its action on its substrate, through changes in

the total quantity of enzyme available, or through changes in the local environment

in which it has to act. As in the case of potential effects on membrane transfer

systems, possible modes of action each worthy of investigation are suggested for each

category by current knowledge. It is noteworthy that when these are examined the

only wholly novel possible actions which present themselves in this area are those
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related directly to enzyme activity through inhibition — competitive or non-com-

petitive — or activation by degradation of a zymogen or polymerization of inactive

subunits. When enzyme availability is considered, relative rates of synthesis and

destruction which must depend in turn on the availability and activity of still other

enzymes offer potential controls very reminiscent of the factors controlling the

availability of membrane carriers. As one looks further the potential importance of

membranes reappears in even more direct form. Potent enzymes may be effectively

isolated from their substrates except under special conditions by impermeable mem-
branes as is the case in lysosomes. Moreover, the critical dependence of the com-

position of the whole internal environment in which enzymes act on the activity of

membrane transport systems may be cited as an even more dramatic example of the

potential interplay of one area of action on another.

The third area of potential hormone action has been termed "transfer" of genetic

information but could equally have been designated "control of nuclear metabolism".

In any case its inclusion is a direct outgrowth of the notion that the rates of bio-

synthesis and destruction of membrane carriers, membranes, structural proteins and

metabolic energy depend fundamentally on the availability of suitable enzymes

which in turn implies not only synthesis of the proper enzyme proteins but proper

guidance and integration of the entire system as well — considerations which make

the metabolic processes by which cell nuclei control protein synthesis highly likely

targets for hormonal influence. Once this view is entertained numerous sites for

hormone action suggest themselves ranging from selection of the DNA "message" to

be "transcribed" through the steps involved in the biosynthesis, release, transport,

utilization and destruction of "messenger" RNA. Each of these steps, it must be

remembered, probably Involves In Its turn enzymes and thus protein synthesis etc. —
even the veiling and unveiling of genetic loci on DNA strands may depend on

protein formation and interaction If Jacob and Monod's (1961) concepts of repres-

sion and de-repression can be proven applicable in animal systems. Finally, the fac-

tors which affect transfer of substances across membranes, in this case the nuclear

membrane, again must be considered. Thus when this third area of possible hormone

activity is reviewed the same handful of mechanisms seem to be the ones available for

mediation of hormone influences on metabolism.

These thoughts lead inevitably to the view that only 3 modes of action of

hormones at the molecular level seem possible — effects on membrane structure

yielding changes in permeability; direct inhibition or activation of enzyme activity;

and effects on the cell nucleus resulting In qualitative or quantitative changes in the

transcription of genetic information which are reflected by changes In messenger

RNA and protein synthesis. The next step is to see how well present evidence of

hormonal action at the molecular level appears to fit these predictions. The few

examples which follow have been selected from the many available to illustrate that

hormone effects on each of the 3 basic mechanisms postulated have now been demon-

strated.

The first of these — a direct effect on membrane structure and permeability — is

well Illustrated by the Increase in the bulk flow of water across the toad's bladder

Induced by vasopressin. Fig. 3 taken from Hays and Leaf's (1962) original paper

clearly Indicates that the flux of water across this membrane under a variety of

osmotic gradients Is several fold greater when vasopressin is added in vitro, appar-
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one's favorite hormone that it is difficult to settle upon a suitable example! The one I

have selected, drawn from some experiments by Widnell and Tata (1963), concerns

the action of triiodothyronine in vivo on metabolic activities in fractions of liver

^^00

^ 100

-
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This species' variability may be even better illustrated by the difference in the

uptake of glycine into male rat and mouse bone following estradiol treatment. As

shown in Fig. 7 (Vaes and Nichols, 1962) incorporation into bone was depressed

by estradiol in rats while stimulated in mice. These findings, which confirmed histo-

logic observations, indicate that in rats estrogens inhibit bone resorption while in

mice they stimulate new bone formation. Thus the accumulation of cancellous bone

in the marrow cavities of the long bones which results in both species occurs for

entirely different reasons. Clearly, these observations show the need to explore

hormone effects in depth if understanding is to be obtained sufficient to predict

actions in other tissues and in other species — predictions which are so important in

the clinic. The considerations outlined earlier indicate the kind of question which

must be asked: Is the observed change the result of changes in new bone synthesis or

old bone resorption or both? Is the hormone affecting membrane permeability,

membrane stability, enzyme activity, the biosynthesis of proteins through nuclear

mechanisms, or some combination of these factors?

While the changes shown in the last 2 diagrams were relatively small, very marked

changes in specific aspects of bone metabolism occur when certain hormones are

absent. Fig. 8 shows the profound depression in the rate of bone collagen biosynthesis

which we have recently found in hypophysectomized and thyroidectomized rats.

Lesser changes of the same type were also found in O, uptake and proline incorpo-

ration into the cells while lactate production was not significantly changed. Inter-

estingly none of these effects were reproduced by parathyroidectomy alone. Again the

details remain to be explored, but the relation of these observations to the growth

failure noted in animals and patients deprived of pituitary or thyroid secretions

during the growth phase seems clear.

M Normal

I I Hypophysechmized

[^ Thyro-Parafhyroidectomized

Q Paraf-hyroidecfomized

Changes

Lacfafe

producfion

letabolic indices induced in rat b

organs 10 days before sacrifice

One other indication of the importance of these hormones in the control of bone

cell metabolism has recently been pointed out by Johnston and Deiss (1965). The

presence of an intact pituitary seems to be necessary for the development of some of
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the late effects of parathyroid extract on bone metabolism — an example of "per-

missive" effects of these hormones in bone which appears to be confirmed by recent

experiments in our laboratory.

In closing a few general remarks seem in order. Clearly the whole subject of

effects of "non-skeletal" hormones on bone while once popular has been passing

through a period of partial eclipse during which only the clinician, faced as he

always is with the need to aleviate the distresses of the sick, has maintained an inter-

est in how these substances may modify skeletal behavior. During the same time new

views in endocrinology, based in biochemistry and cellular physiology, have been

developing which provide new insights into the fundamental modes of action of

many hormones. While these have yet to be applied systematically to bone, the need

to do so is obvious; the way to pursue such studies seems clear; and all that is needed

now is to get to work.
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Hormones and Calcium Metabolism

B. E. C. NORDIN

Mineral Metabolism unit, the General Infirmary, Leeds, England

Introduction

The literature on the effects of hormones on bone and calcium metabolism is so

large that it is impossible to review it adequately. All this paper will attempt to do is

to report selected papers which appear to the writer to shed significant light upon the

action of hormones on calcium and bone metabolism in man. Parathyroid hormone

and calcitonin have been deliberately omitted.

Thyroid hormone

Thyrotoxic bone disease had been recognised for a long time when Aub et al.

(1929) first noted the increased excretion of calcium in the urine and faeces which is a

feature of hyperthyroidism. The nature of this bone disorder was not defined until

much later, however, when Albright and Reifenstein (1948) recognised it as a form

of osteoporosis which they attributed to malnutrition resulting from an increased
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requirement of protein and vitamins. This brought thyrotoxic bone disease into line

with their protein matrix hypothesis for osteoporosis.

This concept that thyrotoxic osteoporosis was connected in some way with the

negative nitrogen balance which is a feature of hyperthyroidism was accepted (per-

haps rather uncritically) until Krane et al. (1956), showing that the calcium balance

might be negative even when the nitrogen balance was positive, challenged it. Cook

et al. (1959) also failed to find any correlation between calcium and nitrogen balance

in hyperthyroidism and Puppel et al. (1945) had previously shown that oral

administration of calcium alone could produce a positive calcium balance in patients

with hyperthyroidism.

The protein matrix concept had previously been questioned at the histological

level. As early as 1933 Askanazy and Rutishauser had shown that the histology of

thyrotoxic bone disease resembled that of osteitis fibrosa, and this was subsequently

confirmed by Follis (1953) in a paper which has become a classic. These observations

showed that the osteoporosis was probably caused by increased bone destruction

rather than diminished formation.

The present view is undoubtedly that the effect of hyperthyroidism on calcium

metabolism is to increase rather than decrease the rates of bone formation and

destruction. Krane et al. (1956) were the first to use radiocalcium to demonstrate

accelerated bone turnover in thyrotoxicosis, and this observation was subsequently

confirmed by Fraser et al. (1960) with stable strontium. The in vitro uptake of

radiophosphorus by bone powder has been shown by Hernberg (1960) to be in-

creased in thyrotoxicosis and this again is taken to signify an increased rate of new

bone formation. The enhancing effect of thyroid hormone on bone resorption has

been demonstrated by the elevation of urinary hydroxyproline in thyrotoxicosis

which has been reported by Kirivikko et al. (1964) and Benoit et al. (1963).

Conversely Heaney and Whedon (1958) have shown the bone formation rate to be

lowe in myxoedema.

It has already been mentioned that early calcium balance studies in thyrotoxicosis

showed both the faecal and urinary calcium to be increased. This was amply con-

firmed by Cook et al. (1959) in calcium balances on nine cases. In four of these the

urinary calcium exceeded 900 mg. daily and in four the faecal calcium exceeded the

dietary intake. This latter observation suggests an increase in the endogenous faecal

or digestive juice calcium, but this is not born out by examination of the data of

Krane et al. (1956). Cook et al. (1959) also found an increased faecal fat in eight

of their nine patients, possibly due to intestinal hurry.

Fiypercalcluria was also a feature of the hyperthyroid cases described by Green

and Lyall (1951) and this hypercalciuria was supressed in the one patient to whom
they administered alkali. This latter observation is one which we have since confirmed

and we have also found (as have Hernberg and Jakobsen, 1964) that the urinary

calcium in thyrotoxicosis is a function of the severity of the disease. In our experience,

it is correlated with the plasma level of protein bound iodine (Nordin, 1964) (Fig. 1).

The plasma calcium also tends to rise in hyperthyroidism (Harrison et al., 1964)

and a number of cases of frank hypercalcaemia have been reported (Rose and Boles,

1953; Pribek and Meade, 1957; Kleeman et al, 1958; Guyer, 1965). In one case

(Sataline et al., 1962) this hypercalcaemia was reversed by cortisone but in another

(David et al., 1962) it was not.

15*
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In view of the histological changes in the bone and the tendency to hyper-

calcaemia in thyrotoxicosis, one has to consider the activity of the parathyroid

glands. Some cases have in fact been reported of simultaneous hyperthyroidism and

Fig. 1. Relation between plasma protein bound iodine and urinar

calcium creatinine ratio in 38 thyrotoxic patients before and afte

radioactive iodine therapy

Fig. 2. Phosphate excretion indices

tients with thyrotoxicosis

hyperparathyroidism (Bortz et ai, 1961). Generally, however, parathyroid activity

is probably reduced in hyperthyroidism. This at least is the implication of the low

phosphate clearances and subnormal response to phosphate loading reported by

Harden et al. (1964) (Fig. 2), and the high Tm phosphate reported by Parsons and

Anderson (1964). These changes are unlikely to be due to the thyroid hormone itself.

To summarise, excessive secretion of thyroid hormone has the following effects on

calcium metabolism:

It increases the rates of bone formation and resorption.

It raises the plasma and urinary calcium.

It diminishes parathyroid activity as measured by phosphate clearance.

It reduces absorption of calcium, possibly by suppressing the parathyroids.

These effects suggest that the action of the thyroid hormone on calcium meta-

bolism is qualitatively not unlike that of the parathyroid hormone.

The gonadal hormones

It was Albright et al. (1941) who first drew attention to the apparent relation

between osteoporosis and the menopause when they described 42 cases of osteoporosis

under the age of 65, 40 of whom were postmenopausal women. Before that time the

role of oestrogens in calcium and bone metabolism in birds and mice had been

appreciated (Gardner and Pfeiffer, 1938; Pfeiffer and Gardner, 1938) but the

extension of this to man had not been envisaged.
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Albright subsequently extended his concept to embrace both the male and female

sex hormones. He pointed out, that osteoporosis was a feature of ovarian agenesis,

which may be true (Turner, 1938), but claimed that it was also a feature of

eunuchoidism, which is open to some doubt (Labhart and Courvoisier, 1950). Since

that time, the concept that the gonadal hormones play a part in the pathogenesis of

osteoporosis has been questioned by many people and the present position is confusing

to say the least.

There is no doubt that the oestrogenic hormones affect calcium metabolism. Dis-

regarding their highly specific effects in birds and mice, which have no counterpart in

other species, there is convincing evidence that they inhibit the resorption of meta-

physeal bone in rats (Lindquist et al., 1960). In humans, there can be no doubt that

a fall in bone volume occurs soon after the menopause in women and that a similar

though less marked change occurs after the age of 50 in males. We (Nordin et al.,

in press) have found a fall in spinal density and metacarpal cortical thickness in

women 5 to 10 years after the menopause and (like other workers in the field) we

have seen several cases of osteoporosis following an artificial menopause. Moreover,

the development of osteoporosis in the iliac crest starts at the age of about 50 (Beck

and Nordin, 1960) particularly in women (Saville, 1962). On a recent visit to

Africa, India, Japan, Cen-

tral America and other coun-

tries, I observed that spinal

osteoporosis did not appear

in any part of the world

before middle age in either

males or females after which

there was a sharp rise in in-

cidence in women and a less

marked rise in men (Fig. 3).

It is true that Donaldson
and Nassim (1954) found

no relation between osteo-

porosis and artificial meno-

pause but if one takes all the

facts mto account it appears probable that reduced sex hormone activity play some part,

directly or indirectly, in the development of osteoporosis in women and possibly in men.

When it comes to considering the mechanism of action of sex hormones on calcium

metabolism in man, one finds that the effect of the oestrogens is better established

than that of the androgens. Thus the balance data of Albright and Reifenstein

(1948) repeatedly demonstrate a fall in urinary calcium on the administration of

oestrogenic hormones to cases of osteoporosis, although the changes in feacal calcium

are less convincing. Ackerman et al. (1954) observed a slight fall in urinary cal-

cium in elderly women given oestrogens when in negative calcium balance. Henne-
MAN and Wallach (1957) found that oestrogen therapy had improved the calcium

balance in 13 out of 15 published cases. However, the only large changes in balance

were those reported by Anderson (1950). The most convincing data are those of

Shorr (1945) who showed that oestradiol benzoate lowered urinary calcium and

raised urinary citrate, an observation which we have recently confirmed (Fig. 4).

percentages ot osteoporotic films among 373 male and
mbar spine X-rays examined in United Kingdom, India,

Japan, United States and Finland
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The evidence regarding the effect of the androgens on calcium balance is rather

scanty. Albright and Reifenstein (1948) were able to demonstrate the good effects

of testosterone on several cases of osteoporosis but Ackerman et al. (1954) could find

no effect at all. Henneman and Wallach
(1957) considered that testosterone had

some effect in senile men but no effect in

women. Bartter (1957) reported an im-

provement in calcium balance in one case of
1''

[
\^ osteoporosis on testosterone. Lafferty et al.

(1964) reported that androgens and oestro-

gens both reduced bone resorption in osteo-

porosis but that after long administration

a secondary decline in bone formation oc-

curred. This is an interesting suggestion but

unfortunately their method of calculating

bone resorption rate is open to question.

As far as the anabolic steroids are con-

cerned the effect of these compounds on

nitrogen balance is well established though

it is not certain that the same effect could

not be achieved in some instances at least

by increased nitrogen intake. The effect on

calcium balance is less consistent (Everse

and Keep, 1961). There appears to be a fall

in faecal calcium and sometimes a fall in

urinary calcium but the overall effect on calcium balance is rather small and hardly

comparable with that which can be achieved by high calcium feeding (Whedon,

1964). Dymling (1962) found no effect with an anabolic steroid on bone excretion

rate and Gordan and Eisenberg (1963) had the same experience. Lund (1963) found

at least as many cases of osteoporosis among steroid treated patients given an anabolic

compound simultaneously as among those not given such supplementary therapy.

Thus it would appear that reduction of oestrogenic activity (particularly when

acute) may precipitate the reduction in bone volume which we call osteoporosis and

that administration of oestrogenic hormones reduces urinary calcium, raises urinary

citrate and promotes a positive calcium balance. The nature of these actions cannot

be explained at present, but they are unlikely to be connected with nitrogen balance

on which oestrogens have little if any effect (Albright and Reifenstein, 1948). It is,

therefore, probable that oestrogens influence bone in Man through an action on

mineral metabolism. This has been suggested by Ranney (1959) who found that

oestrone neutralised the effects of parathyroid extracts on bone turnover in mice. An

alternative explanation may be found in the work of Cushman et al. (1965) who

made the interesting observation that 17/?-oestradiol perfused into the isolated dog

adrenal inhibited corticosteroid secretion. This reminds one that the effects of

oestrogens on urinary calcium and citrate excretion are the reverse of those of the

adrenocortical steroids.

Another little known eft'ect of oestrogens was reported by Nassim et al. (1956)

who found that administration of stilboestrol to 5 patients lowered the tubular

^ J f 7

Days

Fig. 4. Effect of ethinyl oestradiol 0,

on urinary pH, citrate and calcium i

old women
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reabsorption of phosphate. They attributed this to depression of the anterior pituitary

and thought it might explain the hypophosphataemic action of the oestrogens previ-

ously reported by Reifenstein and Albright (1947). An alternative explanation

would be, however, that

the parathyroid glands were f/^^g phofomefry Aufo ono/yzer

stimulated by the stilboestrol (3 Cases) (2SCases)

which in turn suggest that

stilboestrol may lower the

plasma calcium. If this were

one of the actions of the

oestrogenic hormones it

would also explain their '% /n\-
'.

' '

"

.
'. t=2.Sp<0.0l

effect upon urinary calcium

and possibly on urinary ci-

trate, which rises with para-

thyroid activity (Horwith

et ai, 1961). We have tested

this hypothesis by the ad-

ministration of ethinyl oest-

radiol to postmenopausal

women and our preliminary

data do in fact suggest that

this compound depresses

plasma calcium (Fig. 5).

To sum up the effects of the gonadal hormones on bone and calcium metabolism,

it seems fair to say that the actions of androgenic and anabolic compounds in this

held are quite uncertain, though their effect upon nitrogen balance is well established.

The oestrogenic hormones, on the other hand, have little effect on nitrogen metabo-

lism but appear to reduce urinary calcium, raise urinary citrate, inhibit bone re-

sorption and depress plasma calcium. The overall effect is an improvement in calcium

balance but it is not clear whether this effect is achieved by inhibiting bone resorption

or whether bone resorption is inhibited as a result of the improvement in calcium

balance. The reverse effects of oestrogens on urinary calcium and citrate are of course

reminiscent of a metabolic alkalosis (Dedmon and Wrong, 1962) but there is no

convincing evidence that oestrogens have an effect on acid-base balance.

@ ^ (g)

Af^/Tf d/r/hff before during

Fig. 5. 50 observations of plasma calcium before and 67 during the

administration of ethinyl oestradiol 0.1 nig. daily to 26 patients

Corticosteroid hormones

Compression fractures and "soft bones" were a feature of the original cases of

hyperadrenocorticism described by Cushing in 1932. Albright et al. (1941) intui-

tively attributed this syndrome to an overproduction of the adrenal cortical "sugar"

hormone, a prediction which was subsequently confirmed when the hormone was

indentified as Cortisol. It was also Albright (1942— 1943) who recognised the bone

disease as osteoporosis and who attributed it as well to the antianabolic action of the

"S" hormone the existence of which he had himself been the first to postulate. In

accordance with this concept, he proposed that the osteoporosis of Cushing's syn-

drome was due to decreased formation of protein bone matrix, and this hypothesis

has remained popular for many years.
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That Cushing's syndrome is associated with osteoporosis is beyond doubt, but

whether therapy with synthetic corticosteroids has the same effect is a little less

certain, although extremely probable. The first cases of osteoporosis from cortico-

steroid therapy were described by De Martini et al. in 1952 and further cases were

reported by Curtis et al. (1954) and then by many others. McConkey et al. (1962)

on the other hand reported that the incidence of osteoporosis was no higher in a

series of patients with rheumatoid arthritis on steroid therapy than in a similar group

untreated, but they are probably in a minority.

The cause of the osteoporosis in these patients is uncertain. The measurement of

bone formation rate with bone-seeking isotopes has not yielded a clear answer. Thus

GoRDAN and Eisenberg (1963), using stable strontium, found small pool sizes and

turnover rates in three cases of Cushing's syndrome. The
'""^ ''^ same authors studied a large number of patients taking

synthetic corticoids and found variable pool sizes but gen-

erally an increase in urinary excretion and bone accretion

rates. We have measured bone formation rate by a variety

of techniques but have failed to find any consistent differ-

ence between the rates in normal and steroid-treated in-

dividuals. Using intravenous radiocalcium or radiostrontium

(Nordin et al., 1963), our values ranged from about 2 to

10 mg./kilo in normal subjects and extended over a similar

or rather larger range in patients on steroid therapy (Fig. 6).

Measurement of retention in a whole body counter yielded

lower values but again there was no difference between the

controls and the patients on corticosteroids (Fig. 6). Even

with continuous feeding of radiocalcium (Nordin et al.,

1964) the bone mineralisation rate appeared to be normal

in patients on steroid therapy.

Balance studies in patients on steroid therapy have also

been somewhat inconclusive. Slater et al. (1959) observed

malabsorption of calcium in patients on dexamethasone.

We have observed the same thing occasionally but not con-

sistently. There is a tendency for both faecal and urinary

calcium to be higher than normal in patients on steroid

therapy and the theoretical mean calcium requirement (i.e.

the level at which calcium intake and output are equal) is

therefore somewhat increased but the significance of this

is uncertain. Radiocalcium absorption studies have also

been rather inconclusive although the results tend to be low particularly in

patients on cortisone (Nordin, 1964). In animals, Stoerk et al. (1963) implied

that hydrocortisone interfered with calcium absorption but suggested that it also

interfered with the action of parathyroid hormone on bone whereas Clark and

Smith (1964) were unable to demonstrate any efFect of corticosteroids upon calcium

absorption.

Stoerk et al. (1963) showed that hydrocortisone could lower the plasma calcium

and plasma citrate of parathyroidectomised rats and suggested that failure to observe

the same effect in normal animals was due to secondary hyperparathyroidism. They

o-
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found that hypocalcaemia following parathyroidectomy was aggravated by hydro-

cortisone and that the amount of parathyroid extract required to maintain serum

calcium concentration was increased in the presence of hydrocortisone.

In man hypophosphataemia with a raised phosphate clearance is sometimes seen

in Cushing's syndrome and could be due to secondary hyperparathyroidism (Nordin

and Fraser, 1960). The hypocalcaemic effect of cortisone is well established in

sarcoidosis and it has also been reported in vitamin D intoxication (Verner et ai,

1958) in thyrotoxicosis (Sataline et al., 1962) and in multiple myeloma (Merigan

and Hayes, 1961). Cortisone responsive hypercalcaemia has also been reported

occasionally in proven hyperparathyroidism (Gwinup and Sayle, 1961). This hypo-

calcaemic action is not confined to cortisone itself since it has frequently been

reported with prednisone as well (Bentzel et al., 1964).

The mode of action of the corticosteroids on plasma calcium is quite uncertain

but they have at times been thought to be antagonistic to parathyroid hormone

(Laron et ai, 1958; Myers, 1962) and at other times to antagonise the action of

vitamin D (Anderson et ai, 1954; Scholz, 1959). As far as the former concept is

concerned, the apparently hypocalcaemic action of corticosteroids in parathyroid-

ectomised animals (Stoerk et ai, 1963) tends to rule it out. As far as the second

concept — antagonism to vitamin D — is concerned, the circumstances in which this

antagonism operates appear to be quite limited. Thus Harrison and Harrison

(1958) found that Cortisol did not prevent the healing of rickets in rachitic rats given

vitamin D, and Thomas and Morgan (1958) found that it did not prevent the

development of hypercalcaemia in rats given large doses of vitamin D.

Jackson and Dancaster (1963) investigated this subject in four male adult

volunteers in whom they failed to prevent the development of vitamin D poisoning

by the simultaneous administration of large doses of cortisone and vitamin D. More-

over, patients with adrenal insufficiency were no more sensitive to calciferol than

those with hyperadrenocortisism.

A hypocalcaemic effect of corticosteroids is again apparent in the hypercalcaemia

of adrenal insufficiency (Sprague et ai, 1956; Leeksma et al., 1957). The nature of

this hypercalcaemia has been carefully investigated by Robinson and "Walser (1964)

and Myers et al. (1964). Both these groups measured calcium fractions in the plasma

of normal and adrenalectomised dogs and found that the hypercalcaemia following

Cortisol withdrawal could be explained by the following processes:

1. Dehydration and consequent increased protein concentration.

2. Increased calcium-binding by the proteins.

3. Increased ultrafiltrable calcium due both to increased calcium citrate and in-

crease in other complexes.

Both groups agreed that the ionic calcium remains normal. These observations are

difficult to reconcile with the clinical picture of nausea and vomiting following

adrenalectomy described by Sprague et al. (1956) which suggests a raised ionic

calcium in the blood. The implication that the corticosteroids do not affect ionic

calcium concentrations is also difficult to reconcile with their hypocalcaemic action

in vitamin D poisoning, hypercalcaemia of malignant disease and other conditions.

It is hard to believe that cortisone reduces plasma calcium in these diseases without

modifying the ionic fraction.
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If there is some doubt about the effects of the corticosteroids on plasma calcium,

there is no doubt about their effect on plasma and urinary citric acid, which are

depressed by steroid therapy. This was reported in 1958 by Henneman and Henne-

MAN who stated that adrenocorticotrophic hormone and operative trauma both

lowered the serum concentration and urinary excretion of citric acid in man, and

confirmed by Agrell et al. (1961).

Harrison (1959) found that administration of Cortisol to rats produced much

lower levels of citric acid in plasma than were found in rachitic or control animals.

Harrison and Harrison (1958) reported that this effect of Cortisol was attributable

to its inhibitory action on the eflux of citrate from cells to extracellular fluid rather

than to the intracellular accumulation of citrate.

There is little doubt that corticosteroids tend to increase urinary calcium though

whether this action is direct or indirect it is impossible to say. According to Pechet

et al. (1959) the dose required to produce this effect is large but Laake (1960)

determined calcium clearance in 16 patients on corticosteroid therapy and found the

tubular reabsorption of calcium to be decreased in 7 of them.

The effect of corticosteroids upon bone structure varies with the species studied.

Thus in Man the bone changes in Cushing's syndrome are essentially those of osteo-

porosis (Sissons, 1956) but the presence of normal osteoid seams and the occasional

slight increase in osteoclastic activity is perhaps slightly more in favour of increased

bone destruction than decreased new bone formation. This is also true in the rabbit in

which species Storey (1961) produced spontaneous fractures after 12 days of corti-

sone administration. This rapid rarefaction of bone was mainly due to an increased

rate of resorption associated with large numbers of osteoclasts at trabecular margins.

Old rabbits responded in the same way though rather more slowly. Urist and

Deutsch (1960) also demonstrated increased bone resorption by cortisone in birds.

The effects of corticosteroids on rat bone are more variable and are complicated by

the almost invariable interference with growth which this regime produces. Meta-

physeal sclerosis has been reported on cortisone treatment but this gave way to

osteoporosis when the Ca/P ratio of the diet was adjusted (Storey, 1961).

To summarise the effects of corticosteroids on calcium and bone metabolism, it

would appear that they tend to inhibit calcium absorption, to inhibit renal tubular

reabsorption, to depress plasma calcium, and to depress plasma and urinary citrate.

Associated with these effects there is a tendency to negative calcium balance and the

development of osteoporosis which some workers attribute to reduced bone formation

but which experimentally seems more likely to be due to increased bone resorption.

In many ways their action is antagonistic to that of vitamin D and the parathyroid

hormone and it is possible that the interpretation of steroid action on bone may be

complicated by the frequent presence of secondary hyperparathyroidism.

Growth hormone

The effects of growth hormone on bone growth are too well known to require

detailed recapitulation. There occurs in acromegaly a "generalised overgrowth of

bone characterised by cortical thickening with circumferential increase and coarsening

of structure" (Finlay and MacDonald, 1954). These effects are understandable in

terms of the action of the hormone on growth processes in general. What is less easy
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to understand is the occurrence of osteoporosis in acromegaly and attributed by

Albright and Reifenstein (1948) to the effects of secondary adrenocortical over-

activity on the synthesis of bone matrix. The hyperphosphataemia is also unexplained.

The frequency of osteoporosis in acromegaly is uncertain but most workers are

agreed that a characteristic feature is hypercalciuria (Bauer and Aub, 1941; Harri-

son et ai, 1960; Haymovitz and Horwith, 1964). According to Albright and

Reifenstein (1948) this hypercalciuria is the result of the disease whereas Karam
et al. (1961) and Haymovitz and Horwith (1964) both suggest that the high

urinary calcium contribute to the development of bone disease by causing a negative

calcium balance.

With the advent of purified human growth hormone it has become possible to

observe the effects of this hormone in Man and a striking and consistent observation

has been the rise in urinary calcium which follows administration of the hormone to

cases of hypopituitarism (Ikkos et ai, 1959; Henneman et al., 1960; Fraser and

Harrison, 1960). This rise in urinary calcium is associated with a fall in urinary

nitrogen and phosphorus. Various workers have tried to establish whether the hyper-

calciuria is the result of increased calcium absorption but their results are con-

flicting. In three of the four cases reported by Ikkos et al. (1959) the faecal calcium

rose whereas in the hypopituitary cases of Henneman et al. (1960) faecal calcium

fell, as it did in most of the cases studied by Beck et al. (1960). Moreover, Finkel-

STEiN and ScHACHTER (1962) found that growth hormone promoted active calcium

transport by the rat duodenum. Fraser and Harrison (1960) confirmed the hyper-

calciuric effect of growth hormone in hypophysectomised rats but not in normal rats

and showed that the rise in urinary calcium was associated with a corresponding rise

in the excretion of Sr^^ with which the skeletons had been labelled. This indicated

that the calcium was being withdrawn from the skeleton but since the animals were

on a low calcium diet it is difficult to see where else it could have come from. They

repeated the observations on rats which had also been parathyroidectomised and

found no rise in urinary calcium or strontium. They inferred that the effect of

growth hormone on calcium excretion was due to parathyroid stimulation by an

overdosage of the hormone. In another paper, Harrison et al. (1960) described a

case of acromegaly with hypercalcaemia in which plasma calcium returned to normal

after pituitary irradiation.

Karam et al. (1961) pursued this subject further by postulating that the hyper-

calciuria produced by growth hormone might be the result of a fall in the intra-

cellular concentration of citrate in the renal tubules. They showed that fluoroacetate

given to normal rats raised the urinary and kidney citrate and lowered calcium

whereas growth hormone given to hypophysectomised rats lowered renal citrate and

raised urinary calcium. The idea that urinary calcium is controlled by renal citrate

is a good one but the data are not entirely convincing nor is this concept really

compatible with the idea of parathyroid stimulation by the pituitary put forward by

the same authors.

The hyperphosphataemia of acromegaly (Williams, 1964) is well recognised and

used by many workers as an indicator of pituitary activity and is reminiscent of the

hyperphosphataemia of children. It is associated with an increased Tm phosphate

which is said by some, however, only to be increased in proportion to the glomerular

filtration rate (Cattaneo et ai, 1964). Since the urinary phosphate is reduced by the
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growth hormone as described above, and the plasma phosphate is increased (Henne-

MAN et al., 1960) the implication is that tubular reabsorption of phosphate has

increased as Corvilain et al. (1962, 1964) have shown. This could be the result of

diminished parathyroid activity such as would be produced if growth hormone

tended to raise plasma calcium, as it did in one of Henneman's two cases. The early

literature (reviewed by Bauer and Aub, 1941) suggested in fact that pituitary

extract raised plasma calcium but it is hard to know how much credence to place in

those data now.

If the effect of growth hormone in raising plasma phosphorus were a primary

one, it would be expected to depress plasma calcium and stimulate the parathyroids

in the manner suggested by Tornblom (1949). This would lead to a fall in urinary

calcium, Smith and Nordin (1964). Since the hormone raises urinary calcium, how-

ever, another explanation must be sought — either a rise in plasma calcium or a

diminution in parathyroid activity or both. Since a primary action of the hormone

is to stimulate new bone growth It presumably Increases the proportion of young to

old mineral in the skeleton so producing the increased miscible pool and decreased

24-hr. plasma specific activity reported by Haymovitz and Horwith (1964). Mac-
Gregor (1962) has suggested that the increased "solubility" of child bone might

explain the higher plasma phosphates in children. A similar explanation might be

applied to acromegaly. Young bone (probably octocalcium phosphate as suggested

by Brown and MacGregor [1965]) being more soluble than old allows the plasma

calcium to rise, thus diminishing parathyroid activity and allowing the plasma

phosphate to rise. Urinary calcium increases both because of the rise in plasma

calcium, however small (MacFadyen et al., 1965) and because of the fall in para-

thyroid activity (Kleeman et al., 1961).

Thus to summarise the action of growth hormone on calcium metabolism it

appears that the hormone stimulates bone growth, raises plasma phosphate and

raises urinary calcium and increases tubular phosphate reabsorption. It may tend to

elevate plasma calcium but this is speculative. The evidence that it stimulates the

parathyroids and/or reduces kidney citrate is still Inconclusive, and Its effect on

calcium absorption is uncertain.

Other hormones

The association between Diabetes and Osteoporosis reported by Hernberg (1952)

is unexplained. Nielsen (1964) has shown that antidiuretic hormone increases the

excretion of calcium and suggests that it Inhibits renal tubular reabsorption of

calcium. PiTis et al. (1964) have reported that noradrenaline may precipitate tetany

in Man. Space and time do not permit me to pursue any of these trains of thought,

inviting though they seem to be.

Conclusions

It seems that it might be possible to Integrate our knowledge of the action of the

hormones on calcium metabolism by relating them all to the plasma calcium level.

The plasma and extracellular calcium form a pool through which all calcium traffic

as It were must pass. The calcium concentration in this pool Is governed by the

relation of blood to bone. Taking this as the starting point, it appears that the

following effects may just be discernible:
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1. The thyroid hormone raises plasma calcium, depresses parathyroid activity and

increases tubular reabsorption of phosphate. Urinary calcium is increased both be-

cause of an increase in filtered load and reduced parathyroid activity. Calcium ab-

sorption is reduced (? due to reduced parathyroid activity). Hypercalciuria and

malabsorption of calcium lead to negative calcium balance and osteoporosis or osteitis

fibrosa according to severity.

2. The corticosteroids depress plasma calcium, reduce calcium absorption, increase

calcium excretion and depress plasma and urinary citrate. If citrate were an intra-

cellular calcium carrier it might be suggested that these steroids reduce calcium

transport. Malabsorption and hypercalciuria would suffice to explain the osteoporosis

but a primary efFect on bone protein cannot be excluded.

3. The oestrogens depress plasma calcium, reduce urinary calcium, raise urinary

citrate, probably increase calcium absorption. They may promote calcium transport,

possibly through the citrate ion. They tend to stimulate the parathyroids and so cause

phosphaturia and hypophosphataemia and this contributes to (or may explain) their

hypocalciuric action. Loss of oestrogens allows plasma and urinary calcium to rise

and so reduces parathyroid activity and increases urinary calcium. Calcium absorp-

tion may fall. These effects result in negative calcium balance and osteoporosis but a

primary effect on bone resorption cannot be excluded.

4. Growth hormone raises plasma calcium, reduces parathyroid activity, raises

plasma phosphate, increases urinary calcium. The effects on plasma and urinary

citrate and on calcium absorption are uncertain, but hypercalciuria causes negative

calcium balance and osteoporosis despite the stimulating effect of the hormone on

new bone formation.

When these actions (which are summarised in Fig. 7) are considered in relation to

those of the parathyroid hormone (hypercalcaemic) and calcitonin (hypocalcaemic)

Hormone
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Mode of Action of Calcitonin

H. A. SoLiMAN ''", C. J. Robinson, G. V. Foster, I. MacIntyre

Department of Chemical Pathology, Postgraduate Medical School, Ducane Road, London,

England

In our laboratory perfusion studies in the dog and goat have demonstrated the

secretion of calcitonin by the thyroid gland. Our findings in the dog have been

confirmed by Bernstein et al. (1965). We present here studies of the mode of action

of the new hormone.

Acetone-dried pig thyroid was extracted with hot hydrochloric acid, dialysed,

fractionated with NaCl and the active precipitate dissolved in acetate buffer. This

salt precipitated fraction was used in these studies. A single intravenous dose of

calcitonin in the rat produced a prompt fall in plasma calcium and phosphate. The

possibility of the existence of plasma calcium lowering principles in other tissue

extracts was examined. Beef parathyroid, pig liver and ox kidney were dealt with in

a similar manner to the thyroid tissue. Equal doses, on the basis of protein nitrogen

content of these extracts, and one-tenth of this dose of thyroid extract were tested in

the rat. Extracts from the other tissues produced a small, non-specific fall in plasma

calcium, compared to the marked drop produced by the thyroid extract.

In vitamin D-induced hypercalcemia and hyperphosphataemia in the rat, the

hormone was found to be still potent in lowering both plasma calcium and phos-

phate. Calcitonin was also active in calcium deficient and in magnesium deficient

rats. The hormone lowered the plasma calcium in vitamin D deficient rats, and there-

fore its activity is not dependent on vitamin D.

Removal of the kidneys did not alter the plasma calcium-lowering response to the

calcitonin injection and, therefore, this effect is not mediated via a renal mechanism.

The plasma calcium lowering effect was not accompanied by an Increase in soft tissue

calcium.

These two facts, that the calcium lowering activity Is not mediated through a

renal mechanism and is not accompanied by an increase in soft tissue calcium, point

strongly to the bone as the site of action of calcitonin.

A new concept of the mode of action of hormones is that they may act by control

of gene activity. The possibility of a genotropic action for calcitonin was investi-

gated. The antibiotic, actlnomycin D is a specific inhibitor of DNA-dependent synthe-

sis of RNA. Actlnomycin injected three hours prior to calcitonin did not block Its

action.

The conclusion is that concurrent synthesis of RNA is not necessary for calcitonin

to exert its two cardinal acute actions on plasma calcium and phosphate. This is

analogous to the rapid glucose lowering action of insulin, which cannot be blocked by

actlnomycin D.

In parathyroidectomlsed rats calcitonin produced a marked drop in the plasma

phosphate, without an appreciable effect on plasma calcium. However, in para-

thyroidectomlsed rats fed a high calcium, low phosphate diet, the hormone lowered

both plasma calcium and phosphate.

* United Arab Republic Sdiolar.
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From these two experiments we gather that:

1. Calcitonin does not act by inhibition of the parathyroid hormone.

2. Its action on plasma phosphate can occur without an effect on calcium.

3. It cannot lower plasma calcium below a certain level.

Summary

1. Calcitonin is a thyroid hormone which lowers plasma calcium and phosphate.

2. It is extremely potent.

3. Its site of action seems to be the bone.

4. It does not act by inhibition of the parathyroid hormone; concurrent synthesis

of RNA is not necessary for its acute actions.

5. It appears to have therapeutic potentialities.

6. Calcitonin will change our views on calcium homeostasis and bone physiology.
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On the Influence of Thyroxine, Thiouracil, Cortisone, Estrogen

and Testosterone on Endochondral Ossification Utilizing

Autoradiography

E. Uehlinger

Pathologisches Institut, Universitat Zurich, Schweiz

The experiments which will be dealt with in my report have as their goal a

further clarification of the influence exerted by hormones on endochondral ossi-

fication. Tritiated thymidine was employed in separate studies in conjunction with

the various individual hormones and my report will deal primarily with the results

obtained with thyroxine and thiouracil. Tritiated thymidine, a precursor of DNA, is

presently being utilized to label the mitotic activity of various tissues. During a

40 minute period after intravenous or intraperitoneal application, tritiated thymidine

is incorporated by all those cells which are actively synthesizing DNA so that they

may double their chromosomes during mitosis. The number of labelled cells is there-

fore proportional to the proliferation of a specific tissue or a group of cells. This

allows the calculation of the proliferation index (Hg-Index), which is the ratio of the

labelled cells to the total number of identical cells in percent (Rohr, 1963).

Two month old, 250—300 gram, male Wistar rats received daily during the entire

experiment 0.05 mg (50 y) thyroxine subcutaneously, or 50 mg thiouracil enterally.

The animals were then killed at regular intervals of 7, 14, 21 and 28 days. 40 min.

prior to death each rat also received a single intraperitoneal injection of 25 uQ of

tritiated thymidine.

The experiments with thyroxine yielded the following results: A comparison of

the cartilaginous proliferation of the epiphyseal plate with control animals showed no

16--
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marked dift'erences. A certain degree of unrest is observed in the proliferating zone,

which may, however, be ascribed to chance. A distinct impression is obtained that a

slightly increased ossification has taken place in the primary ossification zone, but

this is in no case certain. However, the labelling process with tritiated thymidine

reveals a significant increase of labelling of the preosteoblasts. The proliferation index

of preosteoblasts in the normal rat is Z.SVo, (Table 1). In these experiments, in which

Table 1

^H-Indcx of the Pre-Osteoblast in °o
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0.7— 1.5"/o. The suppression of mitosis in the preosteoblasts results in a delayed

chondrocytolysis and therefore in a delay of the longitudinal growth (Table 2).

Finally we treated 5—6 month old male Swiss mice, weighing approximately

25 g, daily by intraperitoneal injections of 2 mg estrogen or testosterone. The mice

were killed 7, 13, 20 and 27 days after the beginning of the experiment.

In testosterone treated mice the proliferation-index of the preosteoblasts remains

unchanged at the normal value of 7^lo. In contrast, estrogen increases the pro-

liferation-index of the preosteoblasts from 7^lo to 16Vo after the first week of treat-

ment, which then stabilizes at 33Vo (Table 2). The increase of preosteoblasts causes an

exceptional increase of endochondral, endosteal and periosteal new bone formation.

A weight comparison of bone tissue to the total metaphysis yields a percentage of

28.6 for the control mice, 24.6 for the testosterone treated mice, and 39.6 for the

estrogen treated mice.

In conclusion: The combined method of light microscopic and autoradiographic

investigation offers a clearer and finer understanding as to the exact influence of

hormones on the endochondral ossification. The transposition of these experimental

results from animal to man is not within the scope of this work.
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The Effect of Cortisone and Anabolic Agents on Bone

J. A. Fernandez de Valderrama, L. M. Munuera

Nuffiekl Orthopaedic Centre, Oxford, England

Now: Madrid, Espafia

An excess of cortisone causes an osteoporosis which resembles that of Cushing's

syndrome (Sissons, 1956) and also the osteoporosis of the elderly (Valderrama and

Little, 1965). Although the detailed mechanism has been only partially elucidated,

anabolic agents have been used clinically to provide symtomatic relief, but practically

nothing has been reported which might suggest a mechanism of action. In the present

investigation rabbits were used as the experimental animal, and given cortisone alone,

or an anabolic agent alone, or various combinations of the two. "Stromba" (17/j-

hydroxy-17a-methylandrosteno(3.2-C)pyrazole) was the anabolic agent of choice as

it is reported to give a typical anabolic action with minimal side effects.
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1. Cortisone alone

Using high doses of cortisone acetate (15 to 25 mg/kg), our observations, although

inter-related, fall into four main categories.

1. In the first place, cell division is diminished or ceases. No new bone is laid

down in the cortex, and in growing animals the production of metaphyseal bone is

almost stopped when doses of 25 mg/kg are used. In the growth cartilage the pro-

liferative zone is smaller than normal, and the enlarging zone wider. The cells in the

enlarging zone do not reach the stage of complete hypertrophy, and at the base of this

area a horizontal layer of bone is formed. In the metaphysis the number and calibre

of the vessels is greatly decreased.

2. In the early stages there is resorption of bone, particularly in those regions

where turnover is normally the most rapid. Osteoclasts may be seen on almost every

bone surface (Fig. 1), and in the cortex some sinusoids appear to be irregularly

r
Fig. One week after the administration of cortisone some sinusoids are di

surfaces numerous osteoclasts are seen

tiie resorbing bone

enlarged. With high doses osteoclast formation and consequent bone resorption

continue until no more osteoblasts and osteoblast precursors are left to coalesce into

osteoclasts. In electron microscope photographs of the resorbing bone, all the matrix

components appeared to be degraded simultaneously. This is in contrast to the resorp-

tion seen in disuse osteoporosis (Valderrama and Little, 1965) where the non-

collagenous matrix components dissapear first, and the collagen later. Even at some

distance from the bone there is a tendency for osteoclast-like cells to form around

sinusoids.

3. As bone resorption takes place and proliferation ceases the tissue is replaced

by an irregular fatty marrow network, even in the Volkman's canals. By 21 days

very few osteoclasts could be seen (their half-life is rather less than 48 hours —
Trueta and Rigal, in press), and the remaining osteoblasts on the bone surfaces had
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Fig. 2. 16 days of cortisone administration

capillaries penetrate to the normal level of the

Sealing of the cartilage by a horizontal plate of

an abnormal appearance, small

and heavily stained. Resorption

seemed to have come to a halt,

and the appearance of the bone

showed very little alteration with

continuous cortisone administration

for up to 6 weeks.

4. The sinusoid walls and sur-

faces of the cells in the bone and

marrow had an irregular appear-

ance, in contrast to the sharp out-

lines observed in control sections

prepared under the same condi-

tions. That these cells have their

surface structure disturbed pro-

vides a probable explanation for

the changed sinusoids and the re-

laxation of the cell walls which

may initiate the first stages of

osteoclast formation. In connective

tissue cells the channels along which

chromatin precursors travel to the

nucleus appear to be continuous

with the surface membranes of the

cells, as described by Rigal and

Little (1962). A disturbance of

the walls of such channels leading

transport of materials needed for ce

iwi'd h\ 3d.i\s ot tortisoiif pin-. "St

i

miilvi ". I'la- metaphyseal

growth plate leaving behind an area of arrested cartilage cells,

bone as produced by the cortisone alone is clearly demonstrated

Fig. 3. 7 days cortisone alone followed by 14 days cortisone

plus "Stromba". Further penetration of the vessels and re-

sumption of endochondral ossification

to the nucleus could prevent adequate surface

11 division.
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2. "Stromba" alone

No definite changes from the normal were observed.

3. Cortisone followed by "Stromba"

5 days after the administration of "Stromba" had begun there were many plump

osteocytes, together with evidence of new bone formation in the cortex. There was

also new bone formation in the metaphysis, and many new vessels. On the meta-

physeal side of the growth cartilage the number and calibre of vessels had returned

to normal. The greatly enlarged cartilage cells did not take part in subsequent endo-

chondral ossification but the vessels reached to the normal distance from the pro-

liferative zone, which had also regained its normal activity.

Storey (1958) has shown that after cessation of cortisone administration in

growing rabbits there is a surge of new bone formation. To establish that the anabolic

agent has a direct effect, and that we were not merely observing a "rebound" pheno-

menon, cortisone administration in a third group of animals was continued con-

currently with the "Stromba" administration.

4. Cortisone followed by Cortisone plus "Stromba"

Most of the effects observed were exactly the same as those seen when cortisone

administration was discontinued before the anabolic agent was given (5 mg/kg).

There were plump matrix forming cells. Proper vessel formation was seen and the

vessels reached to the normal distance from the proliferative zone (Fig. 2). Normal

Fig. 4. After 1 week administration of cortisone and cortiM.nc jnj

is obvious new bone formation with p.iiti.ilh till

enchondral ossification was also in progress (Fig. 3). The abnormal cartilage remained

unresorbed, and in many areas was covered by a surface layer of bone. In the cortex

some of the enlarged osteocyte lacunae filled in again; and resorption cavities became

filled with new bone (Fig. 4).
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Conclusions

We deduce from these observations that the osteoporosis caused by the adminis-

tration of cortisone results not only from a cessation of bone formation, but primarily

from a direct degrading effect which causes a massive resorption of bone. In the

experiments described this took place during the first two weeks of cortisone adminis-

tration. "With continuous administration of cortisone (up to 6 weeks) the total amount

of bone resorption observed, however, was rather less than that caused by experi-

mentally induced disuse osteoporosis in equivalent bones. This was confirmed both

by radiographs and in histological section.

The increase in fatty marrow, the disturbance of cell surfaces which are commonly

believed to contain phospholipids, and the deposition of fat in the liver and other

organs, all point to a general disturbance of lipid metabolism, though we are not sure

whether the production of abnormal fat is a direct or indirect effect of the cortisone.

The action of the anabolic agent is very striking in that it reversed in almost

every detail the abnormalities caused by cortisone in the bone and growth cartilage.

Summary

In rabbit bone cortisone inhibits osteoblast action and causes massive bone resorp-

tion until the osteoclast precursors are exhausted, and abnormal fatty marrow is

produced. In growth cartilage the enlarged cells fail to hypertrophy and endo-

chondral ossification ceases.

When the anabolic agent ("Stromba") was given the changes in the bone and

marrow were reversed in almost every detail, and in the growth cartilage meta-

physeal vessels reached to the normal distance from the proliferative zone. Normal

endochondral ossification was resumed.

We are grateful to Dr. K. Little for her help throughout this work; to Professor

Trueta for encouragement and helpful discussion; to the Roussel Laboratories Ltd.

for the gift of cortisone; and to Bayer Pharmaceutical Products for the gift of

"Stromba".

This work was carried out at the Nuffield Orthopaedic Centre, Oxford, while J. A. F. de

Valderrama was holding the Nuffield Scholarship in orthopaedic surgery and L. Munuera
a British Council Scholarship.
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Sites and Mode of Action of Growth Hormone

W. M. RiGAL, W. M. Hunter

Department of Orthopaedic Surgery, University of Edinburgh, Edinburgh, Scotland;

Medical Research Council, Clinical Endocrinology Research Unit, University of Edinburgh,

Edinburgh, Scotland

Towards the end of puberty a profound change occurs in bone. This is so striking

that it might, for want of a better term, be called "bone puberty". There is as yet no

clear correlation between this event and chronological age, cessation of growth,

sexual maturation or bone age. Before bone puberty, bone has great reparative power
and is in some respects plastic. For example, fracture union is rapid and non-union is

rare; a tibia or femur can be lengthened four inches (10 cm.) or more following a

simple transverse osteotomy and reconstitution of the defect occurs rapidly; the

curve in idiopathic (spinal) scoliosis continues to progress; and imbalanced muscle

pull produces bone malalignment.

After bone puberty the reparative power of the tissue is much reduced and its

apparent plasticity disappears. Anterior pituitary growth hormone (G. H.) presum-

ably plays some part in this alteration that occurs in bone tissues (Koskinen, 1965).

This assumption has prompted an investigation into the sites of action of the hormone

and its activity during puberty.

Sites of action

In young growing rabbits 5*'/o of the cells of the germinal zone (zone one) of the

epiphyseal growth cartilage are generatively active. Within the articular cartilage,

and also in the anlage cartilage while it still persists, a single line of cells exhibits

reproductive activity (Rigal, 1962). Growth hormone, in the intact animal, exerts

its greatest influence on growth by stimulating these stem cell zones (Rigal, 1964).

Injection of excess growth hormone results in 25''/o to 50''/o of the germinal zone cells

becoming generatively active, and, in the articular and anlage cartilage the two

narrow lines of widely spaced active cells become continuous and several cells wide.

A similar effect could not be demonstrated in vitro.

Mode of action

Methods

The radio-immuno-electrophoretic assay of Hunter and Greenwood (1964) has

been used to measure plasma human growth hormone under varying conditions in

children between the ages of 9 years and 15 years who were normal from the endo-

crine point of view.

1. Diurnal studies: the children were confined to bed and plasma samples taken at

hourly intervals during day-light hours and at two hour intervals during sleep at

night.

2. Nocturnal studies: samples were taken at half-hourly intervals during a 14

hour period which included the whole night.

' These investigations arc supported b}' British Medical Research Council Grant No. G. 963134.



Sites and Mode of Action of Growth Hormone 251

3. Test meal studies: growth hormone was measured for six hours following the

ingestion of 0.71 g. of glucose per kilogram body weight. Here plasma nonesterified

fatty acids (N.E.F.A.) were also monitored.

4. Surgery: the hormone levels were determined at short intervals throughout

various surgical procedures.

Blood sugar was measured in all samples. Bone age was assessed using the Greu-

LiCH and Pyle atlas (1959) and sexual maturation scores (S.M.S.) were made using

Tanner's method (1962). Estimations of the urinary 17-Hydroxycortico-steroids

during diurnal studies showed that these investigations did not produce a stress

response.

Results

The graphs, which are representative of our findings in the whole series, show

plasma human growth hormone levels in j_i mg. per millilitre of plasma. Arrows

8 !2 f 6 12 V

am noon pm pm midnight am
20

Subject 5 Cf
Age 72 %2

done age 77%2
SMS r

^0 £ndocrinopafhy

Resting in oed

F/asma

HGH 10-

^ mg/ml

steep B'fasf Dinner Supper

Fig. 1. Diurnal Growth Hormone Study. Subject 5

indicate food intake and the solid bars record the hours of sleep. The base line is

drawn at the threshold of sensitivity of the assay as used in that particular study.

In subject five (Fig. 1) the plasma
Subjected AgenWi2 Bon Age 13 ^/iz SMS v

/K? Endocrinopaff)y Resting in bed
G. H. levels were very low through-

out the day; but at 9.10 p.m., four

hours after supper, a level of 14.5

//mg. ml. was recorded.

Subject eight (Fig. 2) was a 14

years and 8 months old boy, bone age

13' 2 years and S.M.S. four. During

the daytime he produced two high

levels, viz. before lunch (> 30 //mg./

ml.) and before supper (4.3 //mg./ml.).

In each case it fell rapidly to the

base line following the respective

meals. During sleep the highest level

(53 //mg./ml.) was recorded.

During the night the total secretion of growth hormone (Fig. 3) was many times

greater than that for the same subjects during the daytime. Immediately following

B'fasf Lunch Tea Supper Sleep

Fig. 2. Diurnal Growth Hormone Study. Subject S
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the evening meal the hormone level fell to base line. During the second three hours

after the meal the levels rose (secondary rise) and fell spontaneously to base line

Subject Cf Plasma growth hormone levels In children al night

n K
Age 13% \ \

Bone age 12 %z \ \ / \ ^^^ ^

SMS 1

- m

J I j^

Venous

Blood

Sugar

Tng7o

20

Plasma

HGH

/ \
•
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Three children given 0.71 g./kg. glucose at 6.0 o' clock in the evening showed an

immediate abolition of hormone secretion. Four children given the same dose of

glucose at 7.0 o' clock in the morning (Fig. 4) showed no measurable growth hormone

during the following three hours. After this period a secondary rise occurred. Plasma

N.E.F.A. was low during the first three hours, then rose steadily till the end of the

six hour study period.

Lastly, during elective surgical operations, irrespective of the time of day, plasma

growth hormone levels rose rapidly to heights comparable to, or higher than, the

peaks found at rest.

Discussion

Growth hormone ultimately influences growth by an effect on the stem cells in

the cartilages of the epiphysis. How this action occurs is not clear.

In nine of the children submitted to diurnal studies G. H. was detected in

72 of 142 plasma samples [compared to only 8 of 41 samples from a comparable

adult series (Hunter et ai, in press)]. The mean level in the children was

4.28 ± 7.14 S.D.//mg./ml. and the range was to 53 ,«mg./ml. (compared to a mean

of 0.52 ± 0.46 S.D.//mg./ml. and a range of 0—2.7 ,//mg./ml. in the adults). This

study reveals that the difference between adults and children is due to much higher

and more frequent peaks, but not due to a continuously elevated secretion, in the

children. This finding emphasises the futility of attempting to estimate growth

hormone status from a single randon sample.

Before 11 of 30 meals high levels of hormone were recorded. After the meal the

levels fell to base line in all cases except one where the child vomited soon after his

supper. A complex situation was simplified by the glucose test meal studies. For three

hours following the intake of glucose (whether during the morning or the evening)

the G. H. levels remained at the base line. A secondary rise occurred during the

second three hour period (which tends to correspond to the time preceding the next

meal). At the time the hormone level rises plasma N.E.F.A. levels also rise. This is

a reflexion of the hormone's known fat mobilisation action.

At least during the daytime the pattern of secretion is similar in children and

adults and appears to be related to energy requirements. (G. H. providing N.E.F.A.

as energy substrate.)

High night-time secretion was a consistent finding in adequately tested cases. But

even during this period a consistent measurable level of G. H. does not occur. Total

night secretion is much higher than that which occurs during the day.

Anaesthesia and surgery regularly evoked G. H. secretion. Many factors are at

play under these conditions but the demands of growth are presumably not involved.

It would now be desirable to relate these actions of the hormone to its growth

promoting function. So far it has not been possible to relate plasma levels directly

to skeletal growth. Acute administration of the hormone, as has now been well

confirmed, is followed by (i) increase in plasma N.E.F.A. due to lipolysis of depot

fat (Raben and Hollenberg, 1959) and by (ii) increased amino acid uptake by

tissues (KosTYO and Engel, 1960; Peckham and Knobil, 1960). Utilisation of fatty

acid for energy demands can spare carbohydrate and proteins. These factors would

produce conditions conducive to tissue growth.
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These interpretations still do not fully explain how this substance, which fluctu-

ates in level over very short periods (half life in plasma being 20—30 minutes) and

is influenced by food intake and starvation, controls growth rate.

Mitotic rates, as is well known, are higher at night than during the day. The high

night-time secretion may, therefore, be more intimately related to growth than to the

stabilization of the supply of energy substrate.

Two final points require emphasis. As the plasma levels of growth hormone

fluctuate widely and rapidly a single or even a limited number of samples cannot

give an adequate picture of the "growth hormone status" of an individual. Secondly

the hormone influences several functions and many tissues in the body; its therapeutic

administration to produce a single effect should be undertaken with caution.
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Intestinal Absorption and Skeletal Dynamic of Calcium
in Acromegaly

G. F. Mazzuoli, L. Terrenato

Istituto di Patologia Medica dell'Universita di Roma, Roma, Italia

Intestinal calcium absorption in acromegaly has been investigated by a com-

bination of balance and isotope techniques and calcium absorption has been correlated

with other parameters of calcium metabolism. Moreover, calcium balance data from

our own and other studies in acromegalic patients have been statistically evaluated.

Materials and methods

The study was performed on six acromegalic patients, aged 19 to 51 years, main-

tained on a constant calcium and phosphorus diet. Four patients received approxi-

mately 450 mg Ca and 1000 mg P, one 200 mg Ca and 800 mg P, and one 750 mg Ca
and 1200 mg P daily. All patients were maintained on the specified diets for 8 to

10 days before the balance and kinetic studies were started. Metabolic periods (lasting
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12 to 24 days) included kinetic study periods (lasting 8 to 12 days). Four patients

were given ^^Ca orally as well as intravenously. Two patients received only ^^Ca

orally. Urine and stools were collected daily. Stools were separated at intervals of

four days with carmine markers. Feces and food were homogenized and converted to

ash before analysis. Daily determinations of -^^Ca were made on samples of plasma,

urine, and stools.

After intravenous ^^Ca administration, calcium pool and bone accretion rate were

determined according to the equation of Bauer et al. (1957): Bt = ESt + Aj'^S(t) dt='";

endogenous fecal calcium according to the equation of Blau et al. (1954): Endogenous

fecal Ca = „ X total stool calcium; bone resorption by subtracting calcium
S. A. serum

balance from accretion rate. Calcium intestinal absorption was calculated by the

following relationship: Dietary calcium absorbed = dietary calcium — (total fecal

calcium — endogenous fecal calcium).

After oral ^^Ca administration the percentage of absorption was calculated by

subtracting from the total radiocalcium excretion recovered the amount of radio-

calcium excreted during the intravenous study. In two patients, who received only

the oral dose, it was calculated by extrapolating to zero the S.A. of stool following

the excretion of the unabsorbed portion of the dose.

Results and discussion

Fig. 1 shows the results of our balance studies and also data collected from the

literature. A high correlation exists between calcium intake and output, calcium

balance becoming increasingly positive as calcium intake rises. The figure also shows

the regression line of calcium output (y) on calcium intake (x) and the 95 per cent

confidence limits. The point at which the mean regression line intercepts the 45 degree

line corresponds to the mean calcium requirement, that is, the mean value at which

, ..„

,

\ \

J ^Normal- y=0. 73Sx->-l6ltm
'^""^ ~ ~ ^ ^ " ' "' ^ r- 0.37 (p ^0.01)

'4cromego/y:0. '/SSx-f-S33i202

r= 0.63 (p< 0.01}

o Observafions from liferature

• Personal observations

1500 2000
Calcium intake mg/day

Norma/ Acromegaly

Mean requirement

;romegaly (6 personalFig. 1. The regression of calcium output on calcium intake in normal subjects and

21 cases collected from literature)

* Where: Bt = Amount of isotope retained in the body at time t. E = Amount of exchangeable calcium.

A = Rate of calcium accretion. St = Serum specific activity at time t. Iq S(t) dt = Integrated specific activity.
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calcium intake and output are equal and balance reaches the equilibrium. Fig. 1 also

shows the mean calcium requirement of normal subjects on the basis of data collected

from the literature and analyzed by Nordin (1962). The data indicate that calcium

metabolism in acromegaly differs from that of normal subjects in two respects. In the

first place, the calculated mean requirement is significantly greater. Secondly, the

regression of output on intake is less steep than in normal subjects, so that both the

negative balance in patients on low calcium diets, and the positive balance in those

on high calcium diets, are greater than normal.

Fig. 2 shows the regression line of fecal calcium on calcium intake found in acro-

megalic patients and the regression line of the two parameters in normal subjects as

reported by Nordin (1962). The figure also shows the values of urinary calcium

excretion on calcium intake of acromegalics and the regression line found in normals

by Nordin (1962). At all intake levels, urinary calcium of acromegalic patients is

higher and this contributes to their higher calcium requirement. On the other hand
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in normal subjects (Blau et uL, 1954; Bronner et al., 1956, 1963; de Grazia and

Rich, 1964). In view of these results, de Grazia and Rich (1964) maintained that

the percentage of absorption may be an individual biological constant. However, the

absolute rate of intestinal absorption of calcium may have a greater physiological sig-

nificance. Bronner et al. (1963) have shown that in normal and osteoporotic subjects,

the amount of calcium absorbed and the bone formation rate are linked by a linear

relationship. The results of Bronner indicate also that a linear relation exists

between the two bone remodelling processes and that bone formation increases more

rapidly than bone resorption. Therefore, the balance appears to be a direct function

of the intensity of bone formation, since it represents the difference between the two

processes.

/OOO 2000 3000 VOOO

Bone formation mg/day

jiationship between bone formation and bone resorption in acromega

data obtained by Bronnf.i! In normal and osteoporotic suj

compared with the

Fig. 3 shows the relationship between bone formation and bone resorption in four

acromegalic patients and in normals as reported by Bronner et al. (1963). A linear

relationship seems to exist in acromegalic patients between the two parameters.

However, in spite of the high rate of bone formation, calcium balance in these

patients is never as positive as might have been predicted by the relationship between

bone formation and bone resorption found to prevail in normal subjects.

Also the intestinal absorption of calcium seems to be directly correlated with bone

accretion rate as shown in Fig. 4. However calcium absorption, although normal or

even increased, never reaches the values which would be expected on the basis of bone

formation rate.

If calcium homeostasis implies that the calcium pool is constant, losses and entries

of calcium must be equal. Assuming that changes in calcium metabolism in acro-

megaly are due to the effects of growth hormone on bone metabolism, two different

explanations of the data presented may be considered:

1. The growth hormone affects primarily the bone formation rate; the relatively

higher rate of bone resorption would be the consequence of the inadequate intestinal

calcium absorption and the increased calcium urinary excretion. If so, the high

17
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urinary calcium excretion and its inverse relationship to the amount of calcium ab-

sorbed, remain to be explained.

y
800 Normal ^ x= 1.85y+ 207

= Persona/obser-

vofions in ocrome-

I

goiy

2000 3000 WOO
Bone formation mg/day

5000

Fig. 4. The relationship betwe ilcium absorption and bone formation in acromegalic patients and in nor

teoporotic subjects as reported by Biuinner et al.

2. The growth hormone affects primarily the bone resorption: the equilibrium of

the balance would depend on the ability of bone formation to adapt to the rate of

bone resorption. This interpretation would provide a more adequate explanation for

both metabolic and skeletal dynamic changes observed in acromegaly.

In conclusion our findings in acromegalic patients indicate that:

1. The mean calcium requirement is increased due to both higher urinary and

endogenous fecal calcium excretion.

2. Bone turnover is increased but the balance is never as positive as would be

expected by the high values of bone formation rate. This suggests that the abnormality

of skeletal metabolism may be due to a primary action of growth hormone on bone

resorption.

3. The intestinal absorption of calcium may be normal or even high, but it is

always inadequate for the bone accretion rate.
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1. Introduction

An extensive literature has been published on the structure and ultrastructure of

adult dentine and, through the use of different but convergent techniques, fairly

good agreement has been reached concerning the structure and ultrastructure of

calcified dentine. One of the main results of recent research, obtained through

classical methods of investigation as well as through histochemistry, microradio-

graphy, electron microscopy and diffraction has been the recognition of the true

nature of the tubular wall. This peritubular zone is more calcified than the inter-

tubular dentine, but both regions possess the same inorganic constituent, namely

apatite crystals.

However, a certain number of problems remain unresolved among which the

ultrastructure of the adult odontoblast and its process, and the precise contents of the

dentinal tubules at different levels within the dentine have yet to be defined. Another

important though controversial point is the innervation of dentine and predentine.

Whereas, there is a general agreement concerning the presence of myelinated and

unmyelinated nerve fibres in the dental pulp as observed with light and electron

microscopy, the presence of unmyelinated nerve fibres in the predentine and dentine

has alternatively been confirmed and denied by a number of authors using light, or

polarizing microscopy. With the electron microscope, no nerve fibres could be located

at either of these sites, so that serious doubts have been raised concerning the specifi-

city of the silver Impregnation In the Identification of nerve fibres in dentine (Ander-

son, 1963).

The purpose of this report Is not only to review our present knowledge of the

ultrastructure of adult dentine but, through improvements of fixation and embedding

techniques, new observations will be presented concerning the ultrastructure of human

adult dentine and predentine with special emphasis on the odontoblast and its

process. For the first time, unmyelinated nerve fibres will be described under the

electron microscope In the predentine and dentine.

2, Technical remarks

Erupted normal premolars from young people 12 to 15 years old, extracted for

orthodontic reasons, were immediately cleaved into small pieces. After 5 to 10

minutes fixation In phosphate buffered glutaraldehyde solution (Sabatini et ai,

1963), the coronal dentine fragments were postfixed in P/o phosphate buffered osmic

acid solution (Millonig, 1961). The tissue blocks irrespective of their degree of

calcification were embedded in Epon 812 (Luft, 1961) and cut with a Servall-Porter

microtome, equipped with a diamond knife. The ultrathin sections were observed

under an electron microscope "Optique et Precision de Levallois", unstained or

Impregnated with lead citrate (Reynolds, 1963). In some cases uranyl acetate In

saturated fresh alcoholic solution was used alone or followed by lead citrate staining.

Adjacent thick sections of Epon-embedded blocks, stained with toluldine blue, were

examined under the light microscope for purposes of orientation and comparison.

17*
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3. Ultrastructure of the adult odontoblast

An investigation of the ultrastructure of the adult odontoblast cannot be dis-

sociated from a study of dentine as this should also provide a better understanding

of the odontoblastic process. Accurate electron microscopical observations on the

adult odontoblast have not been reported and most authors have investigated the

characteristics of these cells during dentinogenesis (Watson and Avery, 1954; Nylen
and Scott, 1958, 1960; Lenz, 1959; Nalbandian and Frank, 1962; Noble et ai,

1962; Frank and Nalbandian, 1963 a). The similarity of the adult cell cytoplasm to

the contents of the odontoblastic process near the pulpo-dentinal border, has been

noticed by Bernick et al. (1952) and Frank (1957).

In the present study, the mature human odontoblast appeared as an elongated

cell limited by a cell membrane. Glutaraldehyde fixation gave a typical appearance

to the nucleus in which the chromatin was condensed peripherally and in the cyto-

plasm more of the ultrastructural elements were retained (Fig. 1 and 2).

The nucleus of the odontoblast is normally located near the pulpal end of the cell

and in its larger diameter measures 4 to 5 microns. With glutaraldehyde fixation it

was difficult to determine accurately the nucleoli but with osmic fixation alone, the

nucleolar material appeared as denser chromatin granules arranged in irregular rows

surrounding clear areas of pars amorpha. A double membrane surrounded the nucleus

(Fig. 1). In the vicinity of the latter, a pair of centrioles are located near a well-

developed Golgi apparatus situated between the nucleus and the predentine layer.

In transverse sections, the Golgi apparatus was seen to occupy the core of the

odontoblast and consist of a smooth-surfaced system of lamellae, micro-vesicles and

granules (Fig. 2). Around the Golgi appartus, rough-surfaced endoplasmic reticulum

in close association with mitochondria could be seen. With aldehyde fixation, a finely

granular material masked the cristae mitochondrialis (Fig. 1 and 2). In the pulpal

cytoplasmic part of the odontoblast and around the nucleus the sacs of the endo-

plasmic reticulum were scarcer, but numerous mitochondria could be seen in these

regions.

Numerous grains of ribonucleoprotein were disseminated throughout the cyto-

plasm as well as small filaments, 50 to 80 A in diameter, similar to the intracyto-

plasmic filaments found in young mesenchymal cells of the dental papilla (Frank,

1965). Clusters of glycogen granules were dispersed in the cytoplasm (Fig. 2).

Near the pulpo-dentinal border, the odontoblast cytoplasm is filled mainly with

these filaments, with ribosomes and some endoplasmic reticulum and mitochondria.

In these regions some vacuoles 0.4 to 0.5 /i in diameter, composed of an amorphous

transparent material limited by a dense membrane, could be seen beside larger

vacuoles, 1.5// to 2.5// in diameter. These larger vacuoles contained in addition a

loose filamentous and granular material. The large vacuoles seemed to arise from

fusion of smaller vacuoles.

A continuous cell membrane limits the odontoblast and its small lateral extensions

which, in transverse section, appear as small rounded or oval cytoplasmic islands in

the intercellular spaces (Fig. 1 and 2). When the plasmalemma is properly sectioned,

it appears to be composed of an Inner leaflet separated from an outer leaflet by a

small clear space. Two types of attachment devices were noticed between adjacent

odontoblasts. At the level of the nucleus, desmosome-like structures could be seen
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(Fig. 1). Similar structures have been described in the osteoblast by Dudley and

Spiro (1961). Around the odontoblasts near the predentine, terminal bar-like struc-

tures form a continuous belt-like attachment between adjacent cells. Rounded

spaces occupied by bundles of collagen fibrils can be seen at these levels permeating

the intercellular regions. These collagen bundles, visible all along the intercellular

spaces between lateral walls of the odontoblasts, are embedded in a ground substance

denser than the adjacent areas and containing granular and short filamentous struc-

tures. These bundles, also noticed by Nylen and Scott (1960), Johansen and Parks

(1962) and Frank (1965) correspond to the classical Korff's fibres.

Compared with the fetal odontoblast during dentinogenesis, it would appear that

in the adult odontoblast there is a reduction in the importance of the Golgi apparatus

and the number of endoplasmic reticulum vesicles and mitochondria. However, all

these cytoplasmic organelles are well-developed and the cell exhibits all the ultra-

structural characteristics of secretory activity.

4. Ultrastructure of predentine

The predentine is essentially composed of odontoblastic processes separated by a

non-calcified collageneous matrix (Fig. 2 and 3). In transverse sections, it appears

clearly that the odontoblastic process is a cytoplasmic extension of the odontoblast,

limited by a cell membrane and containing dense granules with the same appearance

and size as the ribosomes, also numerous filaments 50 to 80 A in diameter and

some scarce endoplasmic reticulum vesicles. Large vacuoles, delineated by a dense

membrane, which is sometimes folded, and containing a loosely dispersed granular

and filamentous material, are located in the core of the process and have a similar

ultrastructure than the large odontoblastic vacuoles.

The non-calcified collagen matrix is made up of numerous collagen fibrils with

640 A periodicity, interweaving obliquely and transversely around the odontoblastic

process. A minority of the collagen fibrils have a longitudinal orientation (Fig. 3).

All the collageneous material is located outside the cell membrane of the odonto-

blastic process, but in close association with it. The collagen fibrils are embedded in

a transparent ground substance in which is dispersed a granular and finely fila-

mentous material.

5. Ultrastructure of dentine

One of the main difference of dentine compared to predentine is that in dentine

the collageneous matrix embedded in a ground substance is highly calcified and the

odontoblastic processes are enclosed in tubules.

In the inner dentine layer situated next to the predentine, these odontoblastic

processes have the same ultrastructure as previously described in the predentine. They

are limited by a cell membrane and contain a cytoplasmic mass with numerous small

filaments, ribosome-like granules and very occasionally some endoplasmic reticulum

vesicles (Fig. 5). Similar large vacuoles, previously described in the odontoblast

cytoplasm and the predentinal odontoblastic process, are observed in these dentinal

processes. Between the calcified wall of the tubule and the cell membrane of the

odontoblastic process a small space is visible (Fig. 5). This space contains non-

calcified collagen fibrils embedded in a ground substance containing some finely

granular and filamentous material (Fig. 5 and 8). Small lateral extensions of the
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contain a cytoplasmic mass rich in small filaments, ribosome-like structures and some scarce endoplasmic reti-
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Fig. 4. Transverse section through an odontoblastic process (OP) in the predentlne layer. A transverse section

of an unmyelinated nerve fibre can be seen in close association to the process. The axoplasm contains numerous

mitochondria and some synaptic vesicle-like structures (SV). CO = non calcified collageneous matrix of pre-

dentlne ( 67,000)
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odontoblastic process can be seen in this space (Fig. 5). In fact they cross it and

penetrate in the lateral interconnecting micro-tubules.

This small periodontoblastic organic space, limited on the inside by the cell

membrane of the odontoblastic process and on the outside by the calcified wall of

the tubule, seems to correspond to the "manchon juxta-cytoplasmique immature" of

Weill (1959), confirmed by Symons (1961). According to Weill (1959), this space

exhibits metachromasia with methylene blue and stains with alcian blue and with

fuchsin paraldehyde after potassium permanganate oxidation. This space is, therefore,

rich in acid mucopolysaccharides.

The large vacuoles, located within the odontoblastic process, can approach the cell

membrane where their limiting membrane fuses with the plasmalemma. At the point

of fusion, there is rupture of the membrane so that the content of the vacuoles is

secreted in the periodontoblastic organic space without any discontinuity in the cell

membrane. A similar mechanism of secretion has been noticed in the ameloblast

(Frank and Nalbandian, 1963 b). Numerous collagen fibrils, with 640 A bandings,

appear in the space where the vacuoles discharge their secretion (Fig. 8). It is inter-

esting to note that Weill (1959) also mentions the secretion of globules from the

odontoblastic process as well as from the odontoblast. These globules stain with

alcian blue.

The ultrastructure of the odontoblastic process changes in the more peripheral or

outer layer of dentine. In a transverse section of a tubule (Fig. 6), the odontoblastic

process contains a large vacuole centrally surrounded by an annular peripheral layer

of cytoplasm with a hyaline appearance close to the calcified wall of the tubule

(Fig. 6 and 7). That this annular layer is a peripheral cytoplasmic condensation can

be deduced from the presence at this level of typical lipo-pigment inclusions and

from intermediate stages ranging from typical cytoplasmic contents to the hyaline

appearance. This centrally located vacuole containing fine granular material (Fig. 7)

has an ovoid or elongated form, as judged from different planes of section. The long

axis of the oval type of vacuole occurs parallel to the long axis of the odontoblastic

process. This configuration has previously been described as the thin-walled or tube-

like odontoblastic process (Helmcke, 1955; Scott, 1955; Frank, 1957, 1959).

It must be mentioned that in some tubules of the peripheral dentine, no structure

could be located except an amorphous epon content. This observation is either related

to a fixation defect or to the so-called dead tracts (Bradford, 1960).

The calcified parts of the dentine can be divided into peritubular dentine and

intertubular dentine. In the inner dentine, near the predentinal layer, the tubule

lumen is immediately surrounded by intertubular dentine and no peritubular dentine

is present, this has been shown by microradiography (Frank, 1957; Blake, 1958;

Wyckoff and Croissant, 1963), and by electron microscopy (Frank, 1959). In the

outer layer of dentine, the peritubular zone is also absent around some tubules

(Frank, 1959) and in the interglobular dentine (Blake, 1958). Elsewhere, however,

a typical peritubular zone surrounds the lumen of the tubules as a densely calcified

wall, whose inner side is in contact with the odontoblastic process or the periodonto-

blastic organic space and whose outer surface is continuous with the intertubular

dentine (Fig. 6 and 7).

This peritubular dentine has been described by Bradford (1955) using the optical

microscope and by Miller (1954), Baud and Held (1956), Blake (1958), Dreyfuss
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et al. (1964), using microradiography and by Rouiller (1951), Frank (1959),

Plackova and Stepanek (1960), Takuma (1960), Awazawa (1962), Johansen and

Parks (1962) with the electron microscope. The presence of peritubular dentine has

been noted in fetal dentine (Takuma, 1960; Frank and Nalbandian, 1963 a) and

in young third molars (Frank, 1959) so that this zone has to be considered as a

normal constituent of developing and adult dentine.

In the present study, the peritubular dentine appeared in non-decalcified sections

as a electron dense annular zone (Fig. 6), which at higher magnification was seen to

be built up by a grouping of dark dots more apparent on transverse section (Fig. 6)

and predominantly as dark long profiles on longitudinal section. Electron diffraction

of peritubular dentine shows ring patterns typical of the apatite group and when
selective area electron diffraction patterns from this region are made with a small

selection diaphragm, the presence of line arcing is noted on the pattern indicating a

preferential orientation of the apatite crystals (Fig. 11).

It has been shown that this peritubular dentine has a loose fibrillar matrix, easily

destroyed by histological decalcifying methods (Frank, 1959). According to Takuma
(1960) and Johansen and Parks (1962), the fibrils of the peritubular zone are colla-

gen fibrils. However Awazawa (1962) did not find any collagen striations and Brad-

ford (1963) noticed after ethylene diamine maceration, followed by decalcification in

weak buffered formic acid that a larger part of the peritubular matrix still remained.

In the present study our findings agree with Plackova and Stepanek (1960) who
state that the peritubular dentine contains more minerals, less fibrils and more ground

substance than the intertubular dentine. The rich content of acid mucopolysaccharides

in the peritubular matrix has been confirmed by histochemical methods (Wislocki

et al., 1948; Wislocki and Sognnaes, 1950; Weill, 1959; Symons, 1961).

In the young premolar teeth examined in the present investigation, we noticed

that the peritubular zone is formed and enlarges progressively by calcification of its

inner wall at the expense of the tubular lumen. The presence of collagen fibrils in the

periodontoblastic organic space (Fig. 8) and their subsequent calcification and em-

bedding in the peritubular zone points to the fact that the loose fibrillar matrix of

this zone is collagen. In the peripheral layer of dentine complete obliteration of the

tubular content occucrs in some tubules. Therefore, dentinal sclerosis which has been

noted in different pathological conditions as well as in old dentine (Dreyfuss et al.,

1964), is also present in young coronal dentine under physiological conditions.

The intertubular dentine immediately surrounds the lumen of tubules in areas

where no pertitubular dentine is present and also fills the regions between the outer

parts of the peritubular zones. Compared with the latter the intertubular dentine

contains less apatite crystals and ground substance, but is richer in collagen fibrils

with 640 A periodicity. Johansen (1964) considers the apatite crystals of the inter-

tubular dentine as plates of 1000 A in length and 20—35 A in thickness. Like HoH-
LiNG (1963), we have also noticed the absence of preferential orientation of the elec-

tron diffraction pattern of large areas of intertubular dentine (Fig. 10). However,

with selective area electron diffraction pattern performed with a small selection

aperture, preferential orientation of the crystals has been noticed. Electron micro-

graphs of human amelo-dentinal junction (Fig. 9) show that the intertubular dentine

is closely interconnected with enamel and it is difficult to follow the exact limit of

both tissues.



Fig. 8

Fig. 7. Higher enlargement of the central vacuole (V), the hyaline cytolasma (C) of an odontoblastic process in

cross-section. PD = peritubular dentine. ID = intertubular dentine ( -'85,000)

Fig. S. Presence of numerous collagen fibrils in the periodontoblastic space (O). P = odontoblastic process

(>:6i,ooo)

Fig. 9. The precise outlines of the dentino-enamel junction is difficult to follow. E = enamel. D = dentine

(X 11,000)
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The last ultrastructural problem to be discussed is the innervation of predentine

and dentine. It is impossible to review all the very extensive literature on the light

microscopical investigations dealing with the presence or absence of nerves in this

tissue. It can be mentioned, however, that Baud and Held (1953), Fearnhead (1957,

Fig. 10

Fig. 11

Fig. 10. Electron diffraction pattern of the intertubular substance

Fig. 11. Selective area electron diffraction pattern of peritubular dentine with line arcing indicative of pr

ferential orientation of the apatite crystals
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1963), Hattyasy (1961) and Stella and Fuentes (1963) have described amyelinated

beaded intratubular nerve fibres in the calcified dentine of erupted teeth, whereas

amyelinated nerve fibres could be located only in the predentine by Arwill (1958),

Zerosi (1959), Kerebel (1964) and Bernick (1964). With the electron microscope,

myelinated and unmyelinated nerve fibres have been described in the pulp tissue

(Arwill, 1958; Mathews et al., 1959; Uchinozo and Homma, 1959; Dhman and

Engstrom, 1960) but no nerve fibres could be located in the predentine and dentine

with the electron microscope (Fearnhead, 1957; Arwill, 1958).

In the present study, typical unmyelinated nerve fibres have been identified for

the first time under the electron microscope in the human predentine and dentine of

erupted teeth (Fig. 4). These free sensory axons are in close contact with the odonto-

blastic process. Their limiting cell membranes are parallel to the cell membrane of

the odontoblastic process and separated by a small space about 150 A to 220 A wide

(Fig. 4). No specific relationship of the nerves to odontoblasts could be observed so

far. In cross section, at the predentinal level, the axoplasm of the nerve fibre, about

0.5 // to 0.7 // in diameter, contains numerous mitochondria and some synaptic

vesicle-like structures. Such sensory nerve fibres of a terminal type are also present in

transverse sections of calcified dentine, where they present the same ultrastructure

and relationship to the odontoblastic process. At the latter level they are, however,

smaller, about 0.5 to 0.3 // in diameter, and contain less mitochondria and synaptic

vesicle-like structures.

This ultrastructural demonstration of non-myelinated nerve fibres in the pre-

dentine and dentine of erupted teeth confirms the light microscopical investigations

performed mainly with silver Impregnation methods and with polarizing microscopy.

As has been pointed out by Fearnhead (1963), the demonstration of nerve fibres in

human dentine is indicative of and provides anatomical basis for the sensitivity of

this tissue.

6. Conclusion

From this survey on the ultrastructure of dentine, it appears that this tissue is

permeated by numerous cytoplasmic extensions of the odontoblasts. In mature

erupted teeth, these cells and their processes assume a definite secreting activity.

Secretion vacuoles discharge their content through a membrane fusion phenomenon in

the periodontoblastic organic space, located between the cell membrane of the

odontoblastic process and the calcified wall of the tubule. From electron micro-

scopical evidence and histochemistry it seems that organic matrix precursors of the

peritubular dentine are secreted by the odontoblast through this mechanism. The

periodontoblastic organic space, surrounding the cell process, contains collagen fibrils

embedded in ground substance. Amyelinated nerve fibres are also located in this

space in close association with the odontoblastic process. This organic space can

undergo calcification and participate to the elaboration of the peritubular dentine.

A new periodontoblastic organic space is then elaborated under the control of new

odontoblastic secretions.

In peripheral dentine, the odontoblastic process shows structural changes. Large

vacuoles collect in the center of the process. These elongated vacuoles are not dis-

charged Into the periodontoblastic space, on the contrary, they cause condensation of

the cytoplasm peripherally. This cytoplasmic extension of the odontoblast becomes
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progressively more hyaline in character and is then applied directly along the

calcified walls of the tubule. Complete obliteration of the dentinal lumen through

apatite crystal growth sometimes occurs in these processes. In young erupted coronal

dentine, the presence of dentine sclerosis has, therefore, to be considered as a physio-

logical phenomenon.

The study of the ultrastructure of human mature dentine suggests that this hard

tissue, containing in contrast to enamel, sensitive terminal nerve fibres and cyto-

plasmic cell extensions which can assume secretory activities, is able to perform a

certain number of complex metabolic activities.

Summary

Mature human coronal dentine was studied under the electron microscope in

young normal erupted permanent teeth, extracted for orthodontic purposes. The

odontoblast appears as an elongated cell with a large nucleus and a cytoplasm

containing a pair of centrioles, a well-developed Golgi apparatus, an endoplasmic

reticulum in close relationship with mitochondria, ribosomes, clusters of glycogen and

numerous fine intracytoplasmic filaments. Laterally the odontoblasts are connected

by desmosome and terminal bar-like structures. Collagen bundles are located in the

intercellular spaces. At the predentinal level, the odontoblastic process is limited by

a cell membrane and contains a cytoplasm rich in fine filaments with occasional endo-

plasmic reticulum vesicles as well as some secretion vacuoles which have a limiting

membrane and contain granular looking material. Interwoven non-calcified collagen

fibrils can be observed in the intertubular substance. In the calcified dentine, adjacent

to the predentine, large vacuoles can be seen approaching the cell membrane and

discharging their content into the periodontoblastic organic space between the

calcified wall of the dentinal tubule and the cell membrane through a membrane-

fusion phenomenon without any discontinuity in the latter. Non-calcified collagen

fibrils can be seen in these spaces. At a more peripheral level in transverse sections,

the odontoblastic process assumes an annular outline, related to a peripheral con-

densation of cytoplasm through a centrally located large and elongated vacuole

(over 1 micron In transverse diameter) and filled with a fine granular looking material.

The peripherally condensed cytoplasm has a hyaline appearance. Densely calcified

peritubular zones separated by Intertubular substance surround the odontoblastic

processes and in the peripheral layers progressive obliteration of some tubular lumens

has been observed thus indicating the possibility of dentine sclerosis in young calci-

fied dentine. Last but not least, typical amyellnated sensory nerve fibers could be

located for the first time under the electron microscope In the predentine as well as in

the calcified dentine, where they are located In the dentinal tubules in close relation-

ship with the odontoblastic processes.
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Preliminary Studies of the Ultracentrifugal and Free Zone
Electrophoresis Characteristics of Neutral Soluble Proteins of

Bovine Embryo Enamel

E. P. Katz, G. Mechanic, M. J. Glimcher

Department of Orthopedic Surgery, the Harvard Medical School, and the Massachusetts

General Hospital, Boston, Mass., U. S. A.

Introduction

The organic matrix of tooth enamel is the most densely calcified tissue in the

body. In order to understand calcification and its many facets, one of the pre-

requisites is to first learn as much as we can about the chemistry and molecular struc-

ture of the fibrous proteins that are involved. Much knowledge has been gained in the

past about the physical and chemical properties of collagen but relatively little is

known of the fibrous protein that constitutes the organic matrix of dental enamel.
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We do know that its X-ray diffraction pattern reveals that embryo-enamel

matrix is in a cross-/i-configuration (Glimcher et al., 1961 a). Recently it has been

shown that soluble enamel protein reconstituted from solution also has a well defined

cross-/?-configuration (Bonar et al., in press). The amino acid composition of enamel

matrix is characterized by large amounts of proline, glutamic acid and histidine

(Glimcher et al., 1961 b). More recently it was shown that decalcified bovine embryo

enamel matrix may be solubilized by cold neutral buffer and that essentially the

same amino acid composition prevails (Glimcher et al., 1964).

This paper presents some of the solution characteristics of bovine premolar-

embryo enamel protein.

Experimental and results

In sedimentation velocity experiments the number of schleiren peaks, their

apparent sedimentation coefficients, and the distribution of the protein between the

Fig. 1. Synthetic boundary sedimentation velocity experiments at 4°, 0.1 M salt, pH 7.7. The boundary was

formed about three-fourths from the bottom of the cell which is on the right. Sedimentation is in the direction

of the arrow, a) 1.4''/o protein solution, 120 min., 42, 040 RPM, phase angle 60'=, b) 0.7''/o protein solution,

50 min., 59, 780 RPM, phase angle 60°, c) 0.35''/o protein solution, 50 min., 59, 780 RPM, phase angle 50-',

d) 0.175''/o protein solution, 33 min., 59, 780 RPM, phase angle 40°, e) 1.4''/o protein solution, 150 min., 59,

780 RPM, then 130 min. at 42, 040 RPM, phase angle 50-

3'''^ Europ. Symp. on Cal. Tissues
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peaks are strongly dependent on protein concentration, solvent, pH and the ionic

strength of the solution. In so short a paper all these variables on the various para-

meters characterizing the system are impossible to present or discuss so only repre-

sentative data will be presented here. Typical sedimentation velocity experiments at

various protein concentrations at pH 7 .7 , 0.1 M NH4HCO3 is shown in Fig. 1. Three

peaks are evident in Fig. 1 a (1.4''/o protein) and the apparent distribution of the

components is such that 80"/o is represented by the fast moving peak and about IC/o

by each of the slower moving peaks. The Son -w value of the major peak is about 9 S,

while the two minor peaks have Sooav values of approximately 2 S and 1 S respec-

tively (Fig. 1 e).

As the total protein concentration is decreased there is a redistribution of the

material so that progressively less of the protein is represented by the faster sediment-

ing peak. This is demonstrated in Fig. 1 b, c and d where we see sedimentation

patterns of O./o/o, 0.350/o and ClZSVo protein solutions at pH 7 .7 in 0.1 M
NH4HCO3 . Over the concentrations presented here, not only does the apparent

ratio of fast to slow moving species change by a factor of 2.4, but also the calculated

area of the composite 1—2 S peaks changes with total protein concentration. In other

experiments it was found that the relative proportions of the two slower moving

peaks appear to be relatively insensitive to total protein

concentration.

The schleiren patterns in Fig. 1 also demonstrate that

the fast sedimenting peak is not resolved from the slower

moving ones. This indiates that the three peaks seen

apparently constitute one continuous boundary.

At pH's 8.82, 8.3 and 6.04 the sedimentation velocity

patterns are similar to those seen in Fig. 1. At pH's 6.04,

however, there is a progressive redistribution as more of

the material appears in the slower sedimenting peaks.

The Soo.w values of the fast moving peaks changes ra-

dically with pH and ionic strength as seen in Fig. 2.

It may also be noted here that high concentrations

of urea deaggregate the protein and only slow moving

boundary of approximately 1 S may be seen in sedi-

mentation velocity patterns. Upon dialysis against neu-

tral buffer the patterns revert back to their original

form shown in Fig. 1 a.

The electrophoretic patterns of a 1.4"/o protein solution at various pH's are

shown in Figs. 3 and 4.

Lowering the protein concentration does not change the distribution of the

proteins in either the ascending or descending pattern. At pH 6.04 (Fig. 3 c) the

major boundary remains with the ^ and f boundaries indicating the most of the

protein is in an isoelectric condition.

At pH 3.61 (Fig. 4 f) there is a marked dift'erence in the patterns obtained from

the two arms of the electrophoretic cell. The pattern in which protein is migrating

into solution shows a number of hypersharp peaks (ascending pattern) whereas the

material migrating through protein solution gives diffuse boundaries (descending

pattern).

/
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A D

Fig. 3. Free zone electrophoresis patterns at various Fig. 4. Identical conditions as Fig. 3. d) pH 5.52 at

pH's at constant ionic strength potassium phosphate 150 min., sodium acetate buffer, e) pH 5.14 at 150 min.,

bulTer of 0.1, 2,5^, protein concentration is 1.4°/o. a) sodium acetate buffer, f) pH 3.61 at 120 min., sodium

pH 7.51 at 105 min., b) pH 6.64 at 150 min., c) pH formate buffer. A — ascending patterns, D — descend-

6.04 at 160 min. A — ascending patterns, D — descend- ing patterns. — Arrows point in direction of move-

ing patterns. — Arrows point in direction of move- ment. Vertical line at end of arrow is starting point

ment. Vertical line at end o arrow is starting point

Conclusions

Analysis of these and other findings have led us to the following conclusions.

1. The major portion of the neutral soluble proteins of premolar bovine-embryo

enamel matrix exists in aqueous solution as a mixture of labile, reversibly equilibrat-

ing species, but that in addition there are minor non-interacting components present.

2. The interacting proteins constitute either a polymerizing multi-component system

v/ith rapid re-equilibrating kinetics with respect to transport processes, or a poly-

merizing single component system whose reaction kinetics are of an intermediate type

and are dependent on solution conditions.
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The Development of Enamel Structure in Mammals

A. BOYDE

The London Hospital Medical College, London, England '

Introduction

A one to one ratio between the numbers of prisms and the numbers of ameloblasts

has been accepted by the great majority of those who have studied enamel develop-

ment. It has also usually been accepted that one ameloblast forms one prism, either

by its own transformation, or because its secretion remains separate from the secretion

of the other, surrounding ameloblasts for some reason. A separate and different

"interprismatic substance" has been supposed to originate from various sources. Two
particularly notable schemes were, 1. that it arose from the conversion or trans-

formation of the inner terminal bar apparatus of the ameloblasts and, 2. that It was

an Intercellular secretory substance whilst the prism substance was transformed cyto-

plasm of ameloblasts.

The revelation that the whole of enamel is secreted (Fearnhead, 1960; Watson,

1960) followed shortly after the discovery that the principal (If not the only)

difference between "prism" and "Interprismatic" substances lay in the orientation of

the crystallites which these regions contained. It posed the problem of explaining how

two separate and different substances or two regions containing differently oriented

crystallites and the "prism sheaths" which separate them could be produced by the

same cells. The problem is simplified by the realisation that the prism sheaths In

developing enamel only exist as planes at which the crystallite orientation changes

quite suddenly between domains (prism or Interprism) in which It only changes

gradually; the higher organic content of the prism sheaths Is only acquired during

the increase In mineral content of the bulk of the enamel. The problem then remain-

ing Is purely one of crystallite orientation, that is of finding where the orientation Is

determined, what the orientation Is, and hence deducing what sort of controlling

factors might be Involved.

An early and constant finding of this study was that the crystallites grow very

close to the ameloblasts in what Fearnhead (1960) called the mineralising front. The
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methods which have been used are, therefore, those which would give information

about the shape of the mineralising front and the orientation of the crystallites with

respect to it.

Materials and methods

Material was obtained from the tooth germs of 20 mammalian species belonging

to 9 orders (list in Boyde, 1964). Developing enamel and ameloblasts were fixed in

Palade or Dalton fixatives and embedded in 2 : 1 butyl : methyl methacrylate prior

to ultra-thin sectioning for electron microscopy.

Crystallite orientation was determined in electronmicrographs by estimating the

degree of foreshortening of sectioned crystallite fragments (It having been determined

that all the crystallites In enamel are extremely long), and later by examining stereo-

pair electron-micrographs of the same material when the orientation of the crystallite

fragments with respect to the plane of section could be seen directly.

Half-micron thick sections of the same blocks, stained with crystal violet and

basic fuchsin to distinguish enamel from ameloblasts, were used for the preparation

of wax reconstructions of the mineralising front. It was thus possible to relate

crystallite orientation to the shape of the mineralising front directly.

The surface of the developing enamel was also studied directly by scanning elec-

tron microscopy (Boyde and Stewart, 1963).

More recently some success has been obtained with carbon replication of the sur-

face of developing enamel. Tooth germs were fixed In N.F.S. to allow a more perfect

stripping of the ameloblasts from this surface, which is then covered with a layer of

evaporated carbon. This layer Is to constitute the replica: It Is peculiarly liable to

fracture and therefore very difficult to recover because of the very angular profiles

which it contains. The basis of the method of recovery Is to destroy the tooth by

removing the hydroxyapatlte by acid decalcification and the organic matrix with

ethylene-diamine. It has been found most satisfactory to remove the organic com-

ponent first (by refluxing ethylene-diamine In a Soxhlet condensor) leaving the

mineral to provide some support for the carbon. The latter Is further protected by

being competely surrounded by calcium phosphate powder during the extraction

process. After washing by distilling water Instead, the contents of the Soxhlet con-

densor are washed into N/2 HCl when the hydroxyapatlte of the tooth and the

calcium phosphate powder both dissolve. The replica fragments are collected direct

on grids, washed In water and dried. Photogrammetric measurements have been made
on stereo-pair electron-micrographs of these replicas.

Results and discussion

The surface of developing mammalian enamels contains depressions occupied by

the Tomes' processes of the ameloblasts: these depressions are approximately hexa-

gonal in outline at their most superficial level. They do not "fill In" symmetrically.

One side (usually the cervical side) of each depression grows most rapidly and Is

more or less flat. The remaining sides constitute together a continuous curved plane

making a sharp angle at the base of the depression where they meet the cervical

side — the prism boundary forms here.

The majority of the crystallites develop roughly perpendicular to the surface of

the flat cervical sides of the depressions. In the remaining cuspal and lateral sides
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they diverge to a greater or lesser degree from this perpendicularity rule. However,

they always make a large angle with the former group. Thus changes in orientation

of the crystallites (the "prism sheaths") are determined by changes in orientation of

the mineralising front.

The fact that the crystallites in developing enamel tend to be oriented per-

pendicular to its mineralising front may be caused by the peculiar growth habit of

the crystallites themselves: they grow as very long, thin, flattened hexagons. Mutual

interaction between adjacent crystallites might line them up parallel to each other

and perpendicular to the mineralising front, or it may just be that only those crystal-

lites which begin to grow in the right direction can continue to grow, since any

growing at a significant angle to the perpendicular to the surface of the environment

in which they are growing must butt up against another crystal.

Where there are no changes in orientation of the mineralising front all the crystal-

lites are parallel and perpendicular to it and there are no prisms. This situation

prevails at the commencement of amelogenesis at the enamel-dentine junction before

the ameloblasts acquire their Tomes' processes and at the end of amelogenesis when

they lose them again during the formation of the true surface-zone enamel.

A close analysis of the shape of the surface of developing enamel reveals that the

cervical and lateral and cuspal regions of the depressions are not equivalent. The cell

membrane of Tomes' process must slide past the surface in the latter regions. It seems

probable that this is connected with the deficient growth of these surfaces and that it

may even cause the deviation of the crystallites which grow in these surfaces from

the generalisation that they should be perpendicular to the surface. The crystallites

which grow in these cuspal and lateral surfaces belong to the "interprismatic regions"

of Pattern 1 and 2 enamels (see Fig. 1) or to the cervical extension or "winged

Process" of Pattern 3 prisms.

Fig. 1. a) Pattern 1 enamel, Cuspal enamel, Cheiroptera, Insectivora, Sirenia, Odontoceti (Cetacea), Lemuroidea
(Primates), b) Pattern 2 enamel, Lateral enamel, Ungulata, Marsupialia, Lagomorpha, Cercopithecoidea (Pri-

mates) (also in man!), c) Pattern 3 enamel, Carnivora, Proboscidea, Homo sapiens. — Prism cross-sectional

outlines: The curved heavier lines represent (sectioned) prism boundary planes of abrupt change in crystallite

orientation. There is only a gradual change in crystallite orientation between any two points which can be

connected by a line which does not pass through sudi a boundary plane ("prism sheath"). — Secretory terri-

tories of ameloblasts: The lighter hexagonal outlines delineate the amounts of enamel produced by separate,

single ameloblasts. The dotted areas represent what are conventionally referred to as "prisms"; via this defini-

tion it will be seen that "interprismatic regions" can be distinguished in Patterns 1 and 2, and depending on

the extent of the prism sheath, perhaps in Pattern 3

The recent studies of stereo electron-micrographs of replicas of the surface of

developing enamel have provided additional data which may help to elucidate two

unexplained observations made by Boyde (1964). There it was noted that the crystal-

lites in ungulate (Pattern 2) enamel prisms diverge less from the mean axis of the
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prism than do those in Pattern 3 prisms. The cervical (prism body) side of the

depressions is concave in pig enamel (Pattern 2) but convex in elephant enamel

(Pattern 3). The concave shape of the cervical side would encourage parallel orien-

tation — the convex would encourage deviation from the mean prism axis.

J. Sui Lii-p.iir electron micrographs of replicas (carlx'v .•; :'u' .;:itan.- nt dcx clopnv^ pii; I'liamel. Original

maguihcation . 5000. a) Looking down on surface fruni abo\c, loiujI to the lett. There are raised humps
in the middle of the cervical sides of some of the depressions (which were occupied by Tomes' processes of

ameloblasts); these humps are probably related to the development of "prisms within prisms", b) Looking up

at surface from underneath — from the enamel's point of view. The concavity of the cervical sides of the

depressions therefore now appears as the convexity of raised bumps

Fig. 3. Stereo-pair electron micrograph of carbon replica of surface of developing african elephant enamel —
looking down on surface from above. There is only one "depression" in the field of view. "Cervical" towards

top left. This replica was released from the enamel by acid decalcification and the organic material removed
by boiling in cone. NaOH. Adherent debris is probably mostly NaOH
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Prisms within prisms in pig enamel seem to be related to the development of a

sharp, raised hump in the middle of the cervical side of the depressions, giving rise

to another circumscribed plane of abrupt change of crystallite orientation within the

prism.
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