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SCOPE - :

The induction of new bone by grafting different

. . , . . ("
tissues and materials into muscle or connective

tissue of adult mammals, is a well known phenomenon.

A very thorough analysis of the mechanisms of bone
: . ’

induction produced by grafts of bone devitalized

following various procedures has been conducted for

several years by'Ehe group of Urist. These studies

however have been focussed on the nature of the

" inductor’ principle?

Studies on the influence of phygiological'or
pathological vériations o% the hosts on the induction
proceés are, contrarywise very scarse.

' In Pecent contributions, Bélanger, Robichon gnd
Urist (1975)'have sﬁﬁdied the effect of magnesium
deficiency in the host's response ‘to normﬁl graft.

The present study analyzing further the influence
of magnesium - calcium - and zinc defic¥ency on the
evolution of grafts constitutes a continuation of

the above mentioned study.
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CHAPTER I

"INTRODUCTION

Late in the 19th céntury, some important‘
surgeons used decalcified bone for filling
cavities, wh%ch were the result of some boné
diseases (Sénn, M. 18ﬁ9). Using the techniqué

developed by Senn, positiveﬁresults were reported,

by Makie in 1890.

“r

Na‘geotpe,/\(‘igls), Polettini, (1922) and De Bruyn,

- (1947), reported the use of autogenous bone devitalized

by f?eeziﬁg in liquid nitrogen, dry ;ce, formalin,
alcochol or heat;‘and?%ransgkanted to.the ﬁhigh
muscle of the_rgbbit; in a few inétances,»there was
Eone formation. Levander (1938f thought thé£ the

stimulating agent might possibly be transferred from
the graft to the surrounding area in the form of some

—r

substance which is soluble in the tissue lymph. He

believed that the different forms of bone regeneration.

‘encountered in adult organisms could be explained by
the inﬁuctiye process described by embryologistgf. In
subsequent experimentation, Kimbal (1949), had success
in &ne instance. He produced bone formation usiné
boiled homogenéus bone imélaﬁted‘in the aﬁierior

chamber of the eye in rabbits and” guinea pigs.

P. Weiss (1950) found new cartilage surrounding an !
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ihplant of freeze dried cartilagé'in salamandet
'larvae. He expleined that thie inductive phegom&non
%§ due te the existence of an.orientation of molecules . .
on»the<sn;face of cells frem the graft, nhile_the_
hQst.ﬁells which are in direct'COntact with the
graft ceby.that:molepular ofientation with a high
degree of specificity and complexity on the basis ot
both;pnyeicel‘andlchemicei mechaniems. - . .
zéince 1952, ‘Urist's }aboratory has produced
most of the works related to the use of decalcified
and devitalized bong as a substrate for the stimulation
of borfe form@tion. Drist and'chean (1952) desctibed
}he properties of the‘bonetgrafts devitalizee by freezing
and implanted in stHe enterior chamber of e pyels of

1 - .
. rats. The result was formatlon of new bone which, . {

according to, the autho}s, orlglnated from the cells of. ‘
the host by contact between the transplanted bone and .
the tlssue of the hostt They’ clalmeé/ﬁhat the prodess

.of "induction” was responsible f£or the new bone formation.

.The next year,_Urist'and McLean (1953) defined the
eonceptiof'induction and the differenceg between new,

bone formation by induction and bone formation from

tissués which have osteogenetic potency. . They explainea _ _—



as follows: the term osteogenetic potency describes -
the capacity of certain tissues to produce new bone.

This potency is demonstrated by osteogenetic activity

_ following injury or autogenous transplantation;"mhe

term finduction" designates the physlcal-chemical effect

. . R .o . \

of one tissue upon another in contact with it. The
new bone formation is originated from the perivascular
connective tissue and is generally associated with

absorption of bone or cartilége after injury or

- transplantation. 'In subsequent experiments, Selle

‘and Urist_(lséi) produced damage by injection with

various chemical soluﬁions (Alcohol and hydrochloric
acid, alcohollin different concentrations). The injury
was .mdde in different muscles of the rabbit. Formation
of new bone did not occur except with acid alcohol

solution, They then concluded that non-specific injury
. - ' ———r— "

‘and inflammation did not produce ectopic bone formation.

)
Factors other than mechanicéiﬂzggury and necrosis of

tissue are required to produce an inductor system for

new bone formation. In later works by Heiple et al,

(1963}, they demonstféted that the inductive potency of

"the bone preserved in various ways was altered. They

found the highest inductive activity in bone treated
by freeze dried and the lowest in deproteinized. bone.

i

e
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In earlier work, Urist and McLean (1952), Chalmer';ngt)
Sissons, [l959), Z%qcalini and Urist,'(l964;§ had
found formation of bone produced by implant of bone
treated by freeze dried process, in only 30% of the cases.

In 1965, Urist gave- clear evidence of .bone formation

(90% positive cases) using fragments of a éylinder of

long bone ( 1 or 2 <m in length, unfixed; decalcifieﬁ

in'0.6-N. HCl and lyophilized), from rabbit and rat.
The grafts (diaphygis f{fmklang bone) were implanted

in a.pouch .in the muscle, usualiy rectus abdominﬁs
After three weeks, the grafts showed an envelope of
highly vascular 1nflammatory and fibrous connective
tissue. The interstitia of the implaﬁted bone and the
0ld vascular channels were infiltrated with.histiocytes,
large and sﬁall lymphocytes and, fibroblasts. . The
;nvading celié of the hﬁst, chiefly wandering histiocytes,
were first related to the pfocess of resorption of the
implanted graft. They were” identified in excavation

-

chambers and in the vascular channels of the decalcified

VR S ARt

matrix or between folds of compressed softened matrix,

and consisted of nests of prolifqrating cartilage cells.

The new bone gre'rom the proliferating connective

tissue igll associated with vascularization. The bohg‘

L)



and cartilage induction was confined to the spaces
created by resorption of the dead matrix. Finally,
Urist sgid'that the new bone was produced by
autoinduction in which ‘non-specific substances or de-
gradation products of the dead tissue stimulated or
attracted the wan&ﬁ;ing histiocytes to migraté intg
the interio; of the implant and the induction process
produced an entirelf new ossicle with a marrow cavity.
"Many authors have done similar experiments.

Unfortunately, the experiments were done in slightly
different ways by each investigator; each one employed
a different solution for decalcification.

| Van de Putte and Urist, (1966) implanted*cylinders | L
of bone previouslly treated with various decalcified ‘
solutions in the abdominal muscle of the rabbit. ' :
They found that bone decalcified with HCl 5% and EDTA
(ethylenediaminetetracetic acid) produced new bone in
approximately 90% of the cases. This report confirmed
the suggestion of Ray and Holloway (1975), who said
that decalcified bone is absorﬁed more rapidly than

undecalcified bone, and thereby may be replaced sooner
} )

by new bone. This was also confirmed by Sharrard and

Collins, (1961) who reborted favourable results after

’
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the use of EDTA decalcified homogenous bone in spinal
fusion in children with scoliosis. In subsequent. &y
publications, Urist et al, (1967) described ; bone
induction principle (BIP)}, which is defined as p?otéin
. macrémolecules of unknown structure present in dentin
and bone matrix, wﬁich produce differentiation of the
;mesenchymal cells in the osteoblasts.
Alsc using grafts, Burwell aﬁd Oswestry (1966)[

lconfirmed earlier experiments by showing that the
?induction capacity depends upon the way in which'the‘

bone had been treated before implantation. Buring

(1968, 1969) found that there was a loss of inductive

.
)

of the loss dependiné‘ﬁ\the' dose applied. This finding: ‘

however, contradicts an egi{ier paper by Chalmers and

/%,/pIOPgrtiegﬂif/pgggﬂafter irradiation, the magnitude

Sisson (1959), who did not ﬁ%te a destructive influence

of radiation on the inductivé properties of bone grafts.

In 1971, Urist observed the eﬁolution of thé impianted

bone grafts prepared according to his standardized
techniques, using electron_micrographic and'éhémical .
techniques. In this report he suggested that Botb

the three dimensional complex structure of the
-

substratum and chemical components of bone tissue act .
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jointly to impose a bone morphogenetic pattern on

.proliferating mesenchymal cells. He also said that

wan

the collagen must be very well preserved in order to
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retain its morphogenetic properties. . <
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Most of the work at this time was directed to
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researching the nature of the inductor. Urist (1967)
+reported that the inductor is an acid insoluble,

ﬁacromolecular-protein(s), which is devoid of antigenic

Ty

activity, and can be transmitted for short distances,

KRR

but is not frze in solution in the extraceéllular spaée.

It is not inagfivated by freezing and thawing, radiation

or by protein denaturating agents. Later, Urist et al, ‘

(1973) prepared bone grafts which were treated with

bk T et e D

:
; different combinations of six extractive solutions.

(Two examples of these solutions were: chloroform-methanol,

5

to extract lipid and inhibit or extract endogenocus

R S P

T
enzymes, and EDTA to remove residual calcium and extract

-y

phosphoproteins). The residue of bone insoluble‘matri¥, .

(Insoluble bone gelatin, Urist, 1968), produced new bone

R by

when it was implanted in/fllogenic rats. The yield of-

- L)

bone was lower than the one produced, in previous studies.

R

Urist explained that the agents responsible for the

degradation of the "bone morphogenetic protein"



(Urist, 1971), were extracted Ey chemical solutions.
i TP

Nogami and Urist (1974), claimed.that in_tissue

culture the insoluble bone gelatin induces the

:
:

- development of cartilage Dﬁly while in intact animals,

it evokes differentiatiqn of bone as well as Cartiiage.
Electron microscopical observations (Urist 1971, - ) ' N

Nogami and Urist, 1974) showed that filopqdial.

SN T N T T

extensions of the plasma membrane of neighbouring
mesenchymal cells project into th% b&ne matrix substratum
: - in‘the'gfriod betweerni the second and third déy after
impléntation. They suggested that the_filopods may

be a mgans of transferring biochemical or biophysical

information from the matrix to the mesenchymal cell o ‘

membrane. Deposits of filament béade@ with ruthenium
stained fine graqules were also observed in the
ext;acellular-space. Similar experiments made by
_Jerashima énd Urist, (1975) found that th&_bone matéix
///,-zllatin in tissue cylture produced cartilage. They
[ think that the bone mprphogenetic protein stimulated
| othe mesenchymal cell differentiation into prechondroblasts
during their migratory phase, while the efngt of the
) \\culture medium?!is telﬁéovide the bioﬁutritional
requirements for synthésis of cartilage. 1In recent works,



Nogami and Terashima (1976) put the bone gelatine

:

(Urist, 1968) after digestion in collagenase, into
a special double-chamber millipore device. When

implanted, the inductor-factor must diffuse through
n - = ‘ - =
the interstitial fluid for a distance of at least

{ \ :

. 2000um which is the thﬂbknesg of the uppeft compartment

_..,4_.,;.-. ,.my-.-‘mq%ﬁ!&-’#@l‘uféf. :

e

of the duplex chamber before it can act on host

, 'tissues.

' Ne& bone was deposited in the external surface» N?
proving thgt the inductor is diffusible. Since bone

is not deposited ﬁhen éhe insolublg bone gelatin is'

not treated with collagenase. The authors concluded -
that collagenase digestion of the bone gelatin and ‘
subsequent action of other enzymgs in vivo after | L
implantation may facilitate release of the bone

}morphogenetic protein and enhance the bone morphogenetic

V\morph genetic protéin are being pursued by Urist's group.

{_-
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INFLUENCE OF MAGNESIUM IN BONE

a .Magnesium is the fourth most abundant cation
in tHEJ;keleton. The skeleton contains about
half of the total amount of magnesium in the body.
An adult man weighiﬂé about -70 kg has a total
body content of.approxima%ely 2,460 mEq of.
magnesium. The remainder being equally distributeé
between muséle and Aon-muscle soft tissues (Aikawa,
1963). The magnesium requi;ement of adult males
has been estimated by balance téchniqqes to lie
between 200 mg and 300 mg a day. The magnesium
plasma level in normal hum3h beings is in the
range of 1.5 - 1.8 mg per 100 ml (Foster, 1968).
England, Dénton and Randle (1967) have.estimated
by measuring the aconitase equilibrium that the .
free magnesiﬁm ion concentration in heart
mitochondria is in the'?ange-of 250-500 um or
approximately twice that in the cytosol.

Méghesiﬁm has an important role as an activator
for a large“n%yber of enzymes, some of which are
especially important in the skeleton such as
alkaline phosphatase and the pyrophosphatases
(Tenenhouse and Rasmussen, 1968; Rasmussen, 1972).

'

Large amounts of cellular magnesium are in a

g

e

i0 .
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complex formation, such as ATP Mg~—~ i

-

cytosol or mitochondria. Magnesium is inveolved

ATP~Mg2“ and as an activator of the enzyme (see

review Rasmussen and Bordier, 1973). Deprivation
of magnesium in the diet produces numerous biochemical '

and histological alterations which are variable, -

@ presumably because the factors. involved in magnesium

§A\$//i> 'homeostasis are complex.

) An examination of the cause of magnesium

deficiency should not lead one to the obvious .
conclusion that variation in magnesium intake ‘

is the only factor respoﬁsible,for the induction .

TG

e |

of magnesium deficiency. Morris and 0'Dell (1963)
found that fhe magnesium requirement in guinea
pigs is directly related to the percentage of -
calcium and phosphorus in the diet. Magﬁesium
deficiency in young growing animals produces a
characteristic syndrome. This syndrome has been ..
déscribed by Orent; Kruse ana McCollum, 1932 and
‘confirmed lafer by Watchoqn and McCance, 1937;

Tufts and Greenberg, 1938; Bélanger, 1957; MacIntyre J' ///

and Davidson, 1358; Martindale and Heaton, 1964;

T R e L T A R e s LR R L P o P A
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. or skeletal muscle, occurs less frequently.

. morphology of lymphatic cells have been reported

12

]

-~
E ' . ™~

Whang and Welt, '1963; Heggtveit, Herman and Mishra,
1964; Clark and B&langer, 1967; Hunt, 1971 and
Hunt and B&langer, 1972). These authors deécribed
initial hyperemia and edema of the extremities of

+

the ears, followed by hemorrhagic and necrotic

‘?Eskin lesions. One of the characteristic aspects

of the magnesium deficiency syndrome is the

formation of mineralized plagues in various soft
tissues of the bodyﬂ One tissue consistently
affected in all species is the kidney. Calcifi-

cation of other soft tissues, such as the liver

Increases in tissue calecium content have been

found in chronic magnesium deficiency (for example, ‘

forty fold increase in calcium in the heart.of the

dog, Chiemchaisri and Phillips, 1965). The direct.

s .
- . r' .
cause or causes for mineralization of ‘soft tissues

‘during low intake of magnesium is not known.

serious modifications of ‘the lymphatic system, such

as formation of thymic tumor® and changes in tﬁs

{(Bois, 1964; 1966; 1968) in m7gnesium deficient rats.

buring the period of magnesium géprivation,

neuromuscular irritability”and general growth >
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retardation are present.

Some authors have found hypercalcemia ‘in -
’ -

magnesium deficient rats (Gitelman, Kukolj and

Welt, 1968;.Smith and Nisbit, 1968; MacIntyre,

5

1963; Whang and Welt, 1963; Foster, 1968) and

" other authors found hypocalcemia (MacManus and
'Heaton, 1970; MacManus, Heaton and Lucas, 1971).

" In 1970, MacManus and Heaton stated that

hypocalcemia has been.reported ip cattle, sheep, d%
dogs and pigs, and they think the discrepancy

in rats may be due to differences in the ca%ciuﬁ
content of the dieté used. Hirstological changes

in bones from rats under magqesium deficiengy

have been aescribed by Bélanger- (1958), éernick

and Hungerford (1965), Clark and Bélanger (1967),

Smith and Nisbit (1968) and Hunt and Bélanger (1972).

These changes are characterized by a decrease
in the width of epiphyseal plates and in the 'T
thickness of cortiqal bone. A reduced mucopoly-
saccharide and protein synthesis was suggested by
the results of histochemical and radicautographic
techniques {B&langer, 1972)., Hunt and B&langer

in 1972 reported the formation of localized

13




bone tumours at the level of linéa aspera of the
femofa, as well aé the development of an increase
in the number and size of medullary trabeculae
in growing rats under magnesium deficiency.
Similar results were obtained by Bogoroch and
Bélanger {(1975). The mechanisms by which theée
histological changes are prqduéed have not been
clarified. It has been suggested that magnesium
deficiencf'couid alter bone function by affecting
its response to parathyroid hormone. Thus,
quManus and Heaton, (1970) and MacManus, Heaton
and Lucas (1971), working with rat bone in
tissqe culture, found that the reduction of
magnesium concentration to 0.3 - 0.4 mM decreases,
§esorption in parathyroid-treated bhone. They
suggested that this shows that changes in ion
concentration can alter bone resorption and its
regulation by hormones. |

Changes in bone growth produced by magnesium

deficiency do not appear to be related only to

interference with the action of parathyroid hormone.

It was previously discussed that,magnesiﬁm acts as

s

a co-factor in numercus enzymatic reactions,

%
including the activation of ATP, and that its

' #

14

Ba|



e e

»

deficiency p;oduces a deficit in protein and
mucopolysaccharide synthesis. It is.evident that
the alterations in bone growth observed in magnesium

defidiency could be the result of a defect in one -

.or several of the biochemicallprocesses for which.

mangesium is a necessary co-factor. At this time

b d

it is not possible to identify- those co-factors

which are principally involved.

15



INFLUENCE OF CALCIUM IN BONE

The adult human body contains about 1,100 gr
of calcium, approxiqgfely 1.5 éf the'hody weight.
Most of thé calcium is in the skeleton. The plasma
calcium nqQrmally is about 10 mg/100 ml (5 m@q/liter)
accbrdipg_to Smith, D%vis and Fourman (1960),
Peacock and'Nordin.(lQTB). Caiciﬁﬁ is present in
the plasma in three forms: ionized,'grotein—bound
and dombined with citrates and other orga?ic acids.
Calcium is the most imporfant cation in thé'procesé
of bone mineralization. Changes in the concentra-
tion of éalcium in tﬂe blood will produce a}te{ations
En differé;t sygtems in which it islinvolved suc?
as nervé conduction, muscle contraction, membrane

transport and calcification in bone. These are

some of the reasons for which it is essential that -
the concentration of this cation should remain
constant in plasma and in exfracellular and
intracellﬁlar fluids.

Experimental animal deficiency of calcium
without sgfiqiency.of vitamin D produces osteoporos%s
and not rickets, since there is a loss of bone

but no increase in width of osteocid or in the amount

. . | L

16
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of the osteoblastic activity (Sherman, Pappenheimer,
. 1921). 1In the rat, a diet poor in calcium and in .
. . ~ . . .
vitamin D produces a combination of osteoporogls.{:

éﬂ?frickets (McClendon and Blaustein, 1965; Mathieu

et al., 1966). Osteoporosis from simple calcium
) : P v

1

deficiency has been produced only in growing animals .-
(Sshah et al., 1967).. It_has been recognized by

several authors that calcium homeostasig has a main
role in the mineralization of the bone matrix

(Engstrom, 1972; Pyke, in Review by Isadore Zipkin,

1973). 'The level of calcium in the plasma is Ti;y%
tained by complex} interacting factors whose }elaéion
to one another is still not clearly understood.

At present, it is recognized that vitamin D throlugh,
its'metabolites, plays an egsential role in the strict
regulation of plasma calcium, neqcting in a complex

”

way mainly with the parathyroid gland, kidney,

intestine gpd skeleton. Important studies about
this have been underéakén by Kodicek (1956);
| PeLuca (1966, 1972f;'ﬁoyle, Gray and DeLuca (1971).
In experiments in‘whicp parathyroid gland was

surgical%ﬁ&removed, there followed a remarkable fall

- .-
i

in blood calcium associated with tétany«and

<« convulsions, which could be relieved by calcium



~administration (MacCallum and Voegtlin, 1909). After.

- a series of experiments made by different authors

such as Collip (1925), Hasting and Huggins (1933},
Copp (1960), McLean, in l957,'ppstﬁléted'a feedback
mechanigm.to coﬁt;ol secretion of the hormone..
Hypocalcemié stimulates'its,production while

hypercalcemia suppresses it. 1In relation with

the histological evidence, parathyroid hormone .has

‘at least two effects on calcium mobilization. Tt

':apidly stimulates the translocation of calcium frem

bone to extracellular fluid. It stimulates
osteocytic osteolysis (B&langer, 1969) and it also
promofes'the'aevelopment or arrival of new multinu-

P
cleated cells which is a later event. The first”is

. seen within 2 hours or at least 24 hours must elapse

before any histological evidence of increased
résorption or increased numbers of osteoclasts can
Ee.seen microscopiéally (Raisz and Neimann, 1967:
Bingham et al., 1969, Reynolds.;nd Dinglg, 1970).
Following parathyroid hormone administration to. a
variety of species, there is evidence of a rapid
depression of the metabolic activity of osteoglast
(Gaillard, 1961, 1967). Flanagan and Nichols (1965)

working with bone chips, incubated in vitro, noted

18
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a depression of Cl4 glycine incorporation.
’

It is already demonstrated (Copp, 1961) that

there is a plasma calcium lowering hormonq,'calcitonin,

produced by the C cells of the thyroid gland. They
were first recogniéed as.the s;urce of calcitoniﬂ in
1964 by Foster, MacIntyre and Pearse. It ig also
clear, the opposing action of calcitonin and parakhyroid
hormone in calcium homééstasfs (Copp, 1969). Calcitonin
is far more effective in young than in old animals
and in children rather than adults, since sensitivity
to calcitonin is related to rates of bone turﬁover. *
There is numerous~experimental evidéncq that calcitonin
exerts a direct action on bone resorption.: This was .
first suggested by Milhaud and co-worker (Milhaud et m—
al,, 1965), In’ young animals, a fall in the level ‘
of both piaSma calcium and phosphate is the most obvious '$
-effect of injecting céycitonin.
Radiographic and histologipal examination of
the vertebrae of parathyroidectomized rats given
éalcitonin shew a decreased number of osteoclast’ -
(Foster et al., 1966). . Whalen and his colleagues have
deécribed changes in the bones of young growing rats

in which an excess, of calcitonin was induced either

-
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by chronic administration of calcitonin or parathy-
roidectomy or both (Whalen et al., 1973).

"Anast and Conaway ({1972) have reviewed the
evidence. They conclude that in vitro, the‘resorption
of both maérix and mineral is inhibited by calcitonin.
Reynolds and'Dingle (1970) claimed fﬁat calcitonin
prevents the differentiation of new osteoclast and
decreases the effectiveness of existing osteoclast.

According to Foster et al., 1972, the model
of action of calcitonin is unknown. _Rasmussen (1972)
has proposed a model in which involved cyclic
AMP for the events in bone cells when activated by
either parathyroid hormone or calcitonin. He admits
that the least well established part' of the model
concerns a pdstulated.intercellular messenger
which increases after calcitonin addition and ?S
postulated to alter the uptake of calcium iﬁto
subcellular compartments.

One of the major‘rélationships in bone mineral
homeostasis is in between vi%amin D énd barathyroid
hormone. It iscrecognized today that vitamin D
through its meéabolites plays an essential role in the

strict regulation of plasma calcium, and to some

extent, plasma phosphate, reacting in a complex way

2y
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with the parathyroid gland, the intestine, kidney
and the skeleton. In-1937, Nicolaysen donclusively

demonstrated by a Vvariety of physiological methods,

- that vitamin D acted by increasing intestinal calcium

- absorption in rachitic rats. Vitamin D is present

in the body ;n éhe form of several metabolites with
séme differences in the physiologiéal activity

{(De Luca, 197i). thp'the vitamin Q iF absorbed

from the intestine in£o the blood stream, it is'’
hydroxylated in the liver to 25-hydroxycholicalciferol
25-0HD3, then further hydroxylated in the kidney to
1,25-0HD3 (Fraser and Kodicek, 1979) or to 24,25-(0RH) 2D3
depending on the physiological stgte of thefjﬂimal.

Under hypocalcemic or hypophosphatemic condition,

the kidney produced-1,25- (0H) 2D3 (Boyle, Gray and

De Luca, 1971). It has long been disputed as to

whether vitamin D has a direct action on bone or whether
the skeletal lesions aséociated with vitamin D
deficiency are secondary to the faulty absorption of
calcium and phogphate. According to Vaughan (1975)
present evidences make it clear that the active ;4
metabolite 1,25 (OH)2D3 has a mostupptent effect on
)ostéoclastic resorption while there is less well defined

information suggesting that the metabolite may well

<=
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" exert an effect on matrix metabolism.

-~

In rickets, endochondral calcification is

defective. Calcification along the column of

hypertrophic cells does noth take place, the
invasion by blood vessels is dlsorderly, and the
zone of prov151onal calc1f1cat10n is not resorbed.
In the skeleton, osteoid is laid down on bone.
surface (see review of Vaughan, 1975). "

There 'is also evidence that vitamin D affects
bone matrix and osteoblastic activity, Baﬁlink
et al., 1572, ﬁsing quantitative histological studies,
in rats‘deiiﬁient in vitamin D describes a reduced

-

rate of matrix formation, and a slowed rate of

mineralization. : ’ - | i
The effect of vitamin D deficiency on the

skeleton, however mediated, is to cause a ééficiency

of calcification affecting both bone and cartilage

matrix. In children, these resulté in rickets and

in adults in osteomalacia (Mellanby, 1919, ﬁandquist,

-1952). In both, the distinguishing feature is an

o

excess of uncalcifig@ bone.
The administration of excessive amounts of
vitamin D promotes serlous dlsorders of calcium

metabollsm. These can occur in an individual of any



age who receives abnormal amounts of the vitamin.

The toxic effects of vitamin D mimic /the action of
an injection of paEathyroid hormone /and are manifest
as hypercalcemia with numerous clinfical consequences,
such as, deﬁineralizqtién of bone /(Aurbach and Potts,
1967), renal calculjy and metastatfic calcifications
in soft tissues arnicot, 1948)/. The serious toxic
manifestation may be seen at calcium blood levels of
15 mg/100./ According to Goth [{1972), marked
hypercalcemia.is more likely due to/bone resorption
of calcium from_the intestiﬁ . Apcording to
Brickman and collaborators 1972), the metabolites
responsible for the toxicity of vitémin D seem to -
be 25-hydroxycholecalcifeyol whicﬁ-has a greater’
Iosteolytib-éffect than c élecalcifeéol'whiqh has
almost none. The most

otent bone-~removing agent

is the 1,25-dihydroxy-derjvative.

23
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N INFLUENCE OF ZINC IN BONE

About one century ago, it was demonstrated

.that zinc is essential in the nutrition of some

fungus (Aspergil;us niger) Raﬁlin (1869). 1In

later research, zinc had been shown to be a
constituent of hemosycotypin, thé/respiratory
pigmentlof_the snail Sycotypus (Mendel and Bradley,
1906). In 1934, Todd and co-workers showed the first
indisputable evidince‘that zinc is a dietary
essential for the rat. Rager and Curtin (1953)
reported that a combined diet of cobalf and zinc
prevented ﬁermatitis in pigs. 1In subsequent
experiments in poultry, O0'Dell and associates
(1958) showed that zinc is required for growth,
feathering and skeletal development. Zinc deficiency
has been linked with the occurrence of dwarfism

and hypogonadism in boys in Egypt and Iran (Prasad
et'al., 1963, 1966, 1970; Holsted et al., 1972).
Concuégently with these nutritional ihvestig&tions,
intensive studies were undertaken of zinc metabolism
‘and the influence in living cell processes. On the

biochemical level, zinc has been reported to exert

an effect upon enzymes and enzymatic function,

24




carbohydrate metabolism (MiboE—Devic, 1970), protein
synthesis (Fujoka and Liekerman, 1964 and Williams
et al., 1965), and bone formation where this element
appears to be instrumental in the mechanism of
mineralization (Haumont and Vincent, 1961; Haumont,

1961; Haumont and McLean, 1966).

b oo e

The total content of zinc in the body is esti-
g mated to be 1.4 to 2.3 gr in a man weighing 70 kg
(Widdowson et al., 1951). The studies by Forbes .

and Yohe (1960) have indicated a minimum zinc

bt L D

requirement for growing gats of 12 to 18 PPm,

1 depending on-the protein source. It is vérylWell

known that ;he conéentration of .zinc in the

) bone of man and ekperimental‘animals is higher
than in most tisFues (Bergman, 1970; Day and
McCollum, 1970; Ho%e et al., 1938; Prasad et al.,

© 1967; Swener%on, 1968; Williams and Mills, 1870).

1 ' Repprts on the effect of zinc deficiengy on

gréwth vary considerably in ﬁhe literature, It

seems that minor variations in zinc content can

be associated with considerable growth differences.

With 2-4 ppm, Hurley (1963) has observed "very

severely impaired growth". At 5 ppm, Millar et al.
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(1958) 'have reported decreased growth. At 15 pPpm,
"slow" gfowth has been observed by 0'Dell et al.
(1958). The normal requirement for rats is unknown,
according to Hurley (1963), but the minimum'is

considered to be 18 ppm. For the human child, the

minimum is considered to be 30 ppm (Hurley, 1963).
Congenital deformity is one of the effects
which has been described by numerous authqrs such
as Hurley and co—ﬁorkers (1968, 1971). They
reported that pregnant rats maintained on a zinc
deficient diet through gestation produced fetuses
with congenitai malformation, Thesg malformations
encompassed a wide variety of organs and systens,
including the skeletal system. The skeletal defects
were characterized as missing or short mandible,
vertebrae, digits, deformities of the skull, abnormal

curvature of the spinal column, and missing centre

of ossification (Hurley and Swenerton, 19§I)§f
Histological changes in bones of zinc deficient.
rats were geﬁorted'in 1941 by Follis et al. ‘They
observed that the egiphyseal cartilage was narrogér
and hypertrophic cells were few in zinc deficient

animals. Subséquently, Hoekstra, 1969, reported

alterations in the epiphyseal plate in zinc
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deficient chicks. The cells near blood vessels
were larger and rounder and separated by abundant

extracellular matrix. Bergman et al., in 1972

‘found that animals on zine deficie £ rations,
fgvealed a reduction of cell proli:étigyon in areas

of the mandibular condyle and the proximal epiphysis
of the humerus. Thus, they suggested that the
cellular proliferation of undifferentiated
mesenchyme is affected by a zinc deficient diet.

| Zinc has an important role in the reaction
of a number of ehzymes as an essential part of ﬁhe
enzyme molecule or loosely bound ion (Mikoc-Devié:’
1970). 1In 1939, Keilin and Man showed that zinc
is a constituent 6f the enzyme carbonic anhydrage,
but Hove, Elvehjeﬁ ag@ Hart (1940) and Day and

McCollum (1940) founé no changes in carbonic
anhydrase actiﬁity;{ cases of zinc deficiency.
Later Tupper, Watts and Wormall (19525 showed in
studies with 2n®5 that zinc in carbonic anhydrase
was firmly bound to the protein. These results
are in agreement with th£ observations of Keilin

and Man (1940) who said that zinc is undoubtedly

firmly bound to the protein and is not removed

by dialysis; even when the enzyme has.become

A

’
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inactivated by long standing. Later investigations
described alterations of alkaline phosphatase acti-
vity in magnesium déficiency. .Westmoreland and
Hoekstra (1969) gtudying zinc deficient chicks,
reported that alkaline phosphatase activity decreased
:Only in cells remote from blood vessels. Prasad

et al. (1967) reported that lactic dehydrogenase,
alcohol and malic dehydrogenase and alkaline phospha-
tase are decreased in the bone of iinc deficient

rats.

In addition to the previous works, it is also
important to consider the effect of zinc excess
diet in bone formations. 1In 1951, Sadasivan noted

that dietary zinc excess brought about a reduction

in the weight and ash content in the rat femur.

These observations have some support by.the
+  experiment of Ferguson and Leaver (1972) in which
zinc excess appears to have a competitive effect

on calcium and consequently to exert a porotic

LT R T TR SRt ST

effect upon bones and teeth. _ ‘ p
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INDUCTION

In interpreting the .mechanisms of inductioh produced
by deviltal{zed bone graft, Urist and co-workers have
compared the phenomgnon to the embryonic indqctiqn of
various struc;ures and tissues, |

In- the typical embryonic induction (see Scheme page 30),
a cell or group of cells (Inductor Tissue) liberates a
diffusible agent (;nductor Substance), believed to be
a nucleo-protein or a brotein, and this agent acts on
a second cell or group of cells (Induced Tissue) which
as a result of the stimulus reacts by differentiating
into a new cell type. It has not been established
yet if the inductor substance penetrates into the second
cell in brdg; to reach its nucleus, or if it only acts
on tﬁe sugface of thergell where it stimulates the
.production of a seqond messenger of the type of the
cyclic AmP-calcium system.FaOne way or the other,
it finally acts on the genome of the cell and by
altering the process of tﬁgnscription (RNA Messenger)
alters the differentiation of the cell.

This phenomegon can be compared with tke bone
induction process as described by Urist. 1In the case
of embryonic induction, of course the inducing agent
is a living cell, while in Urist's experiments, the

inducing agent is a dead tissue. However, similar

to the case of the.embryonic induction, in Urist's

L
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. experiments,-the inductions'.is conveyed by a diffusible
kﬁgbstance. This was demonstrated by Urist and co-workers
..Qf by showing that bone 1nductloo_occurs even when extracted
- ! bone is enclosed in a millipore chamber. He later showed
that collagen, isolated from devitalized bone, is capable
of producing similar induction and this showe that the
same.is in embryonic induction, the agent is a protein.
Moreover, he 1ater successfully repeated his experiments
- using collagen digested with collagenase, thua indicating
that the inductor agent is a protein fraction of sﬁaller
molecular'weight. Urist's stuaies have successfully
investigated the nature of the inductor agent. However, in-
- studying embryonic in@uction, embryclogists have focused
their attention on the inductor principle aaa on the
)aathre of the reacting cell or tissue, and have deﬁonstrated
a general principle which can be expressed as follows:
the_induotor.prrnciple acts as a trigger aad the type

of induction resuiting depends more on the nature of

the target cell {See Saxén and Toivonen in Prlmary

v
"t

Embryonlc Inductlon, 1962).

, In order to find out 1f7this priACiple apblies to the
phenomenon of bone induction in the adult anlmalt,we have
tried in the following experiments, to demonstraﬁe that
the response to our_inducing agent, that is, ‘devitalized
bone} can be altered by experimentally changing the

pPhysiological status of the'responding tissue. We tried

to accomplish this by submitting the hosts to cation-

deficient diets.



~was recorded. The amount of food which thefrats

CHAPTER II

MATERIALS AND METHODS /

A. Animals . K .

A total of one hundred and twenty-two white

‘Sprague Dawley rats supplied by Canadian Breeding

Farm were used. All of the animals were males whose
weight was between eighty and one hundred and fifty
grams. The experimental raﬁfgwere individually
housed and kept at a temperature of 74°F. The
animals were grouped in ésix e#periméntal)series

described in Table I (Page 60)}. The state of the

A ! o
animals was observed dai-ly and any change in symptoms . ‘

with zine deficient diet ate in each feeding was also

recotded. The body:weight was recorded once a week.

B. Diets

l; Standard

The_standard diet consisted of-the regular
feed (Rockland éQggdpellet) nsed in our animal
house and water ad-libitum,

2. Experimental Diets ' Ve

Three kinds,éf sgpcial diet (magnesium,

[}

calcium and zinc deficient) were used. ?\\
|
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All the diets were obtained from General
Bioghemicals, Chagrin Falls, Ohio. rThese diets
were gEaf%éd one week before the operatien and
continued until four weeks after.

/Thé magnesium deficient diet was sﬁpélied
asfa peilet.

Magnesiuéidéficient Diet (1) ' C .

P

Formula gms/kg
Casein : " 300.00
Destrose = : 499.66
Corn oil .- . 7 . ) 150.00
salts (56 below) 21.48

| sodium bicarbonate 12.60
Potassium bicarbonate - 15.10
Vitamin ﬁix’ESee below)

'

Salt mix
Calcium chloridé e 5.708¢
Caicium phosphate "~ ,(;4} 14.300
Cupric sulfate i ; - 0.013
F,e'r'ric citrate 1.240.
Ménganese sulfate 0.1739
Sodium iodide } 0.030

Zinc*sulfate 0.024

33



Vitamin mix

gms/kg

- Calcium pantot ., ﬁ ‘ 0.020
Choline chlorife 1.000

Niacin 0.040
Pyridozine 0.004
Riboflavin 0.008

0.004

Thiamine

Vitamin & 37,500,00.0 IU

Vitamin D, 5,400,00.0 1IU

!

¢
!
X
L)
:
i
5
v
i

1% vitamin fortification mix

. -

L ' The magnesium content in this diet was analyzed
by absorption spectrophotometry by Dr. E.C. Goodhue

(National Research Council of Canada). It varied

e T e T

from 0.925 to 1.2 mg./100 gm dry weight (0.880 gm./100 gm

wet weight) for the magnesium-deficient diets and

it me iy mw e

from 260 fo 265 mg./100 gm dry weight for the standard
diet. The calcium content was 0.698 g./100 gm dry
weight (0.660 g./100 gm wet weight) in the magnesium-

deficient diet.



Calcium Test Diet (1) \\,

Formula l gm/kg
Casein, GBI Vitamin Free Test 240.00
Sucrose - 684.00
0il, Corn 3 : 50.0ﬁ

"Salt Mix fsee below) - 26.00

Salt Mix
Cupric Sulfate 0.012785
Ferric Citrate 1.171939
Magnesium Sulfate _ 2.130798
Manganese Suifate Ozi9l7718
Potassium Iodide 0.0340928
Potassium Phosphate Dibasic 13.743648
Sodium Chloride 6.008851
Sodium Phosphate Monobasic 2.6848Q6
Zinc Chloride 0.02130798

.
" Vitamin Mix
,ﬁ—Aminobenzoic Acid 0.3024
Calcium Pantothenate 0.01992
Choline Chloride 1.0008
i-Inositol ' 0.01128
Mépadione 0i006

(l)Kenny A.D., and Munson, P.L.' (1959) Endocrinology,

64, 513.



gm/kg
Nicotinic Acid 0.02496
Pyridoxine HCl , 0.003504
Ribofiavin . : . 0.003504
Thiamine HCl , 0.003504
o—Tocopherol ' _ 0.050
f-Carotene, Synthetic 0.011
Vitamin D, 3,000 IU

(L)

Zinc Deficient Diet ‘ 9

.This specigl diet was supplied as powder. The
powder was mixed with distilled water and poured in
a small porcelain pot. This mixture was” replaced
every two dﬁys.‘ Glass distilled water was also

supplied during the experimental period.

Formula

- , g/kg
Egg White Solids, Spray Dried ' 200.0
Dextrose, Hydfate, Technical 631.053
Fiber, Non-Nutritive 30.00
0il, Corn 100.00

Salt Mix* (see next page)
Vitamin Mix (see next page)

1 Luecke, R.W., Olman, M.E., Baltzer, B.V. 1968.

-J. Nutrition 94, 344.
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Salt Mix™
. g/kg

Calcium Carbonate 9.94405
Calcium Phosphate Dibasic 3.1489
Cobalt Chloride 0.00185
Cupric Sulfate 0.009945
Ferric Citrate 0.911542
Magnesium Sulfate 3.38106
Manganese Sulfate 0.008791
Potassium Iodide 0.026518
Potassium Phosphate Dibasic 14.0044
Sodium Chloride 5.55198

Gitamin Mix ‘
Biotin 0.004
B12 {0.1% in Mannitol), Vitamin 0.020
Calcium Pantothenate 0.0iﬁ
Choline Chloride 1.500
Chlortetracycline ** 0.250
Folic Acid .0.0005
Menadione 0.00033
Niacin 0.025
Pyridoxine HC1 0.004
Riboflavin 0.006
Thiamine HC1 0.010

* %

An antibiotic added to vitamin mix.
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units/kg
Vitamin A Palﬁitate' 10,000.000 IU
Vitamin D2 ' 1.250.000 IU
Vitgpin E Acetate | 1110.000 TU

This deficient diet was analyzed by atomic
absorption for zinc and magnesium by Dr. E.C. Goodhue
(National Research Council). It gave the'following
results: 0.9 ppm of zinc and 440 ppm of magnesium.

a gfoup of six rats was fed with the same diet
but supplemented with zinc acetate. The analysis
by atomic absorption for zinc and magnesium in this
supplemented diet was 48 ppm of zinc and 440 ppm of
magnesium. The supplementary diet was prepared in
the’laboratory by mixing 150 mg of Zinc Acetate with
one kilo of zinc deficient diet. To mix the food,

a laboratory jar mills was used (Stoneware Okrou Ohio,

Coleman-Palmer, 275 R.P.ﬁ;) for six hours.

c. Technique for Graft Preparation

l. General

The femur was used for preparing the grafts

of devitalized bone. In Series I, II, III, IV,
the donors were normal rats. In Series V and VI,

the bones came from rats which were fed for four

38
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weeks with magnesium and calclum—-deficient diets.
. {

2. Decalcification

All of the Eones were obtained after autopsy and
immediately processed as follows: ‘

The bones were cleaned of the surrounding tissue
and put in decalcifying solution (0.6'N. Hdl according
to Urist et al., 1965) without fixation. They remained
in HCL for 20 hours at -49C on a magnetic stirrer. After

cleaning the bones in distilled water, a cylinder

segment of the diaphyses one centimeter in length

was cut with a razor blade. The bone marrow was
taken out and the marrow cavity was cleansed with
distilled water. After the excess water was removed
with filter paper, the fragments of bone were

frozen on dry ice and left overnight until the

-



lyophilization on the next day.

3. Lyophilization

A, EquiEmeht

The equipment used was a Virtis Histological

Freeze drier (model no. 10-1653),.a vacuum pump,
Precision Scientific model 25, and a McLeod Gauge,
Virtis no. 10-22A. (see Fig. 1)

The Virtis histological freeze dryer consists

of several parts:

a) Stainless steel cold bath.(Fig].Part A)
which has three ports for vacuum tubing connection.
One of the base ports is. connected to a vacuum pump .
using suitable rubber vacuum tubing. Between thé
stainless steel cold bath and the vacuum pump was
a containerlwith drierite. The McLeod Gauge was
connected with a rubber tube to the second base
port in the stainless steel cold bath. Finally,
the pYrex-brand glass freeze dryer.(Part B) was
connected with the top port of the stainless steel
cold bath using the 1%9/38 pyrex adapter and rubber
vacuum tubing.

b) The pyrex glass freeze dryer (Fig 1) is
formed by two parts: an upper one which is a cylin-

drical double-walled container for the refrigerating

¥

&



Fig. 1
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bath and the lower one whf&h forms part of the
vacuum chamber‘which when connected with the

upper portion, forms a closed vacuum chamber.

The connection of both portions consists of ground
glass fIanées which are greased with a high vacuum
silicone grease’in order to obtain a better grip.

B. Preparation

>

The stainless steel bath was filled with
methyl cellosolve as a heat transfer solvent;‘iA
order to obtain temperatures between -20°C to
-40°¢, varying amounts of dry ice were added to it

at intervals. The upper part of the dryer was

filled with:

remained full at\ all times; nitrogen was added

constantly during the process.

C. Method _. -
The mid-diaphysis fragment of bones that-
were already frozen, were put in groups of six
in small Pgt?i'dishes.- These dishes Qere put
)
inside the lower glass (Fig. Part C) of the dryver
apparatus. Immediately when this chambef was closed,

the system was ready for operation. The vacuum pump

was started and the glass dryer was then moved down

-

iquid nitrogen. This container ‘
, -
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until half of the lower chamber of the dryer was

submerged in the bath 6f ﬁethyl cellosclve. When ’

thellevel qf the vacuum was 5 mm of mercury or 5

micron, the freeze-dryer system was left working
 for six hours ﬁnder permanent control. For the

last hour, the glass dryer was moved up from the
methyl celioso;ve bath and left at room temperature.
At the end of this pfocess, the lower chamber was
removed and kept with the samples in an air-evacuated
giass dessicator for no more than three days. From
each group of prepared bhones, two samples were taken:
oné was incubated in aerobic cuiture media and the
other was incubated in anaerobic culture media. This

process was used in order t6’ensure that the

devitalized allografts were completely sterile. 1In

this manner, the grafts were ready for implantation.

D, Surgical Procedure

Implantation

The operation was perfgrmed in a Clean Bench
Hoiizqntal flow with positive pressure (Edgegord Hood.
The Baker Co. Inc., Stanfdrd, Maine). The characteristics
of this special chamber aré important- in creating ster;le

surgical conditions necessary to obtain objective results



of £he host response. The horizontal laminal flow
clean bench has a motor blower (1/3 H.é.v— Phase 1 -
cycle 60 - R.P.M. 1075) located under the bench. This
moto£ ?lower blows air.in through a series of two kinds
of filters; a HEPA filtér (rater capadity, 1125 c.f.m’)
and a prefilter made of.Scott foam. The blower has ‘
been selected td'p;ovide air at a minimum of 90 F.P.M.,
maximum }Zo-f.P.M. over a range of pressure drop

which insures a sufficfent air supply when the filter is
loaded wifh dirt. I; addition,-slots.are';qcated'at
the front edge 6f the wq%k sufface,and sidewalls in
which influx air“from 800 to 900 F.P.M. to insure
effective results. When the clean bench starts to
work, the motor blower blows air in tirough tﬁe prefilter‘
and through the (HEPA) filter hqrizontally.across work
area. The characteristics of the laboratory confirm
that 99.7% of particles larger than O.B‘Um are removed
according to special testing to insure a steril area.of
work: The Clean Bench wa; started half an.hour before
the'operatiqp. The surgical instruments were sterilized
gt 180°C for three hours in dry oven.

*
Before the surgical procedure, the animals

received an intraperitoneal injection of anesthetic

o

A
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E. ™echnique for Morphological Studies .

(Innovar-Vet) 0.3 ml per 100 gm of body weight. Each
1w '
rat was shéved in the lumbar area and the operation zone
. ‘;. ]
was cleaned with antiseptic solution of Zephiran

(Brand of Zenzalkonium chleride Solution U.S.P. Winthrop).

A dorsal %neision,was made in the skin about two centimeters .
in length, parallel to the vertebral column. The | : '
supgrfici tissues and aponeurosis of the'dorsal muscles
werEJsectioned, and the fibers were separatéd with

forceps. A cylindricalﬁfragment of mid—diaphyéis of

devitalized bone was imp1an£éd in the muscular pocket.

The muscle was sutured using sterile chromic surgical

gut (medium 00). The skin was closed with sterile

a

"
o1

was put back into the cage, the wound was cleaned with ‘

the antiseptic solution again. No more than 12 rats . »

silk (4-0) suture, silicone treated. Before the animal

were operated on at one time. After four weeks they

were sacrificed.

1. Fixation and Decalcification ' ‘\\\

Du;inq the autopsy of the experimental rats, |
thé grafts were removed together with abun?ant
surrounding tissue. These tissues were‘prepared
with different procedures‘accbrding td the

histological or hiﬁ;qchemical reactions to be
i .
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performed. Small‘portions of seme of the grafts
., Were separated{ fixed-in ﬁéutral forﬁalin and
processed for mictoradiography (according to
Bélander (unpubliehed)-). The rest of the tissues
were fixed in AFA (15 parts 95% ethanol; 4 parts
‘ formaldehyde and 1 part acetic acid). After
remaining in fixation for 24 hours, the tissues
were decalcified in 10% (saturated) EﬁTA
(ethylenedlamlnotetra-acetlc ac1d) (sequestrine
Geigy) in distilled water (pH approx. 5.5) for ten
days according to the constant r;placement method

of B&langer et al., (1965). This technigue consists

of placing the bones in a flask to which one drop

ey

per second of fresh EDTA solution from a reservoir ‘

is constantly added to replace  a drop that is lost
from the* flask by overflow. After this process,.the
bones were washed in running water for thlrty |
mlnutes and then the specimens were embedded in

paraﬁfrn for sectioning.

Zuszmbedding and Staining

<

After decalcification, thefjtissues were

embedded according to the following method:

o
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Dehydration in graded ethanols

TR G FS e R

~ Two changes of 95% ethanol of 8 hrs each

Three changes of absolute ethanol of 8 hrs each
- Three changes bf Toluol of 8 hrs each

- Five'changes of paqaffin of 5 hrs each

The final step of this process was the
formation of blocks with the tissug'already embedded.

Sections, five microns thick, were cut on a
Spencer A.0Q. microtome and stained with routine and
speciai stain. As a routine stain, haematoxylin-

phloxine-organ G (H.P.0.) (Bélanger unpublished)

was used.

47

Two changes of 70% ethanol of 8 hrs each .
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Method of H.P.0O. Stain - (Van Campenhaut; Belanger,

A)

B)

C)

D)

E)

F}

G)

H)

1)

J)

K)

unpublished)

After deparaffinization with xylene, the
sect;oﬁs were taken through the usual éeries

of ethancl solutions down to water,

Stained in filtered Delafield's hematoxylin

for six minutes.

Washed in distilled water to remove excess

?f stain.

Differgﬁ£iated with acid alcohol (1% HC1 in

50% alcohol).

Rinséd with distilled water and lithium carbonate
1 minute,

Washed in running Qater for at least 15 minutes.
Stained in 1% agueocus phloxine 6 minutes.
Changed rapidly once in 95% alcohol:

Stained in 1% Orange G in 95% alcohol 1} minutes.

in absolute alcohol 2 minutes each dnd one cﬁéﬁée
in absolute alcohol for 2 mlnutes.

Changed thrée times in xylol 2 minutes each and

mounted in permount.

‘Washed quickly in 95% alcohol followed by two changes

48
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3. Microradiography

The undecalcified portions which had been .
fixed 'in neutral'formalin were transferred to 80%
ethanol. Using a dental drill, cross sections of
the same were cﬁt. Dehydration of those sectiOqs
was completed in 95% ethanol, three six hour
changes of absolute ethénol and two 8 hour changes
of.acefone. The bone samples were then infiltrated
with increasing concentrations of Epon resin
according to the following schedule. (Luft, l961).

Two maiq solutions were used:

Solution A: 62 ml Shell Epon 812 w

100 ml DDSA {Dodecenylsuccinic anhydride)‘

o

Solution B: 100 ml Shell Epon 812

89 ml NMA (Nadic hethyl anhydride)

Subsequently, these solutions were mixed in

L

different proportions:

. Mixture 1l: Seplution A: Solution B: Acetone 1l:1:6
Mixture 2: Solution A: Solution B: Acetone 1:1:2

Mixture 3: Solution A: Solution B: Acetone 3:3:2 to

//j which is added 3% DMP-30 accelerator
- ' {2,4,6, trimgthyl amino éthyl phenol)
Mixture 4: Solution A: Solution B 1:1 to

4 . . which is added 3% DMP
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The procedure for embedde%ent was the
following:

a) During the first hour, the bones in test
tubes containing Epon mixture 1 were centrifuged
at 1800 R.P.M. and then stored in a desiccator
overnight.

b) In t&e morning,lthe bones were again
centrifuged’ihe first hour with 'mixture 2, the
second hour with mixture 3.

c) Finally, the bones were infiltrated under
vacuum (18 mm. Hg) for four hours wiéh-mixture 4.
d) Each bone sample was then embedded in

an acrylic capsule (a piece of round tubing,

12 mﬁ. in diameter, affixed to a square acrylic
base) partially filled with fresh mixture 4 and
the capsules were stored for thirty minutes under
vacuum at room “temperature.

e) The following thirty-six hours therpggn
resin was allowed to polymerize in an oven quyan
eqﬁal length of time at each of three consecutive -

o o

temperatures, 35., 457 and 600.
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f) When the Epon was completely polymerized,
the capsule and its contents were trimmed with a
hand saw and cemented onto a thin plate -of
similar material fitting the cuéting table of the
Gillingé and Buonoccre (1959) cptting machine.
Sections of 100 microns were obtained. The
uniformity of the section thickness was always
verified with a bench micrometer gauge (Gillings
et al.; 1959) which measured the thickness at a -
‘number of individual iocations within the section.

g) Those sections with thiékness variations
of no more than 10% were'bicke% up by a 2-inch "

strip of Scotch band adhesive tape. This was- then

affixed to a glass slide so that' during storage

each section was sandwiched between the tape Jand ‘

the slide ({Bélanger et al., 1963).

The émulsions were ?urchased from the
Canadian Kodak Sales Cd., Toroﬂto 15, Canada on 1X3
inch glass plates coated with 10 micron thick
layer of NTA nuclear emulsion of EK 649.0
spectroscopic emulsion. Al)l the micrographs were
- prepared with the use of a microradiocgraph unit

built by Garth Westenskow Co. and the Jackson
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Process

Scientific Machine Co. of Salt Lake City, Utah.

»

Before use, the nuclear emulsion plates were
coated with a thin layer qﬁ celloidin by dipping
them once in a 1% solution of celloidin in
ethanol-ether, and the plates were diied for at

least twenty-four hours,

The bone ;ection adhering to the fape was
lifted from the storage glass slide and transferred
to the emulsion covered plate so that the bone
section now was put in between the tape and the
photographic emulsion. Intimate contact between
bone and emulsion was-éssential to insure high
resolution. All these processes were made in the
dark room. The bone sample was now.ready to be

microradiogréphed.

Exposure to X-Ray

The micfograph unit consists of a high voltage
power supply, a line voltage regulator, a control

panel, X-ray tube and a camera to position the film

an@—spefimens tobe X-rayed. The emulsion plate

and adhering section were positioned in the camera

in a light-tight environment. The camera ,tube was
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then placea part way into the X-ray beam tube

and the metal plate on the camera, was rotated
180° to a position where the emulsion and section
were directly expgsed to the X-ray tube. The

apparatus allowed two separate samples to be

" exposed simultaneously to X-rays generated at a

regulator voltage of 115 volts, an X-ray voltage
of 1000 volts, and an X-ray current of 10
milliamperes. Each set of samples was exposed
to the yx-rays for 25 minéles. This exposure
time was found to'be optimal under the above
operating conditions where the geometry of the
apparatus wa; fixed, the sensitivity of the
photographic emulgion remained constant, and‘*the

[ 8

Ehﬁ;i?ess of section of graft bone studied was
} i
ifo

bone wvaried. ' ’

Development and Fixation
In the dark room, £he exposed emulsion pléte
and adhering section and tape were removed from
the camera, and the adhesive tape bearing the bone
section was transferred again to a clean glass slide

for storage. The protective coat of celloidin

rm. Only the extent of calcification of the\\\
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covering the’ emulsion plate was dissolved in a

bath of acetone followed by a series of graded

bl

ethanols down to water. The photographic plate

- was then developed for five minutes in Eastman
Kodak D;lQ developer (l50C), briefly rinsed in
distilled water, and fixed for fifteen minutes in
Kodak acid fixer with hardener. It was then washed
in cold running water for thirty minutes, dried

in an air stream, and mounted with a coverslip

with a synthetic resin, such as Permount.

4. Histochemistry

Three main techniques were used; two of

them correspond to mucopiézéaccharide idéﬁi;§¥fation.
es

For Acid mucopoiysaccha , the Alcian Blue-~Basic
Fuchin was used (Bélaryer, unpublished); P.A.S. -
Reaction was used for identification of neutral
mucopolysaccharides and glycoprotein. Also, thé
tn;fthechnique corresponded to the Von Kossa
Reaction, which was used ﬁ% order to identify the

deposits of bone mineral in the tissue.”

»
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Description of the method:

A. Acid Mucopolysaccharides

\Qﬂian Blue-Basic Fuchsin

M(%d—

1. Sections were deparaffinized and hydrated

in alcohol of decreasing concentrations down to

distilled water.

2. They were then stained in alcian blue

0.5% for 45.minutes. The alcian blue solution

was pfepared with the following buffer: |
Sodium acetate 50 cc
Hydrochloric acid 1M 100 cc

Distilled water 100 cc
The solution was around pH 1.

3. Rinsed brié!&z in buffer for 10 seconds.
4. Washed in running water, 15 minutes.
5. Sggz;éd with basic Fuchsin 0.055% for
10 minutes.
6. Fast dehydration in absolute alcohol
{(three changes of alcohol, 2 mi;uﬁésyeach).
7. Three changes of xylol, 2 minutes each.

8. Mounted in permount.

Acid mucopolysaccharides were stained pale blue.

[

i
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B. Neutral Mucopolysaccharides and Glycoproteins

P,A.S. Reaction (Periodic Acid Séhiff) (Barka and Anderson)zB
Solution I -

0.5% periodic acid diluted in distilled

water. .

L]

Solution IX

Schiff's Reaéent: It was prepared by

dissolving 1 gm basic Fuchsin in 200 cc
}sitilled water.

After cooling it to about 50°C, 1 ml

hydrochloric acid and 2 gm of sodium Ta

biﬁulphite were added.

The flask tightly‘stdpped,it was shaken

and then let stand at. room temperature'for

.- ¥
24 hours.

0.5 gm of absorbent charcoal was added

and the mixture was then shaken again and

filtered.

The mixture was kept refrigerated.

Solution ITI

2% solition of sodium bisulphite.

L




Method -

1.

-

Stained with Solution I for 10 minutes.

2. Washed in running water for 10 minutes.

I
p!

4.

5.

c.

Bone sections, undecalcified and fixed in AFA were used.

Method -

1.

Sections were placed in Solution II for
12 minutes (10-15 minutes).

Rinsed in distilled water.

Placed in Solution III for 1 minute

(172 minutes).

Washed for 5 minutes (5—109§§nutes).
Counterstaining was made with Hematoxylin
followed by"deheration, drying and -
mounted as usual. |

Von Kossa Technique* (Barka and Anderson)

The secti were deparaffinized and hydrated
until water,
Left for one hour in 1% acqueous solution of

AgNO, ({Silver Nitrate) in the dark.

3
The slides were exposed to light for an hour
(Reduction process).

Rinsed in distililed water.

Immersed in 5% acqueous solution of sodium

thibsulphate for 30 seconds.



58

Wasﬁéd in tap water for 5 minutes..
Nuclei were counterstaiied with 0.025%
basic fuchsin for 30 sécs. to oné
minute.

Dehydration in alcohol - cleaned in

xylene and moupted in, permount.

-



CHAPTER TIX
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RESULTS
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TABLE I
SERIES # RATS HOST DONOR
. Series I 31 Normal Normal
Series II_ 10 Mg deficient’ Normal
Series III 12 . Ca deficient Normal
Series IV "12 Zn deficient Normal - a
6 Zn Suppl. Normal
Series V 18 Normal Mg deficient
Series VI 10 Normal " Ca deficient
6 ° Normal G Mg deficient |
Series VII 5 Normal » G Mg deficient & fg
’ testosterone iz
. 5 Normal G o ‘
7 Normal G .& testosterone f;
i3

{1) Zn Suppl: Suﬁplementary diets 48 pp.m.
G: Gonadectomized

o . .
Testosterone Supplementary: 25 u.g. fB-estradiol daily.

»
\
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GENERAL

Table Ilgroups all the series of explants to
be analyzed. Several common Eparacteristics o
were found in thé evolution of grafts in all e
expefimental series. Connective tissue of the host
surrounded the grafts and filled their cavity.
Although in Eome cases, gliant cells were found
in connection with grafts, implying the existence
of some kind of foreign body reaction, significant
rejection of grafts was not observed in any case.
In all the experimental series, new bone was formed.
It was localized inside and/or outside the graft.
Wherever the new bone grew im groups of trabeculae,
bone marrow-like tissue was always present. In additidn
to the a@ove mentioned common characteristics, the .
graf;s in the differenﬁ series, had distinctive
features‘which will be analyzef/}n the fcllowing

description.

6l
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SERIES I

GRAFTS OF NORMAL BONE IN NORMAL RATS .

Microscopic Observations

The microphotography in Figure 2 shows with
low magnification a cross section of a typical
implant of a normal bone into a normal host. The
" boundary in between the graft and the skeletal muscle
is clearly visualized as a narrow layer of connective
tissue surrounding the implanted bone. Some of the
vascular channels in the thickness of the wall still
appéar empty. ' These spaces have different shapes

¥ -
and sizes. The central cayity of the grafted bone is

also filled with connective tissue with numerous

blood vessels (Figf 2). In some grafts resorption
spaces communicated the central cavity with the
outside with connective tissue.

The host response to the grafts implanted in
the muscle was in all cases characterized by infiltration
of the grafts by connective tissue cells followed in
nineteen out of thirty-one cases by differentiation of
bone and/or cartilage. In addition, bone marrow
tissue usually appeared in connection with the newly

. differenciated bune. The process can be described as
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follows: connective tissue cells which probably have
migrated from the adjacent muscle, invade the old vascular
channels of éhe bone matrix, and the central cavity of ~
the graft (Fig. 3); they also form a layer of connective

tissue afound the implant (Fig. 3). Wherever this

~
new connective tissue is present, it is possible to
.identify fibroblast-like cells, macrophages )
multinucleated giant cells (Fig. 4) and many cells :/’}

which look likelhistiocytes'and contain a brownish
material probably of hematic origin. These |
macrophages are usually more abundant in the central
cavity. Together with the infiltration of
connective tissue, small capillaries reach the bone

marrow cavity forming a network of new blood vessels
o+ -

' which also occupies the empty channels which are

.

present in the thickness of the wall of the
impl;nped bone. Often clumps of fibrin stained in
red with the H.P.O. stain were found in the central
cavity; they were easily distinguished as compared
from collagen fibers_whiéh stained orange with the
'same'techniqﬁe. The new bone appeérs as trabeculae
containing{%acunae with typical osteocytes and.
surrounded by a layer of ostecoblasts in é lineaf

formation (Figs. 5~6). 1In most cases, the bone



trabeculae are inside the cavity of the grafts;

but not infreguently bone trabeéulae~are also

found at the periphery of the graft (Fidk. 5-6).

This deposit of bone was generally observed in areas
of the graft in_which‘the wall of.the implanted bone
was thin. Bone marrow tissue type*usually accoméanies
osteogenesis. This type of ti;gue differentiated
among the bone trageculae (Fig. 6). However, it

is not evident when the bone grows as a large single
mass of tissue (Fig. 8). The new bone marréw tissue
contains large blood vessels, groups of fét cells

and small ro;;éed cells which look'like lymphocytes.
It is also possible to see few rounded multinucleated
giant cells; they appear to be megakaryocytes

(Fig. 1l). 1In ten out of the thirty-one implants,
small islands of cartilage were found. They were
~usually formed by one or two cartilage cells and were
located most frequently in spaces within the dead

bone matrix of the graft (Fig. 12). The new cartilage

cells were very clearly recognized with the alcian blue

64

stain, a blue ring appears surrounding each cell (Figs. 12-

13). In few-instances, cartilage cells weré also found

—



in the connective tiséue Filling the.central cavity
(Fig. 13). These ceils usually were localized in
areas in which the irrigation was not evident, none
of these allografts showed characteristics of any
infection.

X Microradiograph techniques applied in this
experiment showed'éhat the néw bone trabeculae

formed inside and in the periphery of the graft were

well mineralized (Fig. 14).

SERIES II

é%AFTS OF NORMAL BONE IN MAGNESIUM

DEFICIENT RATS

© Symptomology

The ten rats in this sgrieé showed the clinical
symptoms which are typical of growing rats fed a
magnesium deficient diet. At the end of the first
two weeks, there was'erythema mainly in the extremi-
ties and the ears; hyperemia and scaling of the skiﬁ
in the tail were also observed as well as an increase
in their irritability by all k§nds of noises.

Differences between their body weight and that of

I 1




controls was.noticed (Chart 1).

Microscopic Observations

Figure 15 represents a low magnification
microphotography of the cross section of the
intramuscular implant in a magnesium deficient rat.
It shows that similar to implants in normal rats,
the bone graft is surrounded by newly formed
connective tissue (Fig. 19) which has also penetrated
the central cavity and some of the old vascular
channels of the graft. The connective tissue
surrounding the implant is characterized by the
presence of fibroblast and multinucleated giant
cells, some of which contain amorphous or fibrillar
material which appears to originate from fragments
of demineralized bone matrix. The central cavity is
invaded by mesehbhyme—like tissue with fibroblasts
and multinucleated giant cells. These giant cells
are organized in circular structures (Fig. 16) around
some material, probably a piece of devitalized bone
matrix. In addition to the giant cells, there are
zones infiltrated by small rounded cells and
macrophages with some material in the cytoplasm.

In a few cases, skeletal muscle fibers were found
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inside the central cavity. This tissue was represented

by myoblast-like cells with double or single

nuclei and red staining myofibrils (Fig. 16}. They
probably entered the cavity from the muscle tissue
surrounding the graft. Some clumps of fibrin are
found in the marrow caviﬁy. Five out of the ten
grafts in this group presented bone trabeculae located
both in the marrow cavity and the periphery of the
graft. The bone ﬁrabeculae were small and thin
compared- with the control, and did not occupy a large
space in the central cavity (Fig. 22). Typical
osteoblasts in a linear formation surrounding these
trabeculae were also found in the internal surface

of the graft, facing the cavity (Fig. 22). None of
the grafts showed any formation of marrow tissue.

The most important observation in the grafts of this -
g;oupgwas the presence of largg émoﬁnts of newly
formeéﬂcartilage. All of the implants showed
chondrogenesis usually loca;ized in spaces within the '
ﬁatrix of.the implanted bone. In some zones, two or .
three cartilageé  cells occupied small spaces probably:
derived fréﬁ lacunae or old blocd vessels channels of
the implanted bone - (Fig. 17). In other zones, groups

of ten or more cells formed large%&slands located in

»

i
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large spaces, probably produced by resorption of the

implanted bone (Figs. 18-20). ‘These large islands of

growing cartilage were represented by small cells

" possibly chondroblasts and large cells or‘chondrocytes

surrounded by deébly alcianophilic material. These

areas could be cohsidered poorly differentiated. In

only one case cartilage was found in the central

cavity. It was represented by a mass of chondrocytes

of different sizes and‘'stages of differentiation
(Fig. 17). The zone corresponding to the linea
aspera of the implanted femur was the elective site

for cartilage induction (Fig. 23).

SERIES III
' A1
GRAPTS OF NORMAL BONE IN CALCIUM .
DEFICIENT RATS
Symptomology

During this experiment, the physical condition

of the host rats deteriorated rapidly. The

symptomology was characterized mainly by hemorrhagic

skin lesions in areas of the extremities and snout.
In the second and third week, the animals showed

loss of equilibrium: the rats fell easily when

!
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walking, skin areas shaved before the operation did
not grow hair again. Three ouf of the twelve rats
in this group.died during the course of the
experiment. In observation .of this material afger
using the miéroradiography technique, calcification

over the new bone was not found: mineralization that

was evident in implant of normal bone into normal host.

Microscopic Observations

The same as in previous gtoups, the grafts

" were surrounded by connective tissue which also

penetrated into the central cavity. 'Vascularization
of this benkial cavity appeared to be bettef developed
‘ﬁhan in the other groups. The connective tissue
contained few fibroblasts; muitinucleated cells were
rarely found. Multinucleated giant cells were present
in féw areas in whicﬁ the reabsorption wéé evident.
Small amounts of new bone were found in six out of
twelve grafts. This bone was not found in the form

of free trabeculae, but as a continuous layer mainly
in the inner surface of the grafts. It is very
highly stained with alcian blue which indicates

that it is immature type. The organization of the

osteoblast did not show the typical linear formation

L



identified in implants in which characteristic
trabeculae appears (Fig. 7). The bone was so sof£
that sections could be cut without previous decalci-
- fication. Von Kossa'sﬁ:echnique showed posi?ive
reaction in ohly one implant indicating the absence
of calcium phosphate in mos@ of the new bone. This
new bone is siﬁilar to the imma;ure type or osteoid
describ by early histologists (Figs. 24 and 25).
The sgéii; characteristics of this tissue in sections
treated according to P.A.S. and alcian blue technigue
were alsco similar to those described for osted&d.
Only in one case was found some cartilage in the form

of isclated cells, localized in the deep part of the

implanted bone matrix. Bone marrow-like tissue was
never found in this gréup. This was to be expected
since bone did not giow\ée,the form of trabeculae.
Beserving spe01al/ment10n,\1s the fact that resorptive
spaces were found with iess frequency in this group
of implants. Th; 1mplante§‘bone looks more compact;

not many vascular channeisjin the thickness of the

wall can be cbserved.



' SERIES IV

GRAFTS OF NORMAL BONE IN ZINC DEFICIENT RATS

Symptomology '

Contrarxy to what happened with rats kept on
magnesium-deficient or calcium-deficient diets,
those maintained on a zinc—?é%icient diet, did not
present detectable symptomology. Although their
body weight progression was different from those of
normal rats, (Chart 2) this difference was not as
pronounced as the one foundlwith the otlter digts.

Y

-

Microscopic Observations

All the grafts in this series showed formation
of large amounts éf osteoid. This was localjzed
mainly -in the central cavity, where it grew }In the
form of large masses in which lacunae containing
osteocyte can be'idenfified; osteoblasts were found
at the periphery of the ﬁasses. These bone masses
had an irregular shape and staining characteristics

showed that they consisted of uncalcified material,

similar to the osteoid formed previously in the

graftsiin Series III (calcium-deficient host).

These masses of immature bone or osteoid were

I
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surrounded by a layer of connective tissue cells in
active proliferation; these proliferative cells

appeared to be differentiating into new osteoblasts

(Fig. 25), thus providing for the growth of the i
? osteoid. In about half of the cases, bone in the forﬁ3of
trabeculae was found inside‘of the cavity'(Fig. 28
‘and 29) or in the external surface. This trabeculaé
did not have the typical characteristics presented 7
by the .control. They were usually wide and the ostgp-
blast that normally formed a linear structure around

lad

it, seemed to be reduced in comparison with the

quantity of new bone. Another interesting observation

was the fact that the proportion of the implanted
matrix which was resorbed was much larger than the ‘
one found in the previous series. The' resorbed ) -

matrix was-in this case always replaced by osteoid.

In some regions of the graft and especially in Eﬂe

external surface of‘it, many multinucleated osteoclast-

like celis (Fig. 27) were still found engaged in

active régorption, fn addition teo this multinucleated ¢
giant cells, a layer of connective tissue was present

in between the_guscle tissue and the graft. In all

the c¢ases in WZE

ich bone trabeculae were fdund, bone

marrow tissue was present in the neighborhood.

~
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" The bone marrow contained large blood vessels, ' ~

megakaryocyte-like cells and rourded mononuclear

cells,

z . . ,
/LZipg Supplementary Diet :‘ S

dye as supplemented with zinc, new formation of
Qboﬁé;zn and around the graft was in the form of // '
typical trabeculae. Typical lacunae with osteocytes.

were very easily recognized. Osteoblasts were

limited around the new bone. All the ihplants among
. N . W
the' trabeculae showed a bone marrow tissue with the - -

same characteristic that was presented in a previous
. ) .

experiment 4{Series 1). Wherever the new bone ) d
appeared, it showed all the characteristics of

AL

norqal growth, no osteoid was identifiedj;n this " i
group..‘The'infiltrati of copnective tissue
around these grafts’ does not ,show anj difference with.

the implant in rats fed with ziﬁc—deficéent diet.
Yoo ' ' ‘

)
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SERIES V-VI

GRAFTS OF MODIFIED BONE IN NORMAL RAT

General

] In all the preceding series, I have explained
%the/evolukion of implante of normal bone treaﬁed
according to Urist's procedure into normal hos; rats.
In order to establish if the quality of the.tw0 ”
‘implanted bonesecgn affect the evolutions of this
graft, several experiments were made.in wpich the’
implants were obtained from experimentally treated rats
, and were grafted into normal hosts. These.include:
'Series V: Bone from mangééium—deficient_rate.
Series VI: Bone from calcium-deficient animals.,

SERIES V

GRAFT OF BONE FROM MAGNESIUM DEFICIENT RATS INTO

NORMAIL HOSTS

Microscopic Observations

. Fifteen out of eighteen animals,showed heterotopic
osteogenesis in connection with the implant. The new
© bone grew botp outside and inside the grafts usually in
the form of a few small groups of trabeculae (Fig. 30
and dL{ surrounded by osteoblasts. It‘showed the same
charactegtétlc aﬁrangement usually observed in new

bone produced by implantation of devitalized normal

~+ Dboneé.:see description page 40). _Oﬁe of the implents

a




showed an iﬁ£eresting formation: the new bone formed
inside the cavity of the graft had the shape of a
hollow cylinder containing marrow—like tissue {see
cross—section of the same in Fig. 3 n the
connective tissue that always invaded and surrounded the
implant, numerous multinucleated giant cells Wwere
observed in addition to the fibroblasts and some small
rounded celis, This cellular picture appears to
represent a rejection reaction to the foreign body
(Figs. 32 and 33). In most of the cases, this
characteristic reaction was observed in those areas
facing the linea aspera of the central cavity of the
graft, there were zones containing intercellular
substance with large amounts of fibrillar material
-’“T?igs. 34 ahd 35). 1In ﬁen out of the eighteen implants,
bone marrow tissue was.present. This was characterized
by the presence of adipose cells, large'blood vessels,

many small rounded cedls as well as megakaryoqytéJIike

cells (Fig. 36). Although no precise measureﬁents‘

i

\
were made, 'it appeared evident that in this group of

~

'implants, the proportion of maxrow relative to, the
amount of new bone found was much greater than in
previous experimeﬁtal gro - -In one instance, isolated
cartilage cells were obseryed in spaces within the

implanted matrix.

’
.

f

R
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.SERIES VI

"

GRAFT OF BpNE}kQM CALCIUM-DEFICIENT RATS

”»

IMPLANTED IN NORMATI, HOSTS

Five out-of ten implants showed bone grthh.
It was represented by small masses of bone tissue
surrounded by osteoblasts (Fig. 37). Usually these
masses projecifd from the inner surface of the graft.
In other cases, the new bone formed a thin léyer
which covered old vascular channels and empty

spaces of the implanted matrix (Fig. 38). Three

oﬁ the implants with a few small new bone trabecglae .
(Fig. 38) were accompanied by bone marrow-like tissue ﬁ
. having the same characteristics as anterior series,
in which bone.marrow was present (Series I-III-V-VI). N
The central cavity as usual contained
mesenchymal tissue, with fibroblasts and macrophageé
with some pigment material‘in the cytoplasm.
Iscolated gartiIage cells were found iﬁ one case.

They were localized in the spaces of the implanted

matfix.
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TABLE 2 .
« —_— :
2 SUMMARY OF OBSERVATIONS
h SERIES GRAFT HOST & BONE CARTILAGE **" BONE MARROW
I Normal Normal 31 J bmH@m.mEosﬁﬁ. Few isolaged cells Megakaryocytes,
Bone-trabgculae located mainly in small rounded cells
located in the spaces' of the and fat cells.
a cavity and implanted matrix. 29%
within the wall 32% )
of the graft.
. - 61% positive
cases. _
. LY .
i1 Normal zmﬁlv 10 Very small__ Large number Not found
amount. Few isolated cells or
small and thin small groups of
‘bone trabeculae cells localized'.in
-~ attached to the spaces of implanted
inner wall of matrix and .
the graft. specially in areas
50% positive facing linea aspera
' cases. of the graft.
100% positive
- " cases.
III Normal ca ™) 19 Osteoid, small Isolated cells in Not found
amount. the spaces of the
66% implanted matrix. :
11% v .
iv Normal Nbﬁ ) 12° Large amount of Not found Megakaryocytes,

osteoid and

some mineralized

bone trabeculae.
Both localized
in the cavity

~and within the

wall of the

graft.
- 3832

oDy

small rounded om&wm
and fat cells.,
41%

/"\
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TABLE 2 (Continuation)
o, (7
H-.ll
SERIES GRAFT “HOST w m_Oz.m (‘ CARTILAGE BONE MARROW
\ ZGA|~ " Normal 18 Small amount . {Isolated cells - Large amount.
. : i typical bone located in the 55% ;
trabeculae ]l spaces of thé
located ocutside |graft.
and inside the 27% - _ 1
cavity. .
B83%

vI omTV Normal 10 Small amount of |Isolated cells in . Marrow-like tissue,
few trabeculae, |the implanted:-bone - no megakaryocytes.
mainly in the matrix. ’ 30% :
inner surface A10%
of the graft
wall. .

50% R
™~ . @ ZQMHW Normal 11 Very small Isolated cells ) Emmmxmhwaomnm,
- Z Mg + ' amount. | located in the 0.9
S Test. 45% N " | spaces of the
_ : . m\ — graft.
ViI : . 0.9% .
@ Normal 13 Small amount. Smal{l group of - Megakaryocyte
@ +test. No trabeculae, cell 0.7
53% 23%
—_ . .
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NBT

IB

0S

0OB"

BM

BV

LIST OF ABBREVIATIONS USED IN FIGURES

New bone trabeculae

Implanted bone

Osteoid

Oéteoblast

Bone marrow

Blood vessels

Muscle

Multinucleéted giant cells ST
Connective tissue

Cartilage
Hemotoxylianhloxine Orange E
Oéteocyte

éentral Cavity
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Microphotography of a cross section

of a typical implant of a normal bone

into normal host. Trabeculae of new
bone in the inner and outer surface
of the graft, solid green areas on
the transparency.

New bone marfow tissue type (areas
with dotted green) = o A
Connective tissue inrspaces of the
implanted matrix and in the central,
cavity {(CC) can be identified as
skeletal muscle aroqu the graft.

H.P.O. Stain 34X -

-
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Figure 3 .

.

Figure 4

A portion of the outer border of an
implant of normal bone into normal rat.
The implant (IB) is extensively invaded
by connective tissue as well as the
centril cavity (CC), new bone formation
(NBTY is also present.

Alcian blue and basic fuchsin stain 92X

» S
Shows some area of invasion cbsefved in
Figure 3. Multinucleated giant cells °
(arrow) can. be identified attached to
the implanted bone ﬁatrix (IB). - Some
new cartilage cells are seen {C) in the

_—

intertié% of the wall graft.
. L]

Aician*blue'and“basic'fuéhsin 240X
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Figure 5

Figure 6

-

From implant of normal bone in normal host.

" This section shows in all the thickness of

the wall graft new bone trabeculae {NBT).
Connective tissue in the central cavity is
present (CT)

Alcian blue Stain IORX

+
M

’

From implant of normal bone in normal

rat.

Typical new bone trabeculae can be seen (NBT).

Bone marrow tissue is pfesent in between the
new trabeculae (BM). The central cavity is

occcupied bylconnective tissue (CT).

4

' H.P.O. Stain 100X

[
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Figure 7

Figure 8

From implant of normal béne into normal
host. Part of ‘trabeculae of new Bone
(NB) with the typical osteocytes (OT) -
can be identified. Osteoblasts .in a
linear structure (OB) ané~cross section
of blood vessels are aléo present ({(BV).

H.P.0Q. Stain 400X

From implant of normal bone into normal .
rat. There is a mass of new cartilage
{C) and one larée trabeculae of new bone

(NB). The new tissue is occupying most

of the central cavity.

H.P.O. Stain 250X | . ' /}7 _
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Figure 9

Figufe 10

¥

Figure 11

L

Corresponds to implant of normal Bgne into

normal host.

_)

It is a case in which few trabeculae of

new bone (NBT) are present.

H.P.O. Stain 34X

Bone marrow from implant of bone into
normal host.

¥

New bone marrow tissue, full of rounded
cells and three megakaryocytes ({arrows)

can be seen.

H.P.O. Stain 400X

(

Section shows a typical multinucleated
giant cell ({(arrows) adjacent to the
implante bone matrix {(IB). -

H.P.O. Stain 400X
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h?ighre 12

Figure'l3

- -
4

.

Section of implant of normal boéne into

normal host.

+
[

Isolated cartilage cells (C) are present

in the thickness of the implanted matrix

(IB).

Alcian hlue Stain lOO}

PR

4

-

From implant of normal bone into ﬁqrmal
host. The specimen shows é cross section
of a marrow wavity in which néw bone
trabeculae (NB) are present. Also
present are cartilage cells (C) adjacent
to the inner surface of tﬁe implanted

matrix’

Alcian blue Stain 100X
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Figure 14 Microradiograph of cross section of implant
“4f normal bone into normal host.
The new bone trabeculae (white) in the
central cavity -and the periphery of the
implant are Qell mineralized.

37 X

-
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Figure 15 Cross section of whole implant from
.norﬁa- bénéjimplanted’in magnesium
deficiégf host. = !
Multinucleaygg giant cells (GC) are
. present outside and inside the graft.

H.P.O.. Staim 34X

. f,\hhh?
. :
Figure 16 High magnification of a zone of the bone
marrow cavity.
" There is a group of giant cells organized
in a qirculd?“ﬁt:gptare iGC). Cross and
}ong;tudinalseétions of muscle fibers

/ ah also be observed (FM).

\\\H.P.O. Stain 25X
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Figure 17

.

Figuré 18

From implant éf normal bone into magnesium.
deficient host.

Cartilage formation represented by one

or more cells (C) localized in the
thickness of the graft één be identffied;
There is aiso a mass of new cgrtilage
occupying one area of the central cavity.

Alciantblue Stain 100X

L.

Shows a large area of new cartilage ’ ‘

localized in the zone of the\implanted '
bone facing the linea aspera.

This cartilage was produced by implant
of normal bone in magnesium deficient
host.

Alcian blue Stain 100X
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-Figure 19

Figure 20

From implant of normal.bone into
magnesium deficient host. -Nate small .
new cartilage cells (arrows) localized 4&
in-the external surface of the graft.

The implanted bone (IB) does not show

any invasion of connective tissue.

A remarkable laver of connective tissue
(CT) ié present béfwsen the muscle (M)

and implanted bone (IB)..

Alcian blue and fasic fuchsin 24%?

Portion of the outer border of the
implant of bong from normal rat into
magnesium deficient rat. Shows new
cartilage wedge (arrows) ihﬁaaing the
implanted bone matrix (IB).

Alcian blue and basic fuchsin 100X
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'Figure 22

Figure 23

From implant of normal bone into magnesium

deficient host.

Shows a small new bong trabeculae and one
islamd of new ca;tilgée cellé (C}. Large
blood vessels in between the trabeculae

can be observed "(BV).
H.E.O: Stain 100X
- _ “? )

. . | L R
High magnification from the island of
cartilagelpresent in the anterior
fig; 2l. Big cartilage cells (c).

H.P.O. Stain 400X ' -

Béloﬁgs to‘the,same series as Fig. 21.
It shows-islands of new cartilage (C) ,
clearly- stained with alcian blue. This
area corresponds to the linea aspera

of the implanted bone matrix.

‘Alcian blue Stain 100X
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Figure 24

Figﬁre 25

Cross section off the implant of normal

bone into'calxium deficient rat. The
central cavity of the graft shows

large amounts of blood vessels (BV).

In tﬂe innef wall Sf thé gfaft, there

are areas less stained than the impl;nted ¥
bone ﬁatrix (IB)Iwhich corresponds to.

the osteoid (0S).

H.P.O. Stain 34X

i Hfgh magnification of one area of

osteoid from Fig. 18.
Shows. deposits of osteoid mainly around
large -blood vessels.

H.P.O. Stain 100X
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Figure 26

Figure 27

u
e

From .implant of normal bone into zinc
deficient host. A large area of
osteoid (0S) in the central cav%ty.
Notice the disorganization of the new -

growth.

H.P.O. Stain 100%

- 4

.

From implant of normal bone into zinc
deficierft host. Areas of osteoid
formation (0S) are present inside the

cavity adjacent to the inner wall of the

"graft. Also present in the outer surface

of the graft, are a group of multinucleated
giant cells (GC). &

H.P.O. Sta%n 250X
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Figure 28

Figure 29

r

-

From implant of normal bone into {inc
deficient host. A large group of new
bone trabeculae (NBT) localized in the )

area_that was ?Bpupied by implanted bone

" before reébsorption: Some giant cells

e

(GC) can be identified near a fragment
of implanted bone matrix {IB).

H.P.O. Stain 250X

High magnificatiop of a new bone trabeculae
from Fig. 28. Lacunae with osteoccytes
(0T) and osteoblast (OB) can be identified.

i"‘

H.P,O. Stain 400X /ﬁ>
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Figure 30 From implant of magnesium deficient bone
in%o'nofmal host . Fe; trabeculae (arrow)
of new bone arelpresent. Bone marrow
tisqué type is occupying £he Space among ,
“the trabéculae and implahted bone matrix-

(IB). | -~

H.P.O. Stain 100x

. o,
-

Figure 31 From implant of magnesium deficient bore

into ncrmal host. ‘

-

The iong trabeculaefof new bone (arrow)
.. are present in and outside the centra
cavity. Connective tissue.and marxov
type separates the new bone trabeculae
from the implanted bone matrix (IB)-.

H.P.O. Stain 100X

X
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Figure 32

Figure 33

Shows a segmenﬁ‘of implanted bone matrix,

(IB) from implant of magnesium deficient

bone into normal host. There is a group

)

of multinucleated giant cells (GC) in

the connective tissue surrounding the
graft. The central cavity as usual is
occupied by connective tissue (CT).

ES

H.P.0O. Stain 100X

From implant of magnesium deficient bone
into normal host. Shows numerous
multinucleated giant cells (GC) facing
the linea aspera. Neither growth of
bdne nor cartilage is present in the
implanted bone matrix. o -

H.P,0. Stain 100X
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Figure 34

Figure 35

From implant of magnesium deficient bone

into normal host. Few new trabeculae

. {NBT, arrows) are present in the inner

and outer surface of the graft. New
bone marrow tissue (BM)'i$,also present
éhong”the new bone trabeculae. The
c?ntral cavity is filled with connective
tissue.

H.P.O. Stain 100X

S

Belongs to an implant of magnesiumldeficient
bone into normal rat. The new‘bone formed
in the central cavity (NBT) sﬁows an

. ;
interesting structure in localization.-
Inside this strﬁcfure, new bone marrow is
present (BMi. Connective tissue (CT)
surrounds the outside.

H.P.0. Stain 100X
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Figure 36

b M

Is a section of marrow tissue from
implant ,of magnesium deficient bone
into normal rat. A megakaryocyte—like
cell can be seen in the middle of the
figure; abundant rounded cells are
also present. The histology of this
bone marrow is similar'in all the cases

in which it was present. -‘

H.P.O. Stain 400X ' : |

/ﬁ







Figure 37

Figure 38

From implant of calc deficient bone

+

into normal host. Shows

trabeculae (arrows)} in the'‘inner surface

of the graft. A mass of new bone can
be observed in the central cavity (NB)
surrounded by connective tissue.

H.P.0. Stain 100X

From implant of calcium deficient bone
into normal host. Bone marrow tissue
type is present in the central cavity

(BM). The new bone farrows) is present

’

in a thin layer covering thé inner

surface of the graft (IB). Connective

tissue is also present in the central

cavity (CC).
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Figure 39 Cor?esponds to 1mplant of bone from
gonadectomized and magnesium deficient
rat into normal host. Small trabeculae‘
of new bone (NBT) are present in the inner
eége of\{i:ffraft (arrows). .The central
, cavity isNEX1led with connective tissue
(CT) and blood vessels (BV).

H.P.0. Stain 100X

N

\
] )
o

Figure 40 From implant of l:;one__from gonadect\o‘mi_ze.d ‘

rat into normal host. The central cavity 3

of the graft is almost filled with new
cartilage (C) and new bone (NB).

~ H.P.O. Stain 100X -

Figure 41 Is a high magnification of the zone of

. N

\\?ew cartilage (Cf from Fig. 40. Notice
the area of cartilage surrounded by small
cells probably chondrocytes.

H.P.O. Staig 250X .
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CHAPTER IV
-
DISCUSSION
A. Characteristics of the resﬁbnse of normal hosts

to grafts of normal devitalized bone.

‘&- K

The evolution of devitalized rat long bone

o

grafted into the abdominal muscles of young rats has
been analyzea in detail by Urist (1965, 1971). 1In
order to serve as a background for the present study
a first §eries of experimeﬁts was conducted in which
Urist's basic technique was répeated. The ‘only
difference with Urist's procedure consisted in the
selection of the lumbar paravertebral muscles
(according to Bélanger, Robichon and Urist, 1975), ‘
instead 6f the abdominal ones as implantat%on site. r/

The lumbar muscles are of course much bulkier
and fétilitate the implantation of large grafts without
technical difficulties; the sitefsppears to p;ovide
a better vascularization and proéuces less mechanical
stress (B&langer, Robichon, Urist, 1975). Since the
Jevolution of “the conne&tive tissue, surrounding the
graft was to be analyzed, it was- necessary to take
extreme precautions’ in order to avoid contamination of

the graft and the implantation wound. In addition to a

careful sterilization of all the materials and

N
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[ ‘ 2
_instruments, tHe ut%lizaéion of a horizontal laminar
flow bench as operating table was found to be of
;pecial value. --This type of bench has been widely
 éccepted by tiésue culture laboratories in which a
thoroughly sterilized environment is required, but

13 not generally used for surgical procedures. The

fact that septic contamination was never found

demonstrates the usefulness of the gédget in this type ‘

of experiment. The hosts subjected to intramuscular
implants of devitalized normal bone showed tolerance
of the grafts as indicated by the characteristics of

‘%//’ tﬁe mesenchyme.tissue surrounding and infiltrating the
graft. '.'

At the same time, the differentiation of bone,
cartilage and bone marrow from the ébove mentioned
mesenchyme tissue is obviously the result of an
induction process produced by the graft. These
observations confirm the formation of heterotopic /
bone by induction process already described in
numerous works by Urist‘et‘al, {1952, 1965, 1967, 1971)
which are analyzed in detail in the inﬁroduckion.

Bone differentiation, however, was found in only
61% of the grafts. This percentage of positive
response is smaller than that found by Urist ,

.

'Y
(1965) who obtained bone formation in



“graft in this experiment (Series I} wds  entirely
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. e ' el
90% of the cases, but larger than that found in older
works {Chalmer and Urist, 1952; Selle and Urist, 1961;
Zaccalini and Urist, 1964) in which scanty deposits

of bone weksﬁ}nduced in about 30% of the grafts.

.In the present experiments, decalcification (0.6 N. HC1)

and freeze drying techniques’ similar to those used by
Urist (1965) have been followed. The differenqes

in fie}d may be explained by,differe;;es in the

type of bone used (femur instead of the tibia as
usually grafted by Urist). It is also possibie that.
the difference in yield is due to the strain of rats

utilized in the present experiment. Despite these

differences however, the higtologfbal_:eaction to the

Y . -

comparable with the observationslof Urist (1965). -As

in this author's experiments, the new bone grew outside
and inside the graft, in the form of trabeculae similar
to those that appear in fetal osﬁeogenesis. The

new bone was also very well minheralized as described

by Urist (1971).° According to Urist (1965, 1971) the
sequence -of events is the follow%ng: the érga of bone
graft stimulates the migration.gf mesenchymal cells from

(‘I -
the muscle which then surroqnds and infiltrates the
. / . N I

Y

—— o
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graft; in a second step, the bone graft ipduces the
traﬁg?zrﬁation of those mesenchymal cells into bone
and cartilage forming cells. The observaticns in the
present experiment agree with this description. Also
in agreement with Urist (1971), multiﬁucleated giant
cells (matrix clasts) were observed in the connective
tissue surrounding the graft, and in excavation
s cavities of the implanted matrix. They may play an
| important role{ip the resorption of the matrix of
the graft and thﬁs facilitate the solubiiization of
possible "inducing" agents. Small isolated cartilage
w\\H. \\fells were usually present and had been described
previously (Urist, 1965, 1971). The meaning bf the
'’ cartilage induction shall be discussed below (page 110). d
Also confirming Urist's desc%&ptions (1965, 1971)
bqné marrow was found in connection with thé new\b&§e
trabeculae. This kind of relationship may indicate
Ithat the tfabeculae induce the formation of bone‘
" marrow. Further.elaboration on this point follows in

a subsequeng_fgption'(page 136) -

%



.
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B. Response of magnesium-defi¢ient host to a normal

graft.

I

The animals used as hosts in this experiment
showed a symptomalogy characterized with edema hyperemia
in the extremities, and obvidus irritability. This
syndrome is typical of magnesium-deficient rats as
described by Watchorn and McCance, (1937) and confirmed
by numerous other authors: Bélanger (1957) , Heggtveit,
Herman énd Mishra (1954); Clark and Bé&langer (1967); -
Hunt and Bélanger (1972); Bogoroch and Béianger {(1975);
g?langer et al, (1975). Tﬁe presence of this symptomology
in the present rats confirms that they really became
magnesium-deficient. The response of magnesium-deficient
hosts to thé-implantation of aevitalized‘bone grafts
was clearly different from tﬁe previous description for
normal hostsr;'The main difference consisted in*the
induction of cartilage in all cases. The induction of
bone was contrariwise, very poor; only a few trabeculae
were present in some cases. Thus, while in normal hosts,
bohe differentiated in 61% of the cases and cartilage
in only Bé%, in magnesium-deficient hosts only_SO% of
the cases had small amounts of bone and 100% presented

significant amounts of cartilage.

-
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It has been reccognized that poor vascularization
favours chondrogenesis iq?givo (Van de Putte, K.A.,
and M.R. Urist, 1966) and?in vitro, (Urist, et al,
1974). It is possible that this happened in these
experiments because .the new cartilage grew only in
areas with relatively poor irrigation. However,
Bélanger, Robichon and Urist, (1975) have challenged
this argument on the basis of the fact that magnesium
deficiency through the release of histaﬁine.from the
very numerous mas£ cells actuallylincreaées and not
decreases the vascularization.

It is believed (Urist, 1965) that pre;igps to
the bone and cartilage induction process, the implanted
matrix must be partially éesolved; sub-products of the
digestion of the matrix may play a role as.inductors.

The magnesium deficiency in altering the function
,0f parathyrcoid glands (McManus and Heaton, 1970;
McManus, Heaton and Lucas, 1971) may modify indirectly
this process of resorption and secondarily the nature
of the induction process. It is also possible, according
to Bé&langer and Robichon (1975) that magnesium deficieﬁcy
may modify the host's immune response to tﬁe implant.

This suggestion has some support from the fact that

modifications in the lymphatic system (Bbis, P., 1968

-



130

1969) produced-bk\iagnesium deficiency have been
described).

Finally, in addition, one should not discard the
possibility that the deficiency of magnesium acts
directly at a local levei. It is known that magnesium
is a co—féctor in numerous impértant enzymatic reactions
including alkaline and acid phosphatases, A.T. Pases,
pyrophosphatases, etc. . (See review by Lehninger,

1975). A deficiency of the ion could thus interfere
with the prodess of matrix digestion and/or with
deposition‘of ew bone. |

That magnesium ions aré involved in the synthesis
of mucopolysaccharides has been demonstrated by studies
using s3> incorporation (B&langer, 1958) and metachroma- ‘
tic staining techniques (Clark and Bélanger, 1967).
These studies demonstrated a decreased chondroitin
sulfate production in magnesium deficiency.

On the basis df the previously mentioned literature
one could postulate that the reduced yield of bone in
magnesium-deficient animals could be related to‘an
alteration in the synthesis of matrix of the new bone.
This assumption receives support from r;sults by

Hunt and Bélanger (1972), Bogoroch and B&langer (1975),
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and Bélanger andCRggfchon (1975), all of whom
demonstrated retardation of bone growth and osteopo-

rosis in magnesium-deficient rats.

"C. - Response of calcium-deficient host to a

normal graft.

While magnesium deficiency of the host was
shown to alter the process of bone induction in the
sense that cartilage, instead of bone, ;as more
frequently induce% in the case of calcium deficieqcy,
the inductive process appeared to proceed normally.

However, once induced, the bone was unable : ‘
to complete its differentiation and remained as immature,
non-mineralized bone (osteoid). It is generally
known that osteoid appears in animals fed on diets
deficient in vitamin D and/or calcium.

In‘the present experiment, thé diet used was
the one described by Kenny and Munson (1959) wgich
is deficient in calcium but contains 3.0000 IU of
- vitamin D per kg, an amount that supplies, with excess,
the needs of growing rats. The lack of mineralization
of the induced bone must, in this case, be attributed

to the deficiency of calcium. Calcium is distributed
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in most tissues and plays an important role in numerous
biologital phenomenon-(cell permeability, nerve
conduction, muscle contraéficn, blood clotting, etc).
The concentration of calcium in all these tissues is,
however, very low. Calcium salts, contrariwise, reach
very high concentrations in normal bone where they are
present as a complex of .calcium phosphate and carbonate
known as apatite (see review by Isadore Zipkin). When
bone is formed, it first appears as a bone matrix
containing densely arranged céllagen fibers, soon it is
embedded in amorphous ground substance rich in
mucopolysaccharides (see review Bélanger in Histology,
Roy D. Greep and Leon Weiss, 1973). Deposit-of minerals
on this matrix occurs.in a second step. The mechanisms ‘
by which this calcification is induced are not completely
clarified (see review H. .Bourne, in The Biochemistry & Physiology
of Bone). '

it is-accepted, however,.that an adequate level of
calcium in the serum is one of the préconditions for -
this process to occur. Thus, in the present experiments,
one can postulate that the lack of mineralization of
the induced bone was produced by an inadequate level of

calcium in the serum resultant from the deficient diet.

It is known that diets deficient in calcium, by lowering
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the concentration of ionic calcium in the serum,
stimulated the parathyroid gland (Kalu et al, 1974) .
The inéreased parathyroid hormone level usually_induces
intense bone resorption.’ Bélanger et al, 1967,
Bélanger, Rasmussen, 1968; Jande, Bélanger, 1973, have.
demonstrated that bone resorption in this case takes.
place mainly thrquh activation of osteocytic
osteolysis, (B&langer, 1969). It was also shown that
only the colder mo;e mature osteocytes are invplved

in this resorption process (Jande, 1971; Jande and
Bélanger, 1973). Thus, it is not surprising that the
new immature bone in our grafts do not show signs

of ¢steocytic osteolysis. It is of interest to note
thét an increase of osteoblasts was not found in our
material. This fact again, supports Bélanger's

(1969) concept, indicating that it is resorptive
osteocytes and not osteoblasts which are activated

when additional calcium is needed in ofder to maintain

homeostasis.
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D. Response of/iinc-deficient host to a normal
¢
i graft. ?

Most of the zinc-deficient rats responded to
thé1implantation of devitalized bone with formation
of bone. ﬁowevér, in all cases, most of this boﬁe
did not undergo mineralization and remained as
typical osteoid. Similar resﬁlts have been obtained
by Calhoun, Smith and Becker (1974)}. These authors
postulate that the zinc-deficiency affects the early
stage of the calcification process, but they do not
suggest any mechéniém to explain this phenomenon.

One could suggest that zinc forms either
part of several metalloenzymes, or acts as a co—factof
in some enzymétic reaction. Thus, a deficiency could
exert its effect on £he mineralization of bone by-
interfering with the action of those enzymes. 2inc
forms pgrt of the molecule of carbonic anhydrase
(Moren, 1967), an enzyme which plays a role in the
dgposit and resorption of the carbonate fraction of
hydroxyapatite. crystals. Similarly,,alkaline phosphatase
in the intestine and kidney decreases its activity in -

-

rats with zinc deficiency (Hove, Elvehjem and Haf?ﬁjl940;

=
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Luegke” Olman. and Baltzer, 1963; Reynolds, 1968).

In addition, one must recognize the possibiiity that

the lack of mineralization may be a secondary .effect

of a more general action of the zihc deficiency. Thus,
this deficiency interferes with many geﬁeral metabolic
pathways. For example, it interferes with the
mobilization of vitaminhA from the liver (Barnicot, 1951).
This fact may be relevant since vigéminakjiroduces
abno;mal activity of the osteoblast in the skull bone

of the dog (Mellanby, 1950) under vitamin A deficiency.

On the basis of Mellanby (1950}, Barnicot and Datta,

1972, suggest that vitamin A acts as a specific chemical
control in the activity of the osteoblast and osteoclast,
but they did not explain the control. .It was als?
observed by Fell, Mellanby and Pelc (1956) and Dziewiatkowsky
(1954) that the incorporation of sulphate into the

cartilage matrix in vitamin A deficiency was lower than-

in the normal rats.

.

E. The response of normal host to grafts from

magnesium-déficient rats.

The reaction of the mesenchymal tissue to the
implant was different from the normal grafts. In fact,

the connective tissue surrounding the implant was always

"

R
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invaded by multinucleated giant cells foreign
body—like. They appear to reéresent a rejection
reaction. ‘It seems that the rejection reaction is’
the result of the changes in thehhiodhemical composi-
tion of the bone matrix after magnesium deficiency.
As reported by Hunt and Bélanger_(1972); Bélanger,
Robichon and Urist (1975);: Eogoroch.and Bélanger
(1975), magnesium deficieney in rats causes
hyperplasia in the linea aspera of the femur. It is
possible that these changes produce synthesis of
-proteine which may act as an antigen in the implanted
bone. This possibility is supported by the fact

_ that the rejection reaction is evident in the area’
faeing the linea aspera, which is the site\where. .
the histological changes took place ébeiieing to

Hunt and B&langer (1975).

F. Bone marrow.

In the experimental series (I, IV, V, vI) in
which new bone grew in trabecular form, bone marrow
was present- in large or .small amounts. The new bone
'marroﬁ differentiated in the vicinity of the new bone
trabecglae. Although the amount of bone was not

quantified, it 'appears that the differentiation of

136
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.

bone marrow occurred only in casés in which a substantial )
~ ‘o

amount of new bone had formed. This is supported
by the observation that 'in cases which showed a small
amount,of new bone trabeculae, bone marrow did not
appear.

These observations could indicate that the

cpresence of new bone trabeculae may be necessary for
the growth of the bone marrow. It is possible that
the formation of bone ﬁérrow'tissue occurs by
ipduction of the new bone t{ﬁbeculae. Of é%urse,

these observations would require further research

in order to verify them.

G. Induction Process. w

The :i:'nduction in cation-deficient animals showed ‘
a typical resulf wﬁzéﬂ\iiferveg detailed discussion.

In the-grafts.evolved in Mg-deficient animaigj

e induction process took place, but an unusual
amount of cartilage cells differentiated. I will try
to interpret this result on the basis of the previous
scheme of induction mechanism (page 30).

Since numerous mesenchymal cells modified their\H
differentiation into carzi:igfzzélls, one must suppose
that the inductor substa in these éases, reached
their nuclei. One must then conclude tha£ the changes

s
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occurred only at the level of the transcription mechanisms

of the induced cells (see Scheme ‘page 30), so that the

equipment of enzymes proper of cartilage cells developed
L .
instead of those which are characte;istic of osteoblasts.

+

It is kﬁown that important biochemical differences exist
between the matrix produced by both cell types. Thus,
the collagen produced in Foth cases, is different and
‘the cartilage matrix contains large amounts of chon-
droitin sulfuric acid (See Bélanger in Histology,

Greep and Weiss, eds., 1873).

Magnesium is known te act as a co-factor in

’2
numerous enzymatic reactions which directly or indirectly

138

affect the synthesis of proteins and/or mucopolysaccharides.

It is clear in opr experiments, that the deficiency
of Mg has altered the pattern of protein and/or“
mucopolysaccharide synthesis of the induced cells,
but it is not possible to pinpoint with precision
which modifications are more relevant to the changes
observed. Very precise biochemical studies would

be needed in oréer to clarify this point.

In the case of grafts developed in calcium-deficient
animals, it was observed that normal amounﬁs of bone
were formed ‘but this was atypical and chargcteristically
of the osteoid type. Since calcium is also an important

co-factor, numerous enzymatic reactions and for

-
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'sever?l of the steps in energy production and protein
synthesis, thé fact that in our experiments a normal
amount of bone was formed, appears to indioate that the
whole:induction process Waslnot affected H%hthe deficieﬁcy.
Bone ma?rix was not normally mineralized, but this can
be explained as.a direct effect of the low availability
of calcium. It cannot be excluded, of coﬁrse,'that
the matrix could have been also inadequate for the
process of mineralization, but this seems to be
improbahle. .

- The results obtaingd with grafts implanted into
ziﬁc deficient animals, are more difficult to interpret.

»

In the first place, the-bone was produced, but it was

Qery atyéical and large‘irregular masses instead of‘thg
typical trabeculae, were formed. it is difficult to
deciﬁf if this morphological change represents a

real alteration in the indﬁction process. The presence

of isolated cartilage cells intermingled with the bone

masses, phenomenon never observed in other experimental

L. . -

groups, is also difficult to interpret. Most of the
{bone induced in Zinc-deficient animals, was of -the

o id typey The calcification of bhone matrix

requires several enzymes, two of the main ones being

the alkaline phosphatase and carbonic anhydrase. It
L]

has been shown that the activity of alkaline phosphatase

4 .
= .
: . . .
¢
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constituted by Zinc. It is thus possible that Zgnc
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L S . . £
decreases with Zinc defiéiency. It is also known that -~

r

. ' . s~ s ; A
carbonic anhydrase” is a metallo-protein with -a nucleus —

e
T ——
.

[P
deficiency produces a lack of mineralization through .

LS

an inhibition of these and/or other enzymes.

Finally, Urist's results had shown that the induction

.of bone produced in the adult by devitalized bone grafts \\H\*

is comparable to the embryonié induction and showed
that the inductor agent is alsoc in this case, a v
diffusible factor of proteinic nature. Our present
reéults, and especially those obtained i?/yaénesium

deficient hosts, support Urist's hypothesis showing

.

that thé same as in embryonic induction, the final

4

result of the induction depends not only of the {
nature of the ‘inducing agent but, very importantly, L ‘
of the étate of the target tissue.
. f“i
CONCLUSION A

\

The host response to normal devitalized bone

graft is modified in magnesium-,calcium-, and

'

zinc-deficient hosts.

) ' 1) The magnesium-deficient host response is
characterized by pfédominant differentiation of
cartilaginous tissue.‘ -

2) Calcium deficiency in the host decreases "

the capacity to respond to the inductor and impedes

) ' . *



' the mineralization of the new bone matrix reSulting

in the formation of osteoid.

3) The zinc deficiency did not alter the
capacity of the host to respond to the induction
stimulus. 'ﬁowever, some of fhe masSeé of new induced
tissue apbeared to be multiform, ca;tilage and bone ~
cells appearing intermingled. Inducéd bone appeared
gualitatively different than the normal and, in
addition, it did nét undergo mineralization.

[~

4) Bone marrow only differentiated in the
vicinity of ney bénéﬁtrgbeculae, tHis occurred only
in cases in which a substantial amount of new bone
had formed. |

5) The induction produced by devitalizgd bone
grafts depends not only of the nature of the inducing

agent, but very importantly, of the state of the

target tissue.

141
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